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Abstract: As we move into the so-called Internet of Things (IoT), the boundary between sensor networks and 
social networks is likely to disappear. Moreover, previous works argue that mobility in sensor networks may 
become a consequence of human movement making the understanding of human mobility crucial to the design 
of sensor networks. When people carry sensors, they become able to use concepts from social networks in the 
design of sensor network infrastructures. However, to this date, the utilization of social networks in designing 
protocols for wireless sensor networks has not received much attention. In this paper, we focus on the concept of 
information dissemination in a framework where sensors are carried by people who, like most of us, are part of a 
social network. We propose two social-based forwarding approaches for what has been called Social Network of 
Sensors (SNoS). To this end, we exploit two important characteristics of ties in social networks, namely strong 
ties and weak ties. The former is used to achieve rapid dissemination to nearby sensors while the latter aims at 
dissemination to faraway sensors. We compared our results against two well-known approaches in the literature: 
Epidemic and PRoPHET protocols. We evaluate our approaches according to four criteria: information-
dissemination distance, information-dissemination coverage area, the number of messages exchanged, and 
information delivery time. We believe this is the first work that investigates the issues of information-
dissemination distance and information-dissemination coverage area using an approach inspired on social 
network concepts. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Social Networks, Social Network of Sensors, Human Mobility, Information Dissemination. 
 
 
 
1. Introduction 

 

Wireless Sensor Networks (WSNs) are an 
important area of research because they relate to 
many applications in the areas of communication, 
transportation, military and agriculture. A typical 
WSN consists of many small devices deployed over a 
geographical area, where each device is called a 
Sensor and can measure environmental or physical 
conditions (e.g., temperature, humidity). The 
structure of WSNs can be static or dynamic (mobile). 
In a static WSN, sensors are stationary. In a dynamic 
(mobile) WSN, sensors positions are subject to 

change over time. Traditionally, the design of Mobile 
Wireless Sensor Networks does not take into 
consideration complex human movements focusing 
instead on “artificial” (programed) mobility patterns 
[1-2]. However, with the advent of the so-called 
Internet of Things (IoT) [3], we have the possibility 
of sensors being carried by people (e.g., as part of 
smartphones). When considering this approach, the 
mobility of sensors is more complex but can be 
explained by what is called a human mobility model 
that describes the movement of mobile nodes and 
how their positions, directions, and velocity change 
over time [4-6]. These models describe human 
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mobility characteristics. For instance, Song, et al. [5] 
proposed a model for individual mobility (IM) that is 
based on two social mechanisms: 

• Exploration: Describes the tendency of 
individuals to explore new locations. In human 
mobility this tendency decreases over time.  

• Preferential Return: In random walk, the 
probability of visiting a location is uniform and 
random. However, humans have the tendency to 
return to the locations visited frequently in the past 
(e.g., home and work). 

The inclusion of mobility models, as part of the 
design of mobile sensor networks, has been studied in 
depth by Tomasini, et al. [7-8], who evaluated many 

mobility models and how they can be used in the 
design of what they called a Social Network of 
Sensors (SNoS).  

A SNoS is central to the description of this work. 
Hence, to summarize, a SNoS is a dynamic WSN 
where each sensor (e.g., a smartphone) is assumed to 
be carried by an individual. Thus, all the movements 
in this environment reflect human dynamics. As such, 
a SNoS exhibits both the characteristics of WSNs and 
social networks because as people move they form 
connections to other people. Fig. 1 shows a view of a 
SNoS where people have “friendship” connections as 
well as connections related to their proximity to  
each other.  

 
 

 
 

Fig. 1. The general structure of a SNoS. There are two levels of connectivity: social relations and proximity. Sensors can 
send messages to each other when they are in close proximity. So the top layer in the figure is more dynamic because users 

are mobile. The social relation layer is also mutable but the social relations do not tend to change as often as  
in the proximity network. 

 
 
Humans evolved to live in social settings [9]. The 

collection of everyone’s social contacts forms a 
social network; the set of relationships among a set of 
actors (i.e., individuals). The study of social networks 
can help us to understand the structure of people’s 
relationships and their behavior. Furthermore, a 
social network structure contains different types of 
ties (relationships) among individuals that may 
support the understanding of how information flows 
within social settings. According to Granovetter [10], 
there are two types of ties in social networks: Strong 
Ties tend to form among family members, friends, 
and people we associate with frequently, while Weak 
Ties form among people we associate with rarely 
(less often). 

In this work, we design social-based approaches 
for information dissemination in SNoS inspired by 
the concept of strong ties and weak ties. Following 
the definition and the hypothesis of Granovetter, we 
proposed information dissemination approaches to 
achieve nearby dissemination of information, called 
Strong-Ties-Based Forwarding (STBF) and to 
achieve faraway dissemination of information, called 
Weak-Ties-Based Forwarding (WTBF). 

This paper is organized as follows: in Section 2 
we describe some of the works related to our 
proposal; Section 3 explains the concept of strong 
and weak ties in SNoS; Section 4 discusses 
information dissemination in WSNs; we follow in 
Section 5 with the proposed approach for nearby and 
faraway information dissemination; Section 6 
presents about the experimental results, Finally, we 
conclude the paper in Section 7 with suggestions for 
future research.  

 
 

2. Related Works 
 
The understanding of social interactions among 

people may be used in designing data forwarding 
protocols for sensor networks. A recent study by De 
Melo, et al. [11], proposed a strategy called RECAST 
to analyze individuals’ interactions in a network. This 
strategy classifies individuals’ interactions into four 
classes: Friends, Acquaintance, Bridges, and 
Random. Then, they involved these classes in 
designing a forwarding approach. Their findings 
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Devices Proximity Network
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showed that Friends were the most used to deliver 
messages, while the Random class was the least used. 

Other social characteristics can be exploited in 
designing approaches for information dissemination 
in WSNs such as Communities. Li, et al. [12] 
proposed a social group-based forwarding approach 
that uses the history of encounters of individuals to 
select good relays for data delivery; the approach 
considers diverse social relationships among 
individuals. The experimental results showed that 
their approach outperforms Epidemic in terms of 
delivery ratio and number of messages exchanged. 

The Centrality of nodes can also be utilized in 
WSNs. Mtibaa, et al. [13] proposed a new forwarding 
approach called People-Rank. This approach is based 
on the PageRank algorithm and the betweenness 
centrality of nodes. They rank nodes according to 
their social information; a node is given higher 
weight if it is socially connected to important nodes 
of a network (e.g., nodes with high degree centrality). 
The results showed that the People-Rank approach 
outperforms Epidemic in terms of the number of 
messages exchanged and delivery time. 

The use of human mobility models has also been 
used to improve the performance of dynamic WSNs. 
Tomasini, et al. [7] showed that the WSNs with 
social mobility patterns could improve the 
performance of sensor networks in terms of the 
nodes’ coverage as well as data delivery. In another 
study by the same authors [8], they evaluated which 
mobility models are more convenient for data 
delivery among different mobility models in SNoS. 
Their main observations were that: (a) there are small 
changes in the performance when using different 
mobility models in dense networks; (b) sensors’ 
radius (communication range) plays a significant role 
in the performance (in terms of data delivery) and 
that (c) delivery rate is the real issue when using the 
individual mobility model [5] in WSN. Therefore, we 
focus our efforts on (c), more specifically trying to 
improve the process of forwarding information to 
other sensors in a network. In all the simulations used 
in this paper the human mobility model used is the 
one proposed by Song, et al. [5], as it is considered 
today one of the most accurate models of human 
mobility. 

 
 

3. Tie Strength in SNoS 
 

In Section 1, we described the concept of SNoS as 
proposed by Tomasini, et al. [7]. This concept depicts 
the integration of WSNs and social networks. Fig. 1 
illustrates the general view of a SNoS in which each 
node represents an individual who carries a sensor in 
the form of a smartphone, a tablet, or a laptop; these 
devices’ movements reflect the mobility behavior of 
the humans who carry the devices. Each sensor has a 
communication range that enables communication 
with other sensors forming a transient network 
topology. Sensors in a SNoS keep track of each 
other; the tracking process is performed at every time 

step, the tracking information is stored in a dynamic 
list for each sensor in the network. Each sensor then 
has a dynamic list, which contains the history of 
encounters with other sensors.  

As mentioned, ties in social networks can be 
strong or weak [10]; these types can also be defined 
in the context of SNoS based on the frequency of 
encounters among sensors. That is, the strong ties of 
sensor i are the other sensors whose encounter 
frequency to i is high. By contrast, the weak ties are 
formed to those sensors that have low encounter 
frequencies with sensor i. Since we are dealing with a 
mobile network, extracting the strong and weak ties 
is performed at every time step for each sensor in the 
simulation environment. The purpose of focusing on 
the strong and weak ties in this work is that we 
believe using these ties may help to design efficient 
information dissemination approaches for sensor 
networks. More specifically, dissemination ap-
proaches to closed circles of friends (with strong 
ties), or dissemination to sensors located far away 
from the current sensor (with weak ties). � 

In this paper, we have not considered the issue of 
memory size of sensors to keep track of an encounter 
frequency list. Although important, this is left as 
future work. The focus on this paper is on the 
demonstration that if a sensor has full knowledge of 
encounter frequency, the framework can use this 
information to implement different strategies for 
information dissemination. As future work, we intend 
to tackle the issue of having only partial information 
(limited memory). 

 
 

4. Information Dissemination in WSNs 
 
Data forwarding is one of the crucial tasks to be 

efficiently implemented in WSNs. Moreover, it is 
quite a challenging undertaking because it directly 
affects the consumption of network resources (e.g., 
memory and battery) [14]. The main idea behind 
information dissemination in WSNs is to minimize 
the consumption of network resources by choosing 
appropriate receivers (relays) in the dissemination 
process [15]. In the network literature, several 
forwarding approaches have been described 
implementing different strategies in dealing with the 
consumption of network resources. Below we 
describe two of these approaches that later will be 
used to benchmark our proposed methods.  

 
 

4.1. Epidemic Forwarding 
 
Proposed by Vahdat and Becker [16], this ap-

proach is based on an Epidemic algorithm, where 
data messages are sent to all network nodes in the 
range of communication of a particular node leading 
to a scenario where all nodes are guaranteed to 
receive all data messages generated in the network. 
This is an analogous to a full broadcast. This 
approach has a high level of flooding due to the 
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number of messages exchanged, which gradually 
leads to waste of network resources [17]. Yet, the 
Epidemic approach is widely used to benchmark 
other protocols. 

 
 

4.2. PRoPHET Forwarding 
 

PRoPHET stands for Probabilistic Routing 
Protocol using History of Encounters and 
Transitivity. This approach was proposed by 
Lindgren, et al. [18] and is based on a node’s history 
of encounters. The assumption is that if a node i 
encounters another node j with high frequency, node i 
should be more likely to encounter node j again in the 
future. With the encounter ratios in place, the 
delivery predictability is calculated for each node 
destination, the value of delivery predictability 
represents the chance to deliver a message to a 
particular destination. When two nodes encounter, 
each one updates its delivery predictability. This 
value determines whether a particular message will 
be forwarded to a particular node. A node with higher 
value of delivery predictability is considered a good 
receiver for delivering a message [18]. Under this 
approach, as nodes encounter more nodes, they 
increase their delivery predictability value. We will 
also use PRoPHET in our results. The idea is to 
contrast what we proposed against a proposal that is 
not flood based.  

 
 

5. The Model 
 
This section describes the details of the proposed 

model. We tried to have realistic settings for our 
simulation environment. All the experiments were 
carried out on a simulator developed for evaluating 
models in sensor networks. The simulations were all 
implemented out using the NetLogo programming-
modeling environment [19]. 

 
 

5.1. Model Initial Settings 
 

We start with an environment representing a 
squared city of 6.2×6.2 sq. miles divided into squared 
blocks (100×100 total blocks). We deployed 
approximately 2000 mobile sensors in the simulation 
environment. These sensors are exponentially 
distributed from the center of the city (environment) 
because most metropolises follow this population 
distribution [20]. The event that is used in the 
measuring of the information dissemination is 
generated in a random location, which is then 
considered as the center of the dissemination (for the 
purposes of measuring distances). The communica-
tion type among sensors is peer-to-peer. The 
communication range of sensors (sensors’ radius) is 
55 yards (50 meters) simulating Wi-Fi technology. In 
the simulation environment, each sensor moves at a 
fixed velocity of 1 block per tick (a tick is equal to 

1.2 minutes in real time considering a typical human 
walking speed of ≈ 3.1 miles/h (≈ 5 km/h) [21]. 
Sensors move according to the IM model [5] because 
this model has the ability to accurately describe the 
dynamics of human mobility. We provide the average 
of 100 runs for each approach. The simulations stop 
(default stop condition) when 90 % of the network 
knows about the event. For the sake of model 
evaluation, we later change the stop condition, as we 
will see in the results. Our model contains two 
proposed social-based approaches (STBF and 
WTBF) and two benchmarking approaches 
(Epidemic and PRoPHET).  

 
 

5.2. Ties-Based Dissemination 
 

We propose two novel approaches, namely: 
Strong-Ties-Based Forwarding (STBF) and Weak-
Ties-Based Forwarding (WTBF). These approaches 
are used for information dissemination; the 
dissemination process is based on the type of relation 
between sender and receiver (strong or weak 
relation). We are inspired by the work of Granovetter 
[10] who argued that social relations come in two 
kinds: strong and weak ties. He also argued that in 
social networks, these ties are used for different 
purposes but mostly that weak ties are very important 
for individuals to receive information from faraway 
locations in their social network. Our proposal is that 
sensors can maintain the strength of ties and use this 
strength to achieve different dissemination patterns.  

Each sensor in the simulation has to be able to 
keep track of encounters with other sensors. For each 
sensor, all encounters are memorized in a dynamic 
list Ti, where i represents a particular sensor in the 
environment. The items in this list represent the IDs 
(MAC addresses in a real system) of the encountered 
sensors. Each sensor has two other dynamic lists that 
are derived from the Ti list: the CSTi list (the list of 
cumulative strong ties) contains the sensors 
(candidates sensors) that have strong ties with sensor 
i while the CWTi list (the list of cumulative weak ties) 
for each sensor i contains the sensors that have weak 
ties with sensor i. These derived lists are used 
respectively by the STBF and WTBF approaches in 
the dissemination process. 

In STBF, we extract the strong ties from the Ti list 
for each sensor. As mentioned, the strong ties emerge 
with people we associate with frequently and 
frequency does not correlate with friendship; the 
strength of a tie does not represent affinity between 
two individuals. The friendship relation between two 
individuals may be derived from the strength of the 
relation, but the distribution of these encounters and 
their regularity also play a role [22-11-23]. For the 
purposes of this work, friendship definition is not 
important, but rather frequency; most of us meet 
many people frequently without considering them as 
friends (e.g., at work). In this approach, the strong 
ties of a sensor can be extracted by taking the higher 
frequency sensors in its history of encounters  
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(the Ti list). This process can be performed based on 
the so-called “80/20 rule” [24]. This rule states that 
for many observations, 20 % of the individuals cause 
approximately 80 % of the effects. The “80/20” rule 
was introduced to the literature in 1969 [25], but it 
was proposed by Vilfredo Pareto in 1906, who 
noticed that 20 % of the population in Italy owned 
80 % of the usable land. Moreover, this rule is 
common in economical and natural processes; for 
example, 80 % of a company’s sales come from 20 % 
of its clients. Statistically, this rule is applicable to 
the applications that follow a power law distribution 
[24]. Given that our model produces such 
distribution, for each sensor i we take the higher 
20 % frequencies items of the Ti list at time t, and 
insert the corresponding sensor IDs into the CSTi to 
represent the sensors with strong ties to i. 

In WTBF, we insert the sensor ID of the lowest 
80 % frequencies items of the Ti list into the CWTi 
list (weak ties). Each sensor at every time step of the 
simulation performs this process. In order to have 
values that are statistically significant, (i) we employ 
a training procedure where we let all sensors freely 
move with the absence of any event in the 
environment for 100 time steps — this procedure 
represents a proactive step before executing any of 
the approaches we used in this work aiming to create 
a history of encounters and initializing the Ti list for 
each sensor; then (ii) we execute a checking 
procedure where at every time step t and for each 
sensor i, the decision of inserting an item(s) into the 
CSTi and CWTi lists is based on Algorithm 1. In our 
algorithm, we take into consideration that a weak tie 
may, in the future, become a strong tie. In this case, 
we remove this item from CWTi and insert it into the 
CSTi. 

 

 
 

Once the sensors have their CSTi and CWTi lists 
(candidates lists). These lists can basically be used in 
the dissemination process of STBF and WTBF 
respectively. This means a sensor disseminates 
information only to other sensors that are in their 
candidates list. Furthermore, to carry out the 
dissemination process, three conditions must be true: 

1. Receivers must not have the event. 
2. Forwarders and receivers must be in the 

communication range of each other. 

3. Receivers must be in the candidates‘ list of 
forwarders. 

The two approaches described (STBF and WTBF) 
are designed to work in two modes:  

1) In the Full Mode, a sensor i disseminates 
information to all sensors in its candidates list (CSTi 
and CWTi lists in STBF and WTBF respectively). 
This mode represents the default mode of  
these approaches.  

2) In the Partial Mode, a sensor has a predefined 
number of sensors to disseminate information to (we 
used 1 to 5 receivers). These receivers must be 
selected from sensors candidates list. Fig. 2 illustrates 
the workflow of our model. 

 
 

 
 

Fig. 2. Illustrates the workflow of our model  
(for both the proposed approaches). 

 
 

6. Experimental Results 
 

We benchmarked the proposed approaches by 
highlighting their behavior according to four criteria: 
information dissemination distance, information 
dissemination coverage area, number of messages 
exchanged, and delivery time. Moreover, for a deeper 
evaluation of the proposed approaches, we 
considered different scenarios for the Epidemic and 
PRoPHET approaches. In the Epidemic approach, we 
forced it to work in a multiple mode (in addition to its 
default working mode). In the default mode, a sensor 
spreads data randomly to all other sensors in its 
communication range, while in the multiple mode, 
we involve 1 to 5 receivers instead of considering all 
sensors as receivers. In PRoPHET, we involved 2  
to 5 receivers rather than 1 (default working mode). 
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For example, if we involve 2 receivers, a sensor can 
forward data only to 2 receivers that are in its 
communication range and have highest delivery 
predictability. 

 
 

6.1. Spreading Distance 
 

The control of the spread distance is the main 
contribution of our approaches. We have proposed 
the two approaches aiming at having some control of 
the distance the event generated in a sensor will 
travel. The hypothesis that we adopted from social 
networks is that strong ties will restrict the 
dissemination to nearby sensors while the use of 
weak ties will disseminate the information to the 
farthest distances; spread to far distances may be 
useful to certain applications (e.g., emergency 
warnings). 

In the simulations, we tested the full mode 
version of the proposed approaches and the default 
working mode of the benchmarking approaches. The 
findings show that the farthest possible distance from 
the center of the simulation environment can be 
obtained using the default mode of Epidemic (up to 
2.85 miles), then the full mode of WTBF (up to 
2.67 miles), followed by the full mode of STBF  
(up to 2.26 miles), and finally, the PRoPHET (up to 
2.05 miles). This means that WTBF approach can 
disseminate information to locations as far as the 
ones done by a full Epidemic model. 

For a detailed view to their behavior, we tested 
the partial mode of STBF and WTBF, and the 
multiple-message mode of the benchmarking 
approaches under different number of receivers. It 
should be clarified that in Epidemic, when spreading 
to 1 sensor, this sensor may have a strong tie to the 
forwarder because Epidemic discards the type of ties 
during the dissemination process. Therefore, this case 
may limit the forwarding process to include only the 
surrounded area (e.g., same group or community). 
Whereas in WTBF, when spreading to 1 receiver, the 
receiver will definitely have a weak tie to the 
forwarder. For this reason, the partial mode version 
of WTBF approach with 1 receiver outperforms 
Epidemic and the other approaches as shown in 
Fig. 3; this is a very interesting result because it 
demonstrates that if we want to maintain a low 
message overhead, WTBF can be a better alternative 
for message dissemination to far locations than even 
Epidemic. Moreover, being able to replicate such 
behavior in the context of mobile sensor networks (or 
SNoS) confirms the idea that a weak tie plays a 
significant role in data flowing to different social 
communities by acting as a bridge [10]. 

The results also show that the partial mode of 
STBF underperforms the multiple mode of Epidemic, 
and outperforms PRoPHET. Yet, the goal of STBF is 
to restrict the dissemination to nearby locations so the 
“underperforming” is actually the desired outcome 
for STBF. In more details, Fig. 3 exhibits the average 
spreading distance that can be obtained for each 

approach using different number of receivers. We 
noticed that each approach reaches the equilibrium 
when the number of receivers approximates 4 
sensors; this can be interpreted as an indicator of the 
convergence between both modes of the proposed 
approaches at this level of receivers. However, this 
exact level may vary depending on sensor density 
within the simulation environment. In Fig. 4 we show 
the range of the distances that can be reached for 
each approach. This figure also shows the lowest and 
highest distances, the lower and upper quartiles, and 
the median for each approach.  

 
 

 
 

Fig. 3. The overall behavior in terms of information 
dissemination distance when varying the number  

of receivers in each approach. 
 
 

 
 

Fig. 4. The average distances and the variance of the full 
modes and partial modes of the proposed approaches,  

and the single modes and multiple modes  
of the benchmarking approaches. 

 
 

Fig. 4 and Fig. 3 allow us to observe that the 
variations achieved in WTBF and STBF are smaller 
than the competition. WTBF can be said to be more 
reliable with the range of distance the event will 
reach than Epidemic because the variance is smaller. 
Conversely, although PRoPHET can limit the spread 
to very short distances, the variance is high when 
compared to STBF.  
 
 

6.2. Coverage Area 
 

Data forwarding approaches try to cover as much 
area in the network environment as possible. The 
efficiency of these approaches in terms of coverage 
area depends on the size of the area they cover which 
should be maximized, and the consumption of net- 
work resources, which should be minimized [26]. In 
this section, we evaluate the proposed approaches in 
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terms of the coverage area of the dissemination 
process. Recall that in the simulation environment we 
have 38.44 sq. miles (or a square of 6.2×6.2 miles). 
In this evaluation, we calculate the minimum and the 
maximum areas that can be covered by the event 
during the dissemination process; these areas can be 
defined as follows:  

• Minimum Coverage Area: A part of the area 
that is always under the coverage of data 
dissemination process. This can be seen as the 
intersection of the areas covered. 

• Maximum Coverage Area: A part of the 
area, which is not always under the coverage of data 
dissemination process. This can be seen as the union 
of the areas covered. 

As mentioned, we have 100 runs for each 
approach in our experiments; each run gives a 
particular coverage area. The intersection region of 
these areas represents the minimum coverage area, 
while the union of all the runs represents the 
maximum coverage area (as depicted in Fig. 5). 

 
 

 
 

Fig. 5. The figure shows the minimum area marked close to 
the center of the environment (green). The maximum area 

is also marked by a dashed line (red) and includes all 
coverage runs, or the union of all coverage runs. 

 
 

Fig. 6 shows the result of these areas for the 
proposed approaches and the benchmarking 
approaches. Clearly, we can see that the disparity in 
the areas between the minimum and the maximum is 
small. Tables 1 and 2 illustrate the obtained results 
and their proportion to the total environment area for 
each approach when using the default stop condition 
(as mentioned in Section 5.1.) of the simulations 
(Test 1).  

 
 

 
 

Fig. 6. Minimum and maximum coverage areas when using 
the simulator with a condition to stop based on 90 % of the 

sensors knowing about the event (Test 1). 

Based on these results, we observe the following 
points:  
 The minimum and the maximum areas that are 

covered using WTBF and Epidemic are similar. 
 WTBF and Epidemic outperform PRoPHET 

and STBF in terms of minimum and maximum 
coverage area.  
 The intensity (level or amount of data 

exchanged of information dissemination is extremely 
high in Epidemic and extremely low in WTBF. � 
 STBF covers more area than PRoPHET in 

both the maximum and the minimum coverage 
metrics. However, STBF has higher intensity in 
information dissemination than PRoPHET. 

Given STBF is proposed to avoid the dissemina-
tion of information to faraway places, we had to 
investigate a little more what is happening, as the 
result above seems to negate our hypothesis of strong 
ties being useful for information dissemination to 
nearby locations. However, the results in Fig. 6 can 
be a side effect of the settings of our model that only 
stop when 90 % of the network knows about the 
event. This situation may give enough time for the 
event to cover more areas in the environment and 
hence making the performance of the approaches 
similar. 

 
 

Table 1. Maximum coverage area of Test 1. 
 

Approaches 

Maximum Coverage Area

Covered Area 
(sq. mile) 

The 
proportion to 
the total area 

Epidemic 6.87 17.80 % 
PRoPHET 5.06 13.20 % 

STBF 5.62 14.55 % 
WTBF 6.80 17.60 % 

 
 

Table 2. Minimum coverage area of Test 1. 
 

Approaches 

Minimum Coverage Area

Covered Area 
(sq. mile) 

The 
proportion to 
the total area 

Epidemic 6.62 17.15% 
PRoPHET 4.49 11.64% 

STBF 4.82 12.50% 
WTBF 6.43 16.65% 

 
 

Hence, we changed the stop condition to be 
independent of the number of sensors knowing about 
the event. We provide two other tests (each of 
100 runs) with different stop conditions. First, 
running the simulator for 100 time ticks (Test 2) and 
then for 50 ticks (Test 3). The goal of these tests is to 
come up with a more accurate evaluation of the 
proposed approaches. Fig. 7 and Fig. 8 show the 
minimum and the maximum coverage area for each 
approach. According to these results, we can observe 
that the disparity between the minimum and the 
maximum areas is more prominent than what we see 
in Fig. 6. These new results reflect better the behavior 
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of both WTBF and STBF confirming the hypothesis 
that weak ties spread events farther than strong ties. 
Tables 3, 4 and 5, 6 show the results of 100 ticks and 
50 ticks of running respectively, and their proportion 
to the total environment area. We finally measured 
the proportion of the minimum to the maximum 
coverage area of each approach for every test. 
Clearly, the proportions for Test 2 and Test 3 
resemble the work of Granovetter better than Test 1 
as shown in Table 7. 

 
 

 
 

Fig. 7. Minimum and maximum coverage areas when using 
the setup of the experiment in which the sensors are 

allowed to work for 100 ticks of the simulation (Test 2). 
 
 

 
 

Fig. 8. Minimum and maximum coverage areas when using 
the setup of the experiment in which the sensors are 

allowed to work for 50 ticks of the simulation (Test 3). 
 
 

Table 3. Maximum coverage area of Test 2. 
 

Approaches 

Maximum Coverage Area

Covered Area 
(sq. mile) 

The 
proportion to 
the total area 

Epidemic 3.36 8.72 % 
PRoPHET 2.01 5.20 % 

STBF 2.13 5.51 % 
WTBF 3.27 8.47 % 

 
 

Table 4. Minimum coverage area of Test 2. 
 

Approaches 

Minimum Coverage Area

Covered Area 
(sq. mile) 

The 
proportion to 
the total area 

Epidemic 2.55 6.60 % 
PRoPHET 1.04 2.70 % 

STBF 1.21 3.13 % 
WTBF 2.48 6.42 % 

 

Table 5. Maximum coverage area of Test 3. 
 

Approaches 

Maximum Coverage Area

Covered Area 
(sq. mile) 

The 
proportion to 
the total area 

Epidemic 1.62 4.21 % 
PRoPHET 1.05 2.73 % 

STBF 1.06 2.74 % 
WTBF 1.56 4.04 % 

 
 

Table 6. Minimum coverage area of Test 3. 
 

Approaches 

Minimum Coverage Area

Covered Area 
(sq. mile) 

The 
proportion to 
the total area 

Epidemic 1.30 3.37 % 
PRoPHET 0.47 1.22 % 

STBF 0.68 1.76 % 
WTBF 1.22 3.15 % 

 
 

Table 7. The proportion of the minimum to the maximum 
coverage area for all the approaches using the three tests 

we discussed (Test 1, Test 2, and Test 3). 
 

Approaches Test 1 Test 2 Test 3 
Epidemic 96.3 % 75.8 % 80.2 % 
PRoPHET 88.2 % 51.7 % 44.7 % 

STBF 85.7 % 56.8 % 64.1 % 
WTBF 94.5 % 75.8 % 78.2 % 

 
 

6.3. Number of Messages Exchanged 
 

The number of messages exchanged has a 
significant effect on the consumption of network 
resources (e.g., memory). Therefore, it is one of the 
important aspects when it comes to designing 
efficient sensor networks. In this section, we show 
the performance of all approaches in our model in 
terms of the number of messages exchanged. For this, 
we calculate this number for each approach 
considering all working modes of the approaches as 
shown in Table 8. This table also shows that the 
number of messages increases when increasing the 
number of receivers in each approach, which  
is expected. 

As mentioned, using the weak ties of a sensor 
restricts the forwarding process to a few sensors 
compared to many sensors when using the strong ties 
of that sensor. For this reason, the experiments show 
that WTBF generates fewer messages than the other 
approaches because the sensors tend not to find 
others that do not already know about the event. This 
is confirmation that the message tends to stay within 
clusters of sensors (equivalent to a message staying 
within a group friends in social networks). In fact, 
these results agree with the RECAST approach in 
[11] and the results in [12] in terms of the most useful 
relations for data delivering.  
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Table 8. Performance in terms of the number of messages 
exchanged in our model. The columns show the approaches 
we use, and the rows show the working modes of each 
approach. The data in this table represents the number of 
messages exchanged per hour (msg\h). Note that 
forwarding to all means that a sensor forwards messages to 
all sensors that are in their candidates list (the equilibrium 
case we mentioned in Section 6.1). Also, it can be noticed 
that there is no forwarding to all in PRoPHET because it 
does not fit the approach. 

 
 

 Epidemic PRoPHET STBF WTBF
Forwarding 

to 1 
509 490 418 352 

Forwarding 
to 2 

539 509 465 384 

Forwarding 
to 3 

573 539 490 401 

Forwarding 
to all 

622 - 504 422 

 
 

6.4. Delivery Time 
 

As mentioned in Section 5.1, we tried to use 
settings that are close to a real-world environment. In 
the simulation environment, each time step is called a 
tick, which is equal to 1.2 minute in real time. We 
deployed an event in the environment. The 
simulations stop when 90 % of the network knows 
about the event (default stop condition). The findings 
show that each approach in our model, the time 
needed for disseminating the event to 90 % of 
network sensors varies as follows (and as shown in 
Fig. 9 and Fig. 10): the full-mode versions of WTBF 
and STBF take approximately 4.2 and 3.58 hours 
respectively, while their partial mode versions (using 
1 up to 5 receivers) take up to 5.11 hours, and up to 
4.22 hours respectively. The default mode of 
Epidemic takes approximately 2.9 hours, and its 
multiple mode (using 1 up to 5 receivers) takes up to 
3.7 hours. Finally, the default mode of PRoPHET 
takes approximately 3.85 hours, whereas its multiple 
mode (using 2 up to 5 receivers) takes up to 
3.7 hours. In these results, we did not include the 
training time (100 ticks), because the event is not 
shown until the training time finished. This procedure 
makes the behavior of our model  
more accurate.  

Based on these results, in our experiments, we can 
conclude the following:  
• Epidemic is the fastest approach in disseminat-

ing events because a sensor forwards the event 
to all sensors in its communication range. 
However, it can also benefit from limiting the 
number of sensors it forwards the event to.  

• The median time of STBF is close to the perfor-
mance in PRoPHET.  

• Minimizing the delivery time can be obtained 
by maximizing the number of receivers, but 
after a certain point the gains in delivery time 
are not noticeable. 

• WTBF underperforms STBF, Epidemic, and 
PRoPHET approaches, because a sensor 
forwards the event less often. In contrast, strong 
ties are used to deliver data messages more than 
weak ties [24]; therefore STBF is faster than 
WTBF in delivering messages.  

 
 

 
 

Fig. 9. The overall behavior in terms of time when varying 
the number of receivers in each approach. Note that there is 

very little gain from forwarding messages to more than 
4 receivers in all approaches. This finding tells us that 

going beyond 4 receivers may only lead to more energy 
consumption without any gain in performance. 

 
 

 
 

Fig. 10. The average time consumed for each approach 
including the full and partial modes of the proposed 
approaches, and the single and the multiple modes  

of the benchmarking approaches. 
 
 

7. Conclusions and Future Works  
 

We analyzed our results based on four criteria: 
information dissemination distance, information 
dissemination coverage area, the number of messages 
exchanged, and delivery time. Table 9 summarizes 
the approaches that have been involved in this work.  

In addition, we can summarize STBF and WTBF 
approaches by giving some recommendations when 
designing a SNoS:  

• If the goal is the dissemination of information 
to faraway distance, the best option is to use the 
partial mode of WTBF, because its results reflect a 
good performance in terms of distance and the 
number of messages exchanged. However, we should 
not discard the fact that WTBF approach spends more 
time than the other approaches.  

• If we are looking to disseminate information 
to a wider coverage area with low spreading intensity 
we should choose WTBF.  

• If the goal is reducing the number of messages 
exchanged within the network, we recommend the 
WTBF approach.  



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 1-11 

 10 

Table 9. A summary of the approaches discussed in this work. 
 

Approach Working Mode Description

STBF 
Partial Spreading to 1-5 sensors from the candidates list of a forwarder (CST). 

Full Spreading to all sensors from the candidates list of a forwarder (CST). 

WTBF 
Partial Spreading to 1-5 sensors from the candidates list of a forwarder (CWT). 

Full Spreading to all sensors from the candidates list of a forwarder (CWT). 

Epidemic 
Default Spreading to all sensors that are in the communication range of a forwarder. 
Multiple Spreading to 1-5 sensors that are in the communication range of a forwarder. 

PRoPHET 
Default Spreading to one sensor according to the value of delivery predictability of a forwarder. 
Multiple Spreading to 2-5 sensors according to the value of delivery predictability of a forwarder. 

 
 
• If the time is an issue, the best option (after 

Epidemic) is to use the partial mode version of 
STBF, because it offers a reasonable performance in 
terms of distance and the number of messages 
exchanged.  

As a future work, we are planning to investigate 
the issues of memory requirements and controlling 
the information dissemination direction.  

Finally, the environment we currently use does 
not assume the existence of barriers or obstacles that 
may be common in urban environments. It may be 
interesting to investigate how the proposed 
forwarding mechanisms perform under configura-
tions with obstacles (representing, for instance, build-
ings in a city). We believe the results will not change 
because the mobility model used has been shown to 
approximate human mobility in urban areas. The data 
used to evaluate the IM model comes from real 
cellular data in large cities. 
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Abstract: Over the last decades with the rapid growth of industrial zones, manufacturing plants and the 
substantial urbanization, environmental pollution has become a crucial health, environmental and safety 
concern. In particular, due to the increased emissions of various pollutants caused mainly by human sources, the 
air pollution problem is elevated in such extent where significant measures need to be taken. Towards the 
identification and the qualification of that problem, we present in this paper an airborne wireless sensor network 
system for automated monitoring and measuring of the ambient air pollution. Our proposed system is comprised 
of a pollution-aware wireless sensor network and unmanned aerial vehicles (UAVs). It is designed for 
monitoring the pollutants and gases of the ambient air in three-dimensional spaces without the human 
intervention. In regards to the general architecture of our system, we came up with two schemes and algorithms 
for an autonomous monitoring of a three-dimensional area of interest. To demonstrate our solution, we deployed 
the system and we conducted experiments in a real environment measuring air pollutants such as: NH3, CH4, 
CO2, O2 along with temperature, relative humidity and atmospheric pressure. Lastly, we experimentally 
evaluated and analyzed the two proposed schemes. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Airborne Systems, Wireless Sensor Networks, Pollution Monitoring. 
 
 
 
1. Introduction 

 

The atmospheric composition has been 
continuously changing over the past thousands of 
years but it is just after the industrial revolution of 
the 18th century when the atmosphere started to be 
significantly affected. The huge growth of 
urbanization and the massive construction of 
polluting factories and industrial cities, coupled with 
the lack of legislation and standards for the 
atmospheric pollutants, led to a progressively 
increase of the concentrations of dangerous gases in 
the air. As the atmosphere is essential to support life 
on our planet, air pollution has long been recognized 
as a serious threat to human health and to the whole 

ecosystem. In that context, over the last few decades, 
governments and NGO’s have set rules in the 
emissions of harmful substances in the atmosphere. 
Since the early 1970s the EU Air Quality Directive 
(EUA) and the U.S. National Ambient Air Quality 
Standards (NAAQS) have been working on 
improving the air quality by controlling  
those emissions and define maximum  
atmospheric concentrations. 

Due to the hazardous effects of the air pollution 
to the people and to the environment, air quality 
evaluation is playing an important role in the 
assessment of the limits in the exposure of the 
population and the minimization of health impacts. 
Human exposure to air pollutants may have serious 
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health effects depending on several factors such as: 
duration, magnitude and frequency of the exposure. 
People in their everyday lives come in contact with 
various pollutants in the air both indoors and 
outdoors. As a matter of fact, air quality monitoring 
is crucial not only for assessing the exposure of the 
population to the air pollution but it can also be 
proven extremely useful for scientists in improving 
the pollution prediction models. In addition it can be 
used to provide emergency information in the cases 
of unpredictable disasters. Taking into account the 
importance of the air pollution monitoring, it is very 
challenging to monitor how the ambient pollutants 
are dispersed and diluted in the air both horizontally 
and vertically. In particular is at high interest a fine 
grained monitoring in various spatial and  
temporal distributions. 

In relation to the ambient air quality  
monitoring, several methods and techniques have 
been developed. 

Traditionally the monitoring is done with the use 
of large monitoring stations placed in static locations 
such as on top of towers and buildings. However, due 
to their large size and cost of maintenance, these 
stations are deployed in relatively spatial areas and 
consequently they can’t act as mobile stations. One 
of the main contributions of our work is the solution 
towards this problem; the development of a mobile 
monitoring system for monitoring the ambient  
air pollution. 

In this paper we present a WSN system [1] along 
with its architecture and algorithms, for automated 
ambient air quality monitoring. Air quality sensors 
integrated with embedded devices enable the 
measurement of the air pollution in a very efficient 
and low-cost way. Our proposing system is able to 
measure with the use of unmanned aerial vehicles 
(UAVs) and WSNs and without the need of human 
intervention, the concentrations of several pollutants, 
gases and environmental parameters, in three 
dimensional environments in near-real time. 

The paper is organized as follows: in Section 2 
the related work and motivation is presented. In 
Section 3 we propose the theoretical schemes and 
algorithms as well as the implementation of the 
whole system. In Section 4 we present the system 
development together with our experimental results 
and their evaluation. Conclusions and future work are 
presented in Section 5.  

 
 

2. Related Work 
 
The significant advantages in distributed sensor 

network systems including but not limited to 
reliability, scalability, dynamics and efficiency, have 
brought the WSN systems into the next generation. 
WSN systems play an inevitable role in our everyday 
life and they have been widely adopted in sensing 
and monitoring applications. In [2] we have proposed 
a framework with which we can sense, monitor and 
control an environment by using WSNs. Apart from 

the use of WSNs in the area of smart environments, 
lately they have been used also in the context of air 
sensing and monitoring. Such a system for example, 
is described in [3], where sensors have been placed 
on top of cars forming a vehicular WSN dedicated to 
measure the pollutants’ concentrations. In addition, 
the authors in [4] have developed a monitoring 
system for ground level air quality analysis in Qatar 
using a WSN. A system using WSN devoted to the 
monitoring of particular pollutants has been proposed 
in [5] where carbon monoxide (CO) sensors were 
used for the monitoring of the CO levels in the 
premises of a university campus area. Other similar 
systems that have been developed for air quality 
monitoring using WSN are proposed in [6] where the 
authors have designed a WSN node for remote 
monitoring of CO and in the [7] where it is proposed 
a simulation system for air pollution monitoring 
using WSNs. 

Previous work regarding the air quality and the 
assessment of health impacts near the airports of UK 
[8] showed that high amounts of pollutants such as 
CO and NOx are emitted in the air during the take off 
and the approach of a plane in an airport. Similar 
works such as the [9] and [10] are presenting models 
and estimations on the concentrations and behaviour 
of the pollutants in the air. In these regards we 
believe that those models and estimations could be 
verified and improved with the help of a WSN which 
would measure those pollutants in real environments. 
The authors in [11] are proposing a framework with 
which they can monitor in real time particulate 
matter evolution in construction sites in order to 
assess the air quality, but although such a system can 
provide a lot of important information on air quality, 
it is static and bound to the ground. 

Due to the recent advancements in robotics, 
aviation and material sciences, the gap between 
airborne systems and WSNs has started to be 
shortened. Drones are being used in a great variety of 
applications ranging from search and rescue 
operations [12] to aerial robotic constructions [13]. In 
addition, with the technological advancements in 3D 
printing and laser-cutting technologies, it is possible 
to manufacture low-cost drones with individual 
features [14]. The prior work of [15] has used a 
quadrocopter-drone for implementing a cropping 
monitoring system in the domain of precision 
agriculture using WSNs. In [16] the authors have 
developed a WSN composed of bird-sized micro 
aerial vehicles and ground nodes in which they have 
analyzed networking performances, such as RSSI 
behaviour and packet loss rates. Experimental results 
on the integration of UAVs and WSNs have been 
presented in [17]. 

Systems and deployments that have been 
proposed so far are mainly investigating individually, 
or in the most relevant works two out of the three 
following domains:  

a) Air quality monitoring;  
b) WSN; 
c) UAV.  
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To the best of our knowledge there has not been 
yet proposed a system that combines WSNs, drones 
and air pollution monitoring mechanisms. Our work 
presents a low-cost, automated pollution monitoring 
system which is comprised of a wireless network 
with sensors dedicated for measuring the 
concentration of air pollutants and a UAV for 
performing the measurements in different altitudes, 
latitudes and longitudes. We came up with two 
schemes and algorithms resulting in a system’s 
application that can monitor in fine-grained 
resolution and in near-real time, the ambient air 
quality in real three-dimensional spaces using WSNs. 
The information acquired from the system regarding 
the pollutants’ concentrations in the ambient air 
could be provided as profitable resource data to air 
quality scientists for improving their environmental 
models, to governments as prerequisite information 
for indexing the air quality of their districts  
and last but not least as influential dissemination 
information to the people in order to uphold their 
environmental awareness.  

 
 

3. Architecture 
 
In our paper we present an Airborne WSN system 

with which we can monitor the ambient air pollution 
in three-dimensional real space environments. The 
measurement of the pollutants in the air is being done 
by pollution sensors which are placed on top of 
unmanned aerial vehicles (drones). Drones have the 
ability to fly and hover in the air both manually and 
automatically. The general design, algorithms and 
architecture of our proposed system is divided in the 
following two categories: A. the theoretical models 
and algorithms and B. the implementation design. In 
the following subsections we present, firstly the 
theoretical models and afterwards the system’s 
implementation design. The overall system’s 
architecture is shown in Fig. 1. 

 
 

 
 

Fig. 1. Overall system’s architecture. 
 
 

3.1. Theoretical Models, Schemes  
and Algorithms 

 
In our work, in order to deal with the 

measurement of the three-dimensional air space 

environment, we propose the following general 
approach to facilitate exposition: we divide the three-
dimensional area we want to investigate (denoted 
hereinafter as D) into “small” equally tessellated 
cubic-subareas (named as monitor-cubes). The three-
dimensional area D with its monitor-cubes is 
depicted in Fig. 2. By dividing the whole area of 
interest D, into these monitor-cubes, we are able to 
distributively monitor the concerned environment 
and extract individual pollution data for each of them 
separately. This allows us to create separate “heat” 
and history pollution maps for each different physical 
subareas as well as of the whole area D. The size of 
each subarea (monitor-cube) can be defined by the 
user in accordance with the location and the 
circumstances of the monitoring area. At the same 
time, this tessellation gives us the possibility of 
conducting either fine-grained or macro-scaled 
measurements. We designate that the measurements 
in each monitor-cube regarding the pollutants, are 
taken from their center. Our approach, definitions, 
schemes and algorithms described below  
hold for both types of measurements; fine-grained 
and macro-scaled. 

 
 

3.1.1. General Definitions 
 

Prior to the description of our approach and 
models, we need make the following  
general definitions:  

Monitor-Cubes: (Subareas S(x,y,z)): To facilitate 
the exposition of our schemes and algorithms, we 
assume without loss of generality, that the area D is 
cubic. As described above, the three-dimensional 
area D for monitoring the air quality, is tessellated 
into several “small” cubic subareas S, which we 
denote as: S(x,y,z) where ],0[| kxx ∈  (respectively 

],0[| lyy ∈  and ],0[| mzz ∈ ) and 1+k  

(respectively 1+y  and 1+z ) is the number of 

division of the first dimension (respectively of the 2nd 
and the 3rd) of D. The area D and its tessellation into 
the subareas S is depicted in Fig. 2. 

 
 

 
 

Fig. 2. Interest area D for monitoring showing its 
tessellation to Subareas S(x;y;z). 
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Concentration of Pollutant “a”: ( CPa ): There are 
several pollutants existing in the air such as: Nitrogen 
Oxides (NOx), Carbon Oxides (COx), Ammonia 
(NH4) etc., and their concentrations vary depending 
on a number of several parameters such as the: 
location, altitude, temperature etc. We define the 

vector: Concentration of Pollutant “a” ( CPa ): 
which represents the measured concentration of a 
pollutant “a” in the air. The value of this parameter is 
obtained by the pollution sensor and its metric is 
usually in ppm (parts per million). Subsequently, the 

CPa  values are also normalized between [0,1] in 
respect to the minimum and maximum concentration 
values the pollution sensor is able to measure. 

Weight: ),,,( izyxW : For each subarea S(x,y,z): 

we define a weight ),,,( izyxW , where Ν∈i . The 

weight ),,,( izyxW  represents the arithmetic mean 

of the measured concentration of the pollutant CPa  

in a specific subarea S(x,y,z) of the iteration 
(monitoring) cycle i . The term iteration cycle 
represents one completed monitoring of the whole 
area D and its value i  represents the ith cycle. 

Measuring Rate (MR): As MR we define the value 
which represents the measuring rate with which the 
pollution sensor is collecting pollution data from its 
nearby environment. The MR is defined as  
MR = Samples / Second. 

Duration of Measurement (DM): As the 
pollutants in the air sometimes could be burdensome 
to measure, long time measurements might be 
required in order to have trustworthy data. Therefore, 
we define the value: Duration of Measurement (DM), 
to represent the duration of the measuring process. 
Depending on the environmental variables of the 
specific time and location, short time measurements 
might suffice to collect trustworthy data. However in 
situations such as toxic or harsh environments, long 
time measurements might be required to obtain more 
accurate results.  

 
 

3.1.2. Schemes 
 

In this section we present two different schemes 
with which we approach the problem of monitoring 
the ambient air pollution in 3-D spaces. For each of 
them we present also their respective algorithms. 

Sequential Monitoring Scheme 
In the Sequential Monitoring Scheme, the routing 

of the drone and subsequently the collection of the 
pollution data by the sensors it carries on, are done in 
a sequential manner. This means that the drone is 
routed in a deterministic and predefined trajectory 
whereas the sensors are collecting data systematically 
from the center of each subarea S. The sensing 
process and hence the routing pattern starts from the 

subarea S(0,0,0) and it covers progressively all the 
subareas until it will arrive to the subarea S(x,y,z). At 
that point one iteration cycle (i) will have been 
completed. Then the flying and sensing process will 
restart from the subarea S(0,0,0). 

Sequential Monitoring Algorithm (SMA) 
The pseudo-code of the Sequential Monitoring 
Algorithm (Algorithm 1) representing the sequential 
monitoring scheme is presented below. For each 
iteration cycle and for each subarea, the algorithm 
measures the concentration of the pollutants and 
calculates their concentration in absolute numbers 

and their WeightW . 
 

Algorithm 1: Sequential Monitoring Algorithm 
(SMA). 

 
Input: Values of: mlkDMMR ,,,, , 

Output: The Weight ),,,( izyxW  

 
←MR  default Measuring Rate 

←DM  default Duration of Measurement 

←mlk ,, size of each axis of area D 

←imax_  maximum iteration cycles 

0,,, ←izyx  

 
begin 
   while ii max_< do 

      for 0←z to mz = do 

           for 0←y to ly = do 

                for 0←x to kx = do 

      ←CPa  Take MR*DM samples of 
pollutant a 

←),,,( izyxW  Arithmetic Mean 

of CPa  
++x  

++y  

++z  
++i  

0,,, ←izyx  

   return ),,,( izyxW , CPa  

 
end

 
Dynamic Monitoring Scheme  

In order to use more efficiently the limited and 
constrained resources of the airborne systems and the 
WSNs, we propose a more efficient monitoring 
scheme which acts in a dynamic way. In this scheme 
the subareas are given a potential of being monitored 
or not, depending on their previous weight values. 
We consider a subarea as stable when its most recent 

weights W  do not alter “much” during a specific 
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time frame. In that case, we can avoid visiting and 
consecutively avoid monitoring a stable subarea. As 
a result we can use more efficient the limited energy 
of both the drone and the sensors whilst increasing 
the time efficiency of the system as well. Lower 
energy consumption could be translated into 
monitoring of larger areas and for longer periods  
of time.  

In order to better describe the dynamic 
monitoring scheme, some further definitions in 
extension to the general ones (mentioned for the 
sequential monitoring scheme), are needed to  
be made.  

Minimum Iteration Cycles (min_i): The parameter 
min_i is used to define the number of minimum 
iteration cycles (monitoring cycles) for which the 
algorithm will keep collecting data sequentially  
from all the subareas before it will enter into the 
dynamic mode. 

Threshold (Thr): The Thr, threshold parameter is an 
upper bound of the mean accumulated difference 
between subsequent weights over a specific number 
of consecutive iteration cycles. Subareas for which 
their most recent weights are remaining “almost” 
invariable, are deliberated as stable subareas. 
Moreover, the Thr describes the sensitivity of the 
algorithm. With the term sensitivity we refer to the 
degree of the pollution variation each subarea is 
allowed to sustain in order to be considered as stable. 
It is an important parameter, as it allows the 
adjustment of the tradeoff between the sensitivity of 
the monitoring process versus the time and the 
energy needed to complete iteration cycle i. 

Last iteration Cycles to Compare (LiC): The 
parameter LiC delineates the number of the most 

recent iteration cycles whose W will be used in the 
comparison with the threshold Thr. 

Idle Value (Idle(x,y,z)): The Idle(x,y,z) is a parameter 
which represents the number of iterations for which a 
subarea remains in stable mode and thus is not being 
monitored. 

Maximum Idle state (maxIdl): The maxId bounds 
the maximum iteration cycles for which a subarea is 
allowed to stay in Idle considered as stable subarea. 
It is used to ensure the reliability of the algorithm in 
terms of avoiding the formation of holes and to 
guarantee the refreshness rate of each subarea. It 
assures that there will not exist any “ghost-subareas” 
i.e. areas which might remain unmonitored for a 
“long” period of time. 

Dynamic Monitoring Algorithm (DMA)  
In this subsection we present the dynamic 

monitoring algorithm which represents the dynamic 
monitoring scheme. In this algorithm, for each 
subarea and for each iteration cycle, the 
concentration and the weights of their pollutants are 
measured. The same conception holds for the SMA 
with the main difference that the DMA takes into 

consideration the property that a subarea might be 
monitored or not depending on its stability 
parameter. Initially the algorithm will monitor the 
area D for a minimum iteration cycles (min_i) before 
it will start taking into account the stability parameter 
of each subarea. The maximum iteration cycles for 
which the algorithm will be executed is set by max_i 
and the maximum idle iteration cycles Idle(x,y,z) for 
which a subarea can remain at stable is set by maxIdl. 
The Algorithm 2 is presented below. 

 
Algorithm 2: Dynamic Monitoring 

Algorithm (DMA). 
 
Input: Values of: 

IdLiCThrimlkDMMR max,,,min_,,,,,  

Output: The Weight ),,,( izyxW  

←MR  default Measuring Rate 

←DM  default Duration of Measurement 

←mlk ,, size of each axis of area D 

←imin_  minimum iteration cycles 

←imax_  maximum iteration cycles 

←Thr  Threshold defining an area as stable 

←LiC  Last iteration cycles to compare 

←Idlmax  maximum idle-state value 

0,,, ←izyx  

begin 
   while ii max_< do 

      for 0←z to mz = do 

           for 0←y to ly = do 

                for 0←x to kx = do 

                       if ii min_> and 

Thr
Lic

izyxWizyxWi

LiCi

<−−
−

|),,,()1,,,(|
 

and IdlzyxIdle max),,( < then 

      ←),,,( izyxW )1,,,( −izyxW   

       ++),,( zyxIdle  

    else 

        ←CPa  Take MR*DM samples  
of pollutant a 

   ←),,,( izyxW  Arithmetic  

Mean of CPa  

0),,( ←zyxIdle  
                ++x  
            ++y  
          ++z  

++i  
     0,,, ←izyx  

  return ),,,( izyxW , CPa  

 
end



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 12-21 

 17

3.1.3. Complexity 
 

In this section we present and compare the time 
complexity of our two proposed algorithms. In the 
first scheme (SMA), the visiting pattern of the 
subareas by the drone and hence their monitoring by 
the sensors, is done in a continuous-sequential way, 
in which all the subareas are monitored in every 
monitoring cycle. To measure the time complexity of 
the two algorithms, we consider the number of 
measurements performed assuming the following: 
k=l=m=n-1 (in particular the x axis is tessellated in n 
equal parts and the same holds for the y and z axis); 
the transportation time Ttr needed to move from one 
subarea to a neighboring one in comparison to the 
monitoring time needed to monitor a subarea  
(Tm = MR*DM) is negligible, i.e. Ttr<<Tm. 
Therefore the time complexity of the SMA algorithm 
is: n3*MR*DM. In the second scheme (DMS), the 
visiting pattern of the drone and the monitoring of 
the area D, is done in a dynamic way based on the 
decision of whether a subarea is stable or not. 
Considering a subarea as stable allows the system to 
bypass it and move to the next subarea. The 
efficiency of this algorithm lies in the fact that some 
subareas might not be monitored which results in less 
power consumption of the whole system, or in 
extended monitor space. The time complexity of the 
DMA algorithm is O(n3*MR*DM), but depending on 
the algorithm’s input values and the environmental 
parameters the DMA could perform better than that.  
 
 
3.2. Implementation of the Airborne System 
 

As far as the implementation of the system is 
concern, we had to face the following challenges:  

a) The limited energy resources of the unmanned 
aerial vehicles and the sensor nodes;  

b) The assembly of a lightweight UAV which 
would be able to carry on the additional payload of 
the sensor node;  

c) The integration of a flying mechanism that 
could enable the UAV to fly also autonomously; and 
lastly  

d) The development a WSN system that would be 
able to support the mobility of the UAV in a three-
dimensional environment and transmit its data in 
near-real time. The implementation and our 
proposing solution towards those challenges are 
divided in two subsystems which we present  
below: the airborne-flying subsystem and the  
WSN subsystem.  

 
 

3.2.1. Airborne Subsystem 
 

Due to the nature of the problem of monitoring 
the ambient air quality, one of the key requirements 
that we needed to face was the implementation of a 
system that would be able to take measurements in 

the air in three-dimensional spaces. The solution that 
we propose towards this challenge is the use of 
unmanned aerial vehicles (UAVs) and in particular 
quadrocopters. Quadrocopters have the ability to take 
off and land horizontally, they are also able to spin 
around their vertical axis and most importantly hover 
in the air. Their ability of hovering in the air allows 
us to maintain them in the air at specific positions for 
as long as it is needed. Alternative airborne systems 
that are using small planes are not able to hover and 
thus are not suitable for our application. The drone 
(the term is used interchangeably with the term 
quadrocopter) that we use in our system is shown in 
Fig. 3 (Left) and we self-assembled it from parts 
which are produced by 3DRobotics. It is a 
lightweight and powerful APM Copter with a load 
capacity of approximately 600gr. It benefits from 
mechanical simplicity and design flexibility and 
despite its small size it is capable of lifting small 
payloads. The four blades of the drone as well as its 
communications are controlled via the ardupilot, 
which is an open source UAV platform able to 
autonomously control multicopters. We equipped the 
drone with a GPS antenna and with a telemetry set 
operating at 433 MHz. In our implementation we 
used the version of ArduPilotMega 2.6 which gives 
us a lot of advantages such as: autonomous flight; 
automatic stabilization; navigation using GPS; 
reception of telemetry information and control of the 
drone in real-time using the MAVLink protocol.  

 
 

 
 

Fig. 3. (left) Drone assembled, embedding GPS and 
telemetry antenna. (right) Basestation node and wireless 

sensor node for pollution monitoring. 
 
 

3.2.2. WSN Subsystem 
 

To achieve the main goal of our work (i.e. to 
automatically monitor the ambient air and extract 
information regarding its quality) we use a wireless 
sensor network. This network is comprised of two 
nodes with gas sensing capabilities and one 
basestation for receiving the data from those nodes. 
One node was dedicated for the airborne 
measurements and the other one for ground 
measurements used for comparisons. Both of them 
were transmitting their collected data to the 
basestation. The nodes are comprised of the 
following components:  

a) An electronic board for accommodating the gas 
sensors,  
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b) The gas sensors,  
c) An external antenna for communicating with 

the basestation,  
d) A main board with the processor,  
e) A GPS module, 
f) A rechargeable battery.  
Due to the fact that the nodes and their 

components are very sensitive and fragile we 
designed and 3D-printed a cover box to protect them. 
The complete assembled node, its cover box and the 
basestation are shown in Fig. 3 (Right). Both the 
nodes and the basestation we used are manufactured 
by Libellium [18]. As far as the nodes are concerned, 
we used as their main board the Waspmote v1.2. The 
Waspmote node runs with the ATmega 
1281 microcontroller at a frequency of 14.7456 MHz 
and with a memory of 128 kB. On top of the 
mainboard, a 2dBi XBee pro 802.15.4 antenna was 
integrated for communicating with the basestation. In 
addition, a sensor board with temperature, humidity, 
atmospheric pressure and gases sensors was 
integrated. In particular, the gases sensors that we 
installed were: Molecular Oxygen (O2), Ammonia 
(NH3), Methane (CH4) and Carbon Dioxide (CO2) 
manufactured by Figaro [19]. Moreover, we 
equipped the nodes with a GPS module so that we 
could time-stamp and position-stamp the 
measurements taken by the sensors. The energy 
supply of the nodes was provided by a Li-Ion 
rechargeable battery with a capacity of 6600 mAh. 
The size of the box including all the components was 
8×8×7 cm and it weighted in total 300 g with a 
battery weighting 200 g. 

On the other endpoint of our WSN subsystem, the 
basestation was equipped with a 5dBI XBee pro 
802.15.4 antenna. It was connected via a USB to a 
computer for receiving and propagating the 
information to the backend program, which we 
developed in C#. This program was designed to be 
responsible for logging all the information that is 
receiving, analyze them in order to calculate the 

concentration of the pollutants CPa  and their 

weights ),,,( izyxW  and as well visualize them. 
 
 

4. Experiments and Evaluation 
 

4.1. Implementation of the Airborne System 
 

The overall experimental set up of the system can 
be seen in Fig. 3. The weight of the drone itself was: 
1.5 kg and the additional weight of the sensor node 
was 0.3 kg resulting in a total weight of 1.8 kg. For 
our experiments we chose an area of 6.3 hectares in a 
heterogeneous environment in-between of a small 
forestall area and residential buildings, Fig. 4. The 
experiments we conducted regarding our system 
were divided in the three following categories:  

a) WSN behaviour; 
b) Airborne system behavior; 
c) Integration of the WSN and airborne system.  

 
 

Fig. 4. Area of experiments. 
 
 

4.1.1. WSN Experiments 
 

Firstly we run experiments on the WSN 
subsystem to determine its behaviour. We note here 
that in order to achieve highly accurate calibration of 
the gas sensors, specific chemical gas tubes need to 
be used. However, as the measurements of the 
pollutants with high laboratory accuracy is out of the 
scope of this paper, the calibration of the gas sensors 
was done based on trial and error. Nonetheless, even 
if we could not achieve high accuracy we could 
obtain very accurate variations in the concentration 
of the pollutants between different measurements. 

For our experiments we installed gas sensors for 
CO2, CH4, NH3 and O2, along with sensors for 
environmental parameters of temperature, humidity 
and atmospheric pressure. The raw data acquired 
from the gas sensors, the environmental sensors and 
the GPS, were sent to the basestation using the XBee 
antenna in four separate packets. Once the packets 
were received by the basestation, the backend 
program running on a laptop analyzed the raw data 
and visualized them in a user friendly way. A 
screenshot of the program while it was receiving data 
from the wireless node is shown in Fig. 5.  

 
 

 
 

Fig. 5. Backend program for receiving, analyzing and 
visualizing the date collected from the sensor nodes. 
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In order to complete one data gathering cycle 
(from the sensors described above) at one specific 
location, it was required 1 min. and 15 sec. This 
relatively big amount of time introduced some 
energy and time related problems that we will  
discuss below. 

 
 

 
 

Fig. 5. Backend program for receiving, analyzing and 
visualizing the date collected from the sensor nodes. 

 
 

4.1.2. Airborne Experiments 
 
As far as the experiments of the airborne 

subsystem are concerned, we were able to operate the 
quadrocopter described previously in two different 
flying modes: the automatic and the manual one. The 
automatic flying mode uses the APM 2.6, a GPS 
receiver, an accelerometer and the “mission planner” 
software installed on a laptop. Via this software we 
were able to set specific waypoints in an area and 
program the drone fly towards those waypoints. Once 
we set up the waypoints on a graphical interface, we 
uploaded them to the APM of the drone using the 
MAVLINK protocol. The benefit of the automatic 
flying mode enables the drone to take off and land 
without our intervention. Moreover, we could send 
commands to the drone in real time, while it was 
flying to change its direction. This was proven 
especially useful when the pollution in some areas 
was higher than expected and the area had to be 
revisited. In the second flying mode of the drone i.e. 
the manual one, we used a Futaba 7-Channel Radio 
Transmitter. The auto-stabilization system of the 
APM stabilized the drone even in the presence of 
strong winds. In order to maintain the safety 
precautions, the drone was landing when its battery 
was at 20 %. Its maximum flying time with a fully 
charged 5000 mAh 11.1V LiPo battery without any 
payload, was approximately 15 minutes. 

 
 

4.1.3. WSN and Airborne System Integration 
 
In the last set of experiments we combined and 

tested the integration of the WSN and the drone. For 

this category of experiments, we defined a fraction of 
our overall experimental area; a small cubic area D. 
The edges of this cubic area of interest were 
39 meters long with a total volume of 59319 m3. This 
area was tessellated in 3×3×3 subcubes where the 
centers of each subcube (subarea S) were 13 meters 
apart from each other. Every time the measurements 
were gathered from each subarea, the collected data 
were sent to the basestation in near-real time, and 
simultaneously they were also saved locally. Due to 
the additional weight of the sensor node and its 
battery, the maximum flight time of the drone was 
reduced from 15 to 12 minutes. Initially we set up the 
sensor node to collect data from all of its sensors (i.e. 
pollutants, environmental parameters and GPS). In 
these initial experiments, the time needed to perform 
measurements from one subarea was 1 minute and 
15 seconds and compared to the 12 minutes of 
maximum flight time of the drone, we were able to 
gather measurements only from 9 subareas. Those 
9 subareas correspond to only 0.33 iteration cycles 
and for covering the whole area D we needed at least 
27 measurements (i.e. one iteration cycle). The 
traveling time from the endpoint of one layer  
to the starting point of an other layer was in average 
4 seconds.  
 
 

4.2. Evaluation  
 

In order to evaluate better our algorithms in this 
real world development, we set the WSN subsystem 
to measure only the CO2 in the air, including though 
GPS and environmental parameters. This shortened 
significantly the subarea’s data gathering cycle to 
15 seconds. The experience we acquire from this fact 
is that for the time being the batteries of the drones, 
despite being off the shelf, are not yet adequate to 
perform complex tasks. For this reason we need to 
develop efficient mechanisms to overcome those 
energy constraints. 

Fig. 6 shows the results we obtained from 
measuring the CO2 using the SMA and DMA during 
the 12 min lifespan (flying time) of the drone.  

 
 

 
 

Fig. 6. CO2 reported concentrations using SMA and DMA 
algorithms during the lifespan of the drone. 

 
 

The SMA scheme reported in this lifespan, 
measurements from 45 subareas. These 45 subareas 
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correspond to 1.67 iteration cycles. On the other 
hand, using the DMA scheme (with: Threshold at 
0.5 %, min_i and LiC at 5 and the maxId at 10), for 
the same 12 minutes life-span, a total of  
74 measurements were reported. These  
74 measurements correspond to 2.74 iteration cycles.  

Comparing the performance of the two 
algorithms, we observe that the DMA algorithm 
performs better and in particular it can report 
29 more measurements than the SMA with a 0.5 % 
tolerance in the CO2 concentration. Consequently, 
the DMA is approximately 64 % more energy 
efficient. In Fig. 6 we can observe also that the two 
algorithms report almost identical measurements. 
The only drawback using the DMA scheme is that 
more messages need to be sent and received to the 
WSN basestation which impacts negatively in the 
energy consumption of the sensor node. Specifically, 
using the DMA, the battery of the sensor was reduced 
by 4 % whereas using the SMA it was reduced by 
2 %. However, comparing the battery depletion rate 
of the sensor node to the one of the drone, the 
difference is almost negligible. Fig. 7, shows the 
measured concentration of CH4 and NH3 using the 
DMA algorithm. 

 
 

 
 

Fig. 7. CH4 and NH3 reported concentrations using the 
DMA algorithm during the lifespan of the drone. 

 
 

Due to the design of the DMA, it is let on the 
freedom of the system operator to decide the tradeoff 
between the sensitivity of the measurements and their 
quantity. Meaning that: a bigger value in the 
Threshold would allow for more measurements while 
a smaller value would allow for more precise ones. 
The advantage of the near-real time monitoring of 
our system, is that a meteorologist for example in a 
scenario of a volcanic eruption, could change on-the-
fly the trajectory of the drone towards another area of 
interest. Fig. 8 depicts as an example a monitor cube 
of an area D. In addition, in emergency pollution 
situations, by using our proposed system architecture, 
more drones with more sensors could be dispatched 
for a more detailed monitoring. The backbone system 
which can be run on a laptop, makes the whole 
system easily portable and transferable.  

 
 

Fig. 8. Example illustration of a monitoring cube  
from measurements in an Area D. 

 
 

5. Conclusions and Future Work 
 

In this paper we investigated the challenges of the 
air quality monitoring and we presented a system-
solution using WSNs and UAVs. We proposed a 
system’s architecture together with a theoretical 
framework and two schemes for monitoring the air 
pollution in 3D spaces. Furthermore, we showed the 
implementation of our approach with which the 
automatic monitoring of the ambient air can be 
facilitated. We have extended the capabilities of 
airborne systems by coupling them with WSNs. In 
particular, we implemented a system which is able to 
monitor pollutants in the air such as: NH3, CH4, CO2, 
the O2 percentage and environmental parameters 
such as temperature, humidity and atmospheric 
pressure. We developed the system, we run 
experiments with it and lastly we evaluated and 
compared our schemes and algorithms in a real 
deployment scenario. 

Our future work plans include scaled up 
experiments with more drones and sensors acting in a 
collaborative way. In addition, we plan to investigate 
the direct interconnectivity between the wireless 
node and the autopilot system of the drone.  
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Abstract: Creating wireless sensor networks requires a different approach than traditional communication 
networks because energy efficiency plays a key role in sensor networks, which consist of devices without 
external power. The amount of energy used determines the lifetime of these devices. In most cases data packets 
are less sensitive to delay, thus can be aggregated, making it possible to gather more useful information reducing 
the energy required to transmit information. This article discusses the energy efficiency of different Forward 
Error Correction algorithms and presents a method to calculate the optimal amount of aggregation of the data 
packets in terms of power consumption, while taking into account the Bit Error Rate characteristics of the 
wireless channel. The contribution of this paper is a general method to improve the energy efficiency of wireless 
sensor networks by using the optimal amount of aggregation in case of different Forward Error Correction codes 
and channel characteristics. The presented results can be applied to any packet-based wireless protocol. 
Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 
The use of wireless sensor networks is becoming 

popular in various areas such as production, 
environment and healthcare monitoring, smart 
metering, intelligent home, precision agriculture, etc. 
During the design and implementation of such 
systems, special attention should be paid to the 
energy consumption of the network nodes, as they 
usually operate on battery power. Moreover, in many 
applications, it is possible that the nodes transmit the 
useful information in an application-specific 
predefined time T delay instead of real-time 
communication. Such systems are called Delay-
Tolerant Networks (DTN). 

This paper focuses on the energy consumption of 
sensor networks with the restrictions defined by the 
operation of DTNs. Our goal is to minimize the 

energy consumption of network nodes, taking into 
account the BER (Bit Error Ratio) quality of the radio 
channel to maximize battery life. This paper aims to 
reach this goal by the means of the following 
technique: using aggregation and (Forward Error 
Correction) FEC codes. This method is applied in the 
ISO-OSI Physical and Data link layers. The optimal 
aggregation number is determined to decrease the 
amount of consumed energy. The method was 
developed for multi-hop wireless sensor networks 
with stationary nodes.  

This paper is an extended version of [1]. The 
paper is organized as follows: Section 2 and Section 
3 introduce the system model along with the 
considered parameters of the sensor network 
hardware and communication protocol. Section 4 
describes the method of using aggregation to increase 
efficiency. Finally, Section 5 concludes the paper. 

http://www.sensorsportal.com/HTML/DIGEST/P_2668.htm
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1.1. Related Work 
 
Various optimization problems in wireless sensor 

networks were extensively covered by the literature. 
In this section we collect the most important papers 
dealing with some aspects of energy efficiency. 

The ideal packet size is calculated in papers like 
[2-3]. The relations of SNR, BER and the used 
modulation on the radio channel are presented in [4-
5]. Energy efficiency of routing protocols are 
discussed in [6-7]. The advantages of clustering 
algorithms are showed in [8]. In paper [9-10], FEC 
schemes are evaluated for multi-hop communication. 
The benefits of packet aggregation are also 
investigated in [11-13]. 

In our previous works [14-15], we presented an 
optimization method for determining the ideal size of 
an aggregated packet according to the channel 
characteristics and we extended that study when 
using FEC. In this paper we expand our previous 
work and determine the ratio of energy usage in case 
of aggregation and without it, considering the packet 
losses and corruptions on the radio channel. 
Moreover we investigate effects of using FEC for 
these scenarios. 

 
 

2. Description of the System Model 
 
The goal during communication is, considering 

the constraints (e.g. the information has to arrive 
within time interval T) to transmit the payload bits 
over the wireless channel with the least possible 
energy consumption. The data packets are structured 
according to Fig. 1. 

 
 

 
 

Fig. 1. Packet structure. 
 
 

The header and trailer are considered to have 
fixed length, which are determined by the applied 
communication protocol, the types of encryption and 
error correction code. From the point of transmitted 
data, these are not considered useful information, but 
overhead. The overall length of the header and trailer 
is ω bits. 

The useful data consists of fix, predetermined 
length of elements and structure. The size of this 
payload data is  bits. To maximize the energy 
efficiency of the system, the useful bits/all 
transmitted bits ratio has to be maximized. According 
to this goal and assuming no error in the transmission 
the most possible useful data can be transmitted in 
one packet, which means, that aggregation of the 
information into one packet is necessary, because this 
guarantees that the overhead ratio in the packet will 
be minimal. In a data packet n pieces of data 

elements of  bits length are transmitted, so the 
useful data amount is  times  bits. 

In a real world scenario, transmission without 
errors in the channel is impossible. The 
communication can be achieved only with a certain 
amount of bit error rate. In this case, the pervious 
statement, that the lengthiest packet is the most 
energy efficient is not true, because the longer the 
packet, the more likely it will suffer error during 
transmission and hence it has to be resent. Error 
correction coding can help to recover some of the 
corrupted bits. 

The following calculations can be carried out to 
any other hardware. The formulas are considered 
general solutions. The described protocol is 
developed by the authors for delay-tolerant data 
transfer, but the only parameters considered are the 
amount of overhead and the payload length and 
whether ACK is needed for the communication. 
Having the knowledge of these parameters the 
formulas can be applied for other protocols. The 
parameters of the aforementioned devices were 
determined using their datasheets. 

To determine the particular size of the parts of the 
packet, the calculations are based on protocol 
developed by the authors for wireless sensor 
networks. The communication protocol differentiates 
two packet classes. One is responsible for network 
management (e.g. discovery), the other for data 
communication. The latter category has two message 
types. One is the data packet itself, and the other is 
the corresponding acknowledgement (ACK). The 
transmission is successful, if the packet was sent and 
the ACK is received. If any of the packets suffers bit 
error during transmission, it has to be resent because 
there is no error correction coding. Therefore the 
calculations can be simplified. The ACK message 
does not hold useful bits regarding the information to 
be transmitted, so it is calculated as overhead. 
Therefore, we add the length of ACK to the packet 
length. The ACK message is the same as the header 
part of a traditional data packet, which means its size 
is 18 bytes. During optimization we do not take 
management messages into account, because we 
cannot influence their packet size. 
 
 
3. Constants and Parameters 
 

In this section we introduce the parameters shared 
by both of the energy-saving solutions. The 
parameters and their values are summarized in 
Table 1. The demo system consists of an Atmel AVR 
XMEGA A3 microcontroller [16] and a TI CC1101 
433 MHz radio module [17]. Both devices are 
extremely suitable for sensor networks, due to their 
low power consumption, reliability and low price. 

The symbols and parameters used in this  
article are: : 9.6 kbaud/sec. Using GFSK 
modulation, one symbol carries one bit, which equals 
9.6 kbit/sec. 
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Table 1. Common parameters for calculations. 
 

Symbol Description Value Unit 
 Length of header 128 

 Length of MAC 16 
 Transfer rate 9600 ⁄
 Aggregation number 1-100 
 Length of payload 80 

 Bit error rate 
4 ∙ 10 , 4 ∙ 10 , 4 ∙ 10  

 Block size of FEC 
depends 
on FEC  

 Code length of FEC 
depends 
on FEC  

 
Error correcting 
capability of FEC 

depends 
on FEC  

 
Number of 
retransmissions 

depends 
on FEC 

and BER 
 

 RX current 35.7 
 TX current 55.7 

 
Time needed for RX-
TX state change 

799  

 
Time needed for TX-
RX state change 

799  

 
Time needed for 
encoding 1 bit 

0.0916 ⁄  

 
Time needed for 
decoding 1 bit 

0.0916 ⁄  

 Voltage 3   Atmel CPU active 15.7  ⁄  
Current needed for 
RX-TX state change 

24.1  

 ⁄  

Current needed by  
AES coder and 
μcontroller during 
coding and decoding 

15.92  

 
Atmel CPU clock 
speed 

32 MHz 

 
 

: 40 mA (at +10 dBm output power). This 
value should be increased by the 15.7 mA current 
draw of the microcontroller, but in case of 
transmission, the microcontroller encodes 
simultaneously, so this value is considered in Ienc. 
([17] page 9, Table 4). 

: 20 mA (at sensitivity limit). This value 
should be increased by the 15.7 mA current draw of 
the microcontroller, but similarly as the transmission, 
in case of receiving, the microcontroller 
simultaneously decodes, so this value is considered in 
Idec. ([17] page 10, Table 4). 

The devices can operate on voltages between 
2.6 V and 3.6 V, in our case the voltage is 3 V. ([16] 
page 2; [17] page 8, Table 2). 

Ienc = Idec =  = 15.7 mA + 223 μA. 
During coding and encoding the microcontroller and 
its AES module is working, because every packet is 
encrypted but there is no error correcting coding. The 
microcontroller operates on 32 MHz, with external 
clock on 3 V. ([16] page 63, Table 34-1). 

Itst = Irst: 8.4 mA (CC1101) + 15.7 mA (XMega). 
In this state, the radio module runs frequency 

synthesizer (FSTXON state). The current draw equals 
in two cases: if the state changes from IDLE to RX or 
TX including calibration state. ([17] page 9, Table 4). 

Ttst: 799 μs. The radio module needs time to 
switch to TX state including calibration. After 
transmission, it switches from TX to IDLE state and 
calibration takes negligibly little time (~0.1 μs). ([17] 
page 54, Table 34). 

Trst: 799 μs. The radio module needs time to 
switch to RX state including calibration. After 
transmission, it switches from RX to IDLE state and 
calibration takes negligibly little time (~0.1 μs). ([17] 
page 54, Table 34). 

T1enc = T1dec: 1.465 μs/bit. The microcontroller 
performs AES coding in 16 byte units. For encoding 
or decoding a unit, 375 clock cycles are needed. 
Calculating with 32 MHz clock speed, this means 
11.72 μs for 16 bytes, assuming data is bigger and 
neglecting padding of not exactly 16 bytes overhead, 
normalized for 1 bit it is 0.0916 μs/bit. 

The power required by transmission, reception, 
encoding and decoding can be expressed as: 

  3 ∙ 55.7 167.1   3 ∙ 35.7 107.1   3 ∙ 24.1 72.3   3 ∙ 15.92 47.76  
 
 
3.1. Forward Error Correction Schemes 
 

The authors have chosen to use block codes for 
FEC, because their implementation uses fewer 
resources –from the limited computational capacity 
of microcontrollers – than other more advanced 
codes. The following three error correction codes 
were considered: 

Hamming codes [6] are basic linear block codes 
[7] using parity checking as the added redundant 
information. They can only correct one bit per block 
and detect 2 incorrect bits. Hamming codes are 
perfect codes [7] and can be decoded using syndrome 
decoding [18]. They are often used in ECC  
memory modules.  

Reed-Solomon [19], [20] codes are cyclic BCH 
codes. They are commonly used in CDs and DVDs.  

BCH (Bose–Chaudhuri–Hocquenghem) [21] 
codes are also linear block codes, which can be 
defined by a generator polynomial.  

To calculate the energy consumption of a FEC 
scheme, first the execution time of every FEC 
scheme on the same computer using Matlab 
simulation was measured. We chose this platform, as 
most of the FEC codes are already built-in. Then we 
implemented the selected code of each FEC scheme 
on the chosen microcontroller (Atmel AVR 
Xmega128 A3 [16]) and measured the clock cycles 
of executing encoding and decoding. Using our 
simulation data we could determine the proportion of 
each code and scaled the energy consumption 
according to the microcontroller’s clock cycles.  
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The parameter  denotes the required energy for 
encoding and decoding in J/bit, and t is the error 
correcting capability in bit/block. 

      (1) 

 
During the selection process of the investigated 

schemes, among the many possible combinations of 
message lengths in a particular scheme, the best 
performer was chosen as our comparisons show on 
Fig. 2 - Fig. 4.  

 
 

 
 

Fig. 2. Comparison of BCH codes. 
 
 

 
 

Fig. 3. Comparison of Reed-Solomon codes. 
 

 
The best performers among each type of block 

codes were the following: BCH (511, 501), 
RS (511, 501) and Hamming (255, 247). These 
calculations were executed on a p=10-3 BER channel, 
which is a rather noisy channel and the use of FEC 
schemes can be significantly more efficient.  

Table 2 shows the important parameters of the 
FEC codes, which are used in the following 
calculations.  

Each error correcting code was implemented on 
the Atmel microcontroller and the exact clock cycle 
count for encoding and decoding was measured and 
summarized in Table 3. 

 

 
 

Fig. 4. Comparison of Hamming codes. 
 

 
Table 2. Summary of FEC code parameters. 

 
Code Complex. Type N K t

No FEC none none 1 1 0 
Hamming 
(255,247)

low block 255 247 1 

Reed-
Solomon 
(511,501)

high block 511 501 5 

BCH 
(511,502)

high block 511 502 4 

 
 

Table 3. FEC codes clock cycle counts. 
 

Operation Clock cycle count  

RS encode 200000 
5.0522 E-09 

RS decode 510000 

BCH encode 130000 
5.4344 E-07 

BCH decode 970000 

Hamming 
encode 

2000 
1.7619 E-05 

Hamming 
decode 

28500 

 
 

3.2. Packet Error Rate  
 

One way to describe the reliability of the radio 
channel is to calculate the Bit Error Rate (BER), 
which shows the amount of changed bits during 
transmission. In this scenario we communicate with 
packets and prefer to calculate whether a packet is 
corrupted in case of a certain BER, which can be 
expressed by the Packet Error Rate (PER). 

In the calculation of PER we assume, that some 
kind of FEC is applied to correct statistically 
independent bits of the corrupted packet, and some 
kind of MAC is used to recognize malicious 
modifications of the payload. This paper does not 
take correlated bit errors into account. We also 
assume that FEC is not applied to the header of the 
packets so that no unnecessary calculations are made 
in case the destination address was corrupted. 
According to the previous assumptions the 
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connection between the BER and the PER in case of 
FEC codes can be expressed as: 

 

PERFEC = 1- 1∑ 1
. 

(2) 

 
In the calculation of the PER we used the ω  

parameter for the overhead length, that includes the 
length of the ACK and assumed that the radio 
channel is symmetric for the BER. 

Without the use of FEC (1) is simplified to (2), as 
the values of the parameters are: N 1, K 1 and t 0 according to Table 2. 
  1 1  (3) 

 
 

4. Optimal Amount of Aggregation 
 
To deal with the header and trailer of the packets 

together and to simplify the following equations let 
us introduce  for expressing  
the overhead. 

The amount of energy needed for sending and 
receiving one bit on a link without FEC can be 
calculated as:  
   

 (4) 

 
The amount of energy needed for transmission is: 
   (5) 

 
The amount of energy needed for reception is:  
   (6) 

 
In this scenario the packets are sent encrypted by 

a built-in AES module, and Message Authentication 
Code (MAC) is employed to ensure integrity. 
Therefore the coding and decoding procedure consist 
of two phases: the MAC is calculated for the entire 

 bit long packet, but only the nφ  bit long 
payload is encrypted to ensure that the headers are 
easily accessible for faster packet processing and 
routing. According to the previous lines the energy 
needed for encoding and decoding can be  
expressed as: 
 2 , (7) 

2  
 

Substituting (4)-(6) into (3) we get 
 

22
 

(8) 

 
Three new parameters are introduced to group the 

energy consumption parameters by functionality: 
 . .    28.56 , 

 47.76 mW ∙0.0916   47.76 mW ∙ 0.0916  8.75 , 

 72.3 mW ∙799 μs 72.3 mW ∙ 799 μs 57.77 μJ 
(9) 

 
Using these parameters, the  energy required for 
sending and receiving one bit can be rephrased as: 
 , (10) 

 
where 2 . 

Taking into account, that each packet  
needs an ACK, (which is ω bit long) to confirm 
successful delivery: 
 2 115.54 μJ 2ω  

(11) 

 
Assuming that the sent packets arrive successfully 

with probability 1  on a channel characterized 
by certain PER, the probability of successful 
reception increases with the number of 
retransmissions. The probability, that the number of 
retransmissions until success will be , is given by 
probability variable  with geometric distribution 
and 1  
 1  (12) 
 

The expected value of  – which means that in an 
average how many packets need to be sent for a 
successful reception – can be expressed as (according 
to geometric distribution): 
 ∙ 11  (13) 

 
Using (12),  which denotes the average number 

of required retransmissions (for the channel 
characterized by PER) can be determined. The value 
of  should be a positive integer ( rϵ ), because 
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every fraction of packet sent is considered to be a 
part of a new packet, therefore: 
 11  (14) 

 

According to (8), (10) and (13) the required 
energy for sending and receiving a packet is: 
    , (15) 
 

where , .  

Equation (13) can be grouped as: 
•  is the energy required for transmission  

and reception; 
•  is responsible for switching RX and TX states; 
•  is used for encoding and decoding using 

AES and calculating MAC, and finally; 
•  is the amount of energy used for  

calculating FEC. 
According to (13) the process of coding and 

decoding is executed once for every packet for the 
necessary number of bits (in case of MAC: the header 
and the payload; in case of encryption and 
decryption: only for the payload).  

Besides, because of packet loss, all the packets 
and their ACKs should be sent r times in average to 
ensure ε probability of success (also switching RX-
TX states should be done r times). 

Remark. In this paper we ignored methods to 
counter replay attacks, because there are solutions, 
which change the number of bits present in the 
header, therefore our calculations should also 
depend on them. 

Now having these formulas, we evaluate the 
usage of packet aggregation and FEC in parallel, and 
determine the amount of energy saved using them 
considering a certain BER of the radio channel.  

Let   refer to the energy consumed during 
sending and receiving a packet without aggregation 
and FEC. Let us calculate the amount of gains we can 
achieve using aggregation and FEC compared to no 
aggregation and no FEC as a baseline 
  , (16) 

 

where  denotes the energy needed for sending an 
n-aggregated packet using FEC. The ratio expressed 
in (15) was determined for the discussed three FEC 
codes. The parameters of these FEC codes can be 
found in Table 2. 
 
 

4.1. Results 
 

We introduced the protocols and corresponding 
parameters in the previous sections. To demonstrate 
the consequences of the formulas and to determine 
the possible amount of energy that can be saved, the 
calculations are performed on the parameters of a real 
system developed by the authors. Among these 

parameters some characterize the hardware, while 
others describe the protocol. 

Fig. 5 shows the gain  (the ratio of not using 
aggregation and using it) that can by achieved by 
using aggregation without FEC. The graph line 
representing 4 ∙ 10  is jagged, because the 
number of required retransmissions is growing as the 
aggregation number  is increasing. The number of 
retransmissions is the same in the neighbouring 
points, which follow each other without a jump in 
their values. The reason why the results achieved by 
using aggregation is better compared to the n-packet 
based algorithm is, that we lose the overhead  
of headers. 

In the figures of this section, the 1 marks the 
level above which the use of aggregation is  
more efficient. 

Remark. This phenomena can be observed in case 
of other BER values, e.g. for 4 ∙ 10  the first 
jump is at 200, which is above the aggregation 
value we considered worthy to examine. 

 
 

 
 

Fig. 5.  for different BER values without FEC. 
 
 

Fig. 6 has the same setup as Fig. 5, with the only 
difference that Hamming codes were applied.  
The graphs show that in case of medium quality 
channel ( 4 ∙ 10 ) and good quality  
( 4 ∙ 10 ) channel, there is no difference; the 
calculated points are perfectly aligned. 

Fig. 7 and Fig. 8 show similarity of the values of Θ  for different BER levels with respect to 
aggregation number n for Reed-Solomon and BCH 
FEC codes.  

Analysing Fig. 7 and Fig. 8 it can be noticed, that 
in case of a poor quality channel ( 4 ∙ 10 ) 
for every aggregation number n we got better gain  
values then in case of better channel. This is because 
more powerful FEC codes provide more benefits 
compared to the same aggregation numbers in case of 
poor quality channels. Better BER channels achieved 
the same gain . 

Also, the graphs are looking like stages because 
the block length of Reed-Solomon codes is fixed. 
Therefore if the payload is not long enough padding 
is used to fill the rest of the block, which  
is inefficient.  
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Fig. 6.  for different BER values with Hamming code. 

 
 

 
 

Fig. 7.  for different BER values with  
Reed-Solomon code. 

 
 

In Fig. 8 in case of aggregation number 40 
the poor quality channel gains more using 
aggregation and BCH code, than the better quality 
channels. Also at better quality channel there is 
significant gain compared to baseline (no 
aggregation, no FEC) just like in the case of Reed-
Solomon codes. 

The next three figures (Fig. 9 - Fig. 11) compare 
the cases of different FEC codes grouped by channel 
quality ( 4 ∙ 10 , 4 ∙ 10  and 4 ∙ 10  in 
respect to . For every diagram, a table is included, 
which shows the optimal aggregation number  
(the highest point of the graphs and the 
corresponding number of required retransmissions. 

Remark. The optimal aggregation number can be 
much higher is case of BCH and RS codes, but the 
authors considered n<100 aggregation numbers are 
worth dealing with, because higher aggregation 
numbers would cause much higher delays. For 
example if the aggregation number n=100 and the 
packets are generated on an hourly base, then the 
aggregation delay can be as high as 100 hours. For 
most real-world scenarios the delay should be within 
a day. 

Fig. 9 compares FEC codes on the worst quality 
channel. This scenario shows the energy cost of 
different FEC codes the best. The graph emphasizes, 
that not using any FEC is the worst, and BCH and 
Reed-Solomon codes perform as the best. It can be 

seen, that in case of lower aggregation numbers  
( 10 ), Reed-Solomon is the best solution, and 
from 20 40  RS and BCH are at the same 
level. When further increasing the aggregation 
number RS code is the most efficient again. 

 
 

 
 

Fig. 8.  for different BER values with BCH code. 
 

 
 No FEC Hamming BCH RS 

Opt. aggr. no. 2 9 37 18 
No. of reps. 6 8 4 3 

 
 

 
 

Fig. 9. Comparison of FEC codes at BER=4E-3. 
 
 

Fig. 10 compares FEC codes on a channel with 4 ∙ 10 . It can be seen, that in case of  
n>20 aggregation numbers, FEC codes provide more 
energy efficient operation. The FEC codes perform 
roughly the same. 
 

 No FEC Hamming BCH RS 
Opt. aggr. no. 18 98 94 100 

No. of reps. 2 2 2 2 
 

According to Fig. 11 in good quality channels 
there is no benefit of using FEC codes, because for 
every aggregation number the case without FEC 
performs as the best. The FEC codes just converge to 
the graph of no FEC case. 

 
 

 No FEC Hamming BCH RS 
Opt. aggr. no. 100 98 94 100 

No. of reps. 2 2 2 2 
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Fig. 10. Comparison of FEC codes at BER=4E-4. 
 
 

 
 

Fig. 11. Comparison of FEC codes at BER=4E-5. 
 
 

Fig. 12 shows the values of  as function of  
and BER. It can be seen that Reed-Solomon codes 
result in the best performance for this n and  
BER range. 
 
 
5. Conclusions 
 

This article discussed the energy efficiency of 
different Forward Error Correction algorithms and 
presented a method to calculate the optimal amount 
of aggregation of the data packets in terms of power 
consumption, while taking into account the Bit Error 
Rate characteristics of the wireless channel.  
With the help of the methods shown in this paper, 
developers and researchers can optimize  
the energy consumption of their wireless sensor 
network protocol. 
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Abstract: A wireless sensor network is a large number of sensor nodes deployed in a fixed or random manner 
over a wide area for environmental monitoring applications. Wireless sensors communicate via wireless links 
and are powered by batteries. They collect and provide information to the base station usually called sink. The 
information collected is generally physical, chemical or biological nature. For some of these applications, as 
pipeline or road monitoring, wireless sensor nodes have to be deployed in a linear manner. We refer to these 
WSNs as Linear Sensor Networks (LSNs). Due to specificity of LSNs, MAC protocol designed for WSNs, as 
contention or TDMA based protocols, are often not suitable. Furthermore, wireless node deployment can 
provide a certain form of redundancy to prevent link or node failures. In this paper, we propose a token based 
MAC protocol for linear sensor networks in order to improve the network performance. We evaluate the effect 
of the redundancy on the throughput and on the end-to-end delay. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Wireless sensor network, Linear topology, Throughput, MAC protocol, Token passing,  
End-to-end delay. 
 
 
 
1. Introduction 

 

In recent years, sensor networks are presented as 
a solution to the need to observe, to analyze and 
control physical phenomena on hostile wide area. 
This is an ad hoc network of a large number of 
micro-sensors which collect and transmit 
environmental data autonomously for example. The 
position of the nodes is not necessarily 
predetermined and can be randomly dispersed in a 
geographic area corresponding to the field of interest 
for the phenomenon being observed. Therefore, they 

are essential to many environmental and scientific 
applications and are increasingly used in the 
environment and the industry especially  
with the latest developments in the field of  
wireless technologies.  

In some cases, the monitored infrastructures make 
the deployment of sensor nodes linearly on one or 
more lines. We see such deployment in applications 
of pipeline monitoring (water, gas, etc.), road 
monitoring, trains, railways, etc. This type of 
wireless network is called wireless linear sensor 
network [1].  

http://www.sensorsportal.com/HTML/DIGEST/P_2669.htm

http://www.sensorsportal.com
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Linear Sensor networks are characterized by a 
limited neighborhood and limited routing 
possibilities as shown in Fig. 1. Indeed, in a linear 
sensor network, each node has some neighbors at left 
(left neighbors) or right (right neighbors). The 
numbers of neighbors or redundancy are defined by 
the radio range of the sensor node and the distance 
between two adjacent nodes. A linear network is R-
Redundant if a node has R left neighbors and R right 
neighbors. These specific characteristics of linear 
sensor network can have negative effects on the 
network performances as throughput or end-to-end 
delay if the access mechanism does not take them 
into account their specificities. For example, in the 
case of linear networks where a node has exactly two 
neighbors (on the left and on the right), a default 
radio link or the hidden terminal problem can lead to 
a dysfunction or a considerable energy consumption. 

 
 

 
 

Fig. 1. Example of LSN. 
 
 

Therefore it is important that the MAC protocol 
implements appropriate mechanisms that take into 
account the neighborhood between the sensor nodes, 
linearity and effective energy management in order 
to increase network lifetime and to improve its 
performance. MAC protocols based on contention or 
TDMA are not often adapted to linear networks 
because they do not manage the specific 
characteristics of this topology. Consequently, 
collisions generated respectively by the contention 
and the synchronization may be more problematic in 
the case of the linear sensor. In this paper, we 
propose a MAC protocol that takes advantage of the 
specific characteristics of the LSNs such as the 
linearity, the redundancy, etc. Our protocol is based 
on token which gives a node the permission to access 
to the transmission channel. We evaluate the protocol 
in terms of throughput, end-to-end delay to show the 
impact of redundancy factor R according to the 
deployment of the nodes. 

The rest of the paper is outlined as follows: in 
Section 2 we present a state of the art on the MAC 
protocols used in linear networks. Section 3 gives the 
hypothesis and the network topology; Section 4 
presents our proposal token based MAC protocol. In 
this section we show the principles of the token 
generation by explaining the role of temporal 
information related to the token. We study the FIFO 
behavior in order to introduce the clipping effect 
phenomena in Section 5. The in Section 6, we 
analyze the concept of redundancy and shows the 
impact of R factor on the throughput. We present our 
simulation results in Section 7. Finally, we end this 
paper with a conclusion and perspectives in 
Section 8. 

2. State of Art 
 

We find linear sensor networks in the pipeline 
monitoring applications [2-4]. In this case, sensor 
networks are used to detect the toxic products 
contained in those pipelines (gas, chemicals, 
radioactive elements, oil, etc.) or leakage. Another 
application of the linear topology wireless sensor 
networks is the monitoring of mines [5-6] or 
volcanoes [7]. In this case, the sensor nodes are 
particularly responsible for monitoring 
environmental temperature changes to detect 
abnormalities in a mine. LSNs are also found in the 
monitoring of trains, rails [8-9] for detecting a 
malfunction of hardware components such as 
wagons, the quality of railways, etc. These wireless 
networks with linear topology are also used in some 
monitoring applications of bridges or roads. 

The protocols used in wireless sensor networks 
are often not suited to linear networks due to the fact 
that they do not take into account the specific 
characteristics of this type of network. These 
protocols are mainly based on the contention or on a 
strict synchronization. In the case of contention-
based MAC protocols such as CSMA /CA with or 
without RTS/CTS [10], 802.15.4 [11], SMAC [12] or 
TMAC [13] collisions generated during the 
contention periods due to the hidden terminal 
problem can degrade the network performance. For 
strict synchronization based protocols such as 
TDMA, FLAMA, TRAMA [14] the clock drifts can 
cause considerable packet losses. 

Sensor networks are often designed for 
convergecast traffic needed for applications using 
data aggregation at one or several collecting point. In 
this type of network, routing from hop to hop is an 
effective way to route data to the sink. However, this 
technique leads to an overload of the FIFO queues 
for the nodes closer to the sink. Indeed, each sensor 
node must aggregate its local production and data 
from its neighbors. This phenomenon is shown in 
[15] where the authors demonstrated, through an 
analytical study, the traffic accumulation of nodes 
closer to the sink.  

These zones of accumulation also called 
congestion zone degrade the network performances. 
Some disadvantages that can be observed are: 

• An overload of the FIFO of node within the 
congestion areas, inducing delays in the forwarding 
process and a risk of frame dropping due to FIFO 
overflow; 

• An increasing of the number of busy medium 
status which is returned by channel sensing (CCA 
operation); 

• An increasing of the rate of collisions due to 
the hidden terminal problem. 

These two last phenomena cause losses of frames 
(collision or dropping). In the literature, this specific 
behavior has been identified early for solutions based 
on linear deployment of a wireless infrastructure 
made of 802.11 Access Points [16]. For WSN 
applications, many researches focus on the propriety 
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of MAC protocol in order to avoid congestion and 
thus improve the throughput or end-to-end delay. In 
recent years, a lot of researches focus on token based 
protocols due to the limitation of classic MAC 
protocols (contention and TDMA). Nevertheless, 
most of these proposed protocols do not match in 
linear sensor network. TKN-TWN (ToKeN TWiNs) 
described in [17] is a high throughput data collection 
solution exploiting the advantages of TDMA. It eases 
the scheduling burden by using two tokens to 
arbitrate transmission activities. Access to the 
medium is organized by a centralized token passing 
mechanism. The sink node generates two types of 
tokens which are passed to two different top-
subtrees, and a multi-channel approach is used to 
avoid interference. In [18] an implementation and an 
evaluation of TKN-TWN in term of throughput are 
presented. Authors show that in a binary-tree-formed 
network TKN-TWN outperforms the collection data 
protocol [19] in terms of throughput. This 
proposition was designed for WSNs deployed 
according to a tree topology and it loses a part of its 
interest for linear topology. In [20] authors present an 
Enhanced Dynamic Token Protocol (EDTP) using 
TPQ as described in WDTP [21]. They show that in 
underwater acoustic WSN, EDTP performs better 
throughput than TDMA. In [22] authors describe a 
Data Filtration-Aware MAC protocol for wireless 
Sensor Networks (DF-MAC). It is a token-based 
MAC protocol based on TR-MAC. In this 
contribution nodes manage a logical ring topology 
and data transmission is performed by using a token. 
It was shown that DF-MAC provides a better 
throughput than TR-MAC. Unfortunately, DF-MAC 
is designed for clustered network and cannot be 
relevant for LSNs. The Token Bus Based MAC 
protocol (TBB-MAC) proposed in [23] aims to 
reduce energy waste by minimizing the amount of 
redundant communications and to improve end-to-
end delay but is designed for clustered WSN. 

Even if the token based protocols presented above 
improve performance of classic or clustered WSNs, 
they are not designed for LSNs and they do not take 
advantage of the specificities of such a topology. The 
design of a MAC protocol for a LSN must consider a 
trade-off between the specificities of this kind of 
networks: topology, low density, small processing 
power, energy limitations, etc.  

We propose a MAC protocol based on a slotted 
access method needing a soft synchronization and 
taking advantage of linearity of the deployment of 
nodes. The use of a token to propagate the right to 
transmit is a way to avoid the constraints of a strict 
and global synchronization. 

Before sending data frames, a current node has to 
wait the reception of a token from one of its 
neighbors. When this token reception occurs, this 
current node becomes Token Holder for a given 
amount of time SD (Shuttle Duration). Then this 
node can transmit uplink traffic toward the sink or 
downlink traffic toward the Allocator (Fig. 1.), 
details will be given in the next paragraph. The token 

frame contains information as the token generation 
period, the sleep and wakeup calendar. We evaluate 
our protocol in terms of throughput and end-to-end 
delay in order to show the impact of redundancy of 
linear network sensor on its behavior. 
 
 

3. Hypothesis and Network Topology 
 

We outline now the details about the density of 
LSNs we are studying, the timing of MAC protocol 
we propose and the traffic model we use in this 
paper. In the following, we consider a one-
dimensional LSN of N nodes uniformly placed over a 
length-L with equal distance d between two adjacent 
nodes. The kind of LSN we are going to use is 
depending on the density of the topology. If the radio 
range p and the distance d between nodes are such 
that d < p < 2d, each node has two neighbors (one to 
its left and one to its right). We are dealing with a 
strictly LSN or a 1-Redundant LSN. When p > 2d, 
each node has at least 4 neighbors (two or more to its 
left and two or more to its right). For such topology, 
if a link is broken or a node is out of order it is still 
possible to forward the frames by skipping the 
defective device. This kind of LSN is called R-
Redundant where R is the number of neighbors in 
each direction (right and left) as shown in Fig. 2. In 
the following, we focus on this kind of redundant 
LSNs, and we refer to them as 2-Redundant LSNs or 
3-Redundant LSNs according to their density. This 
contribution is based on the strong following 
hypothesis: for an R-Redundant topology, the 
relation dRpdR *)1(* +<<  is stable, that to 

say the length of the radio links of such a topology is 
constant and uniform all over the LSN. 

 
 

 
 

Fig. 2. Connectivity of an R-Redundant LSN. 
 
 

Each node has its own ID. In this paper we 
suppose the following points:  

1) The node located at left end of the LSN is 
Node 1 and is the Allocator providing tokens,  

2) The node at the right side of Node I is   
Node I+1,  

3) The node located at the right end of the LSN is 
the Sink.  

The routing (or forwarding) scheme works as 
follows: each node transmits data frames to its one-
hop or R-hop neighbor according to the LSN 
topology. For many reasons such as  

1) Retransmission credit exceeded (occurs when a 
node has transmitted five times the same data frame 
without receiving any acknowledgment),  



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 31-40 

 34 

2) Queue overload (occurs when the queue of the 
node is requested to keep too many packets), packets 
may not be received its destination. 

We define the aggregate throughput as the 
number of packets received by the sink per unit of 
time. Throughput increases as the offered load 
provided by nodes (packets locally produced) 
increases. When the offered load reaches a certain 
threshold, the throughput does not increase any more. 
Sometimes, it can even start to decrease. If we denote 
by t a period of time including several token periods, 
if n is the number of packets reaching during t, we 
can define the aggregate throughput of the LSN as: 

 

t

PacketSizen
S

*=  (1) 

 

We also define the end-to-end delay as the time 
between the packet creation at the source, and its 
successful delivery at the sink. 

 
 

4. Our Proposal: Token Based MAC 
Protocol 

 

4.1. Access Control  
 

The token generation governing the access to the 
medium is initiated by the node of the other end 
opposite to the sink called Allocator. Each produced 

token circulates from node to node until it reaches 
the sink. The token contains temporal information 
about the transmission or waiting periods of data to 
or from the sink. In the following, the path followed 
by a token is always A, B, C, …, Sink. Each node 
which receives a token is allowed to transmit during 
a given amount of time called shuttle duration. So, a 
node has two major states: it is either “token holder”, 
or “waiting for a token”. In token holder state, the 
node can transmit differently data frames during the 
shuttle duration, according to three time intervals.  

1) T1: during this amount of time the node 
transmit data frames to its neighbor toward the 
Allocator. This traffic is called downlink traffic and 
comes from the sink.  

2) T2: during this amount of time the node 
transmit data to the sink. This traffic is called  
uplink traffic.  

3) At the beginning of period T’2, the node being 
token holder passes the token to its neighbor at its 
right side and reaches the waiting for a token state. 
When there is no pending downlink traffic, a token 
holder node uses also T1 for uplink traffic. When a 
node is in the waiting token state, it can either listen 
for uplink or for downlink packets coming from the 
sink. After that, this state can be used by the node to 
set its radio stage to sleeping mode to save energy. 
The temporal pattern of the activity of a current node 
is given on Fig. 3. 

 
 

 
 

Fig. 3. Temporal pattern of token holder node. 
 
 

4.2. Periodicity of the Token Production 
 

In this section, we define the minimal distance in 
term of nodes between two consecutive tokens in 
order to have several tokens circulating in the 
network at the same time. This distance must be 
calculated according to the transmission range of 
each node and on the possibility of having downlink 
traffic. In Fig. 4(a), it is shown that in a strictly LSN 
without downlink traffic, the distance between two 
token holders is two nodes (three hops). In the case 
of strictly LSN with downlink traffic as shown in 
Fig. 4(b), the distance is set to three nodes (4 hops). 
So, in the case of strictly LSN the size of the cluster 
(CluSize) is set to three hops without downlink 
traffic and four hops with downlink traffic.  

So if a reverse traffic is possible, a node is token 
holder at most only a quarter of its time. During three 
quarters of its time, it has to queue the traffic locally 
produced. During the remaining quarter of its time, 

the node has to queue (in an interleaved manner) the 
local traffic in addition to the traffic forwarded by the 
previous node of the LSN. If the radio range allows 
the possibility to exchange with its two-hop 
neighbors, the spatial reuse becomes less efficient, as 
it requires an increase in the distance between two 
nodes being simultaneously in the token holding 
state. 

As shown in Fig. 4(c) and Fig. 4(d), for a  
2-Redundant LSN, two token holder nodes have to 
be separated by at least four nodes when the traffic is 
only for the sink, and by six nodes when a reverse 
traffic is possible. The size of the linear cluster 
(CluSize) is respectively 4 and 7. The minimal 
distance between two successive token holder nodes 
has a strong impact on the network performance and 
on the token production activity of the allocator. For 
a given token holding time (T1 + T2 + T'2 as defined 
in Fig. 3), the minimal period of token production is 
given by: 
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TToken (min) = ShuDur x CluSize. 

 
 

(a) 1-Redundant LSN without downlink traffic 
 

 
 

(b) 1-Redundant LSN with downlink traffic 
 

 
 

(c) 2-Redundant LSN without downlink traffic 
 

 
 

(d) 2-Redundant LSN with downlink traffic 
 

Fig. 4. Distance between token holders. 
 
 

The part of the LSN corresponding to nodes (A, 
B, C and D) can be considered as a cluster moving 
from node to node at each expiration of the shuttle 
duration as presented in Fig. 5.  

 
 

 
 

Fig. 5. Linear cluster shifting. 
 
 

5. The FIFO Queue Behavior Analysis 
 

In this section we analyze the impact of the token 
process on the FIFO queue behavior. We perform 
our analysis on a 1-Redundant LSN with downlink 
traffic enable. The model we use for a current node 
is given in Fig. 6. A queue for packets is attached to 
each node. In the following, we show the impact of 
the FIFO size and of the shuttle duration length on 
the end-to-end delay of packets delivered to the sink 
and on the number of packets reaching it. 

We know that the traffic in the case of LSN is 
managed in a store-and-forward manner. Let us 
consider the case of Fig. 4(b), a node has only to 

queue the traffic locally produced during three 
quarters of its time corresponding to the sleeping 
state. During the remaining quarter of its time, a 
node has to superpose local traffic queuing and 
forwarding activities: the node is successively in 
reception and transmission states. So, it has to queue 
the local traffic in addition to the traffic forwarded 
by the previous node of the LSN. 

The content of the queue of a current node can be 
divided in several parts according to the packets 
arrival order.  

At the bottom of the FIFO, some packets 
eventually remain if the size of the previously used 
shuttle was too short to completely empty the queue 
the last time the node was token holder. Then, at the 
top of the FIFO, the packets forwarded by a 
neighboring node being token holder (uplink and 
downlink traffic) are interleaved with the local 
production. Thus, in such a network, the traffic is 
accumulated node after node and saturation appears 
when the FIFO of the current node is not able to 
queue the traffic forwarded by the previous nodes. 
Nevertheless, uplink traffic is always queued at the 
top of the FIFO and is exposed to the queue overload 
effect. Packets coming from nodes far from the sink 
are exposed several times to dropping when the LSN 
is overloaded. 

 
 

 
 

Fig. 6. Node model. 
 
 

This is what we call the clipping effect [24]. 
Packets generated by the allocator or by the first 
nodes of the linear network are exposed to be 
systematically dropped before arriving to the sink, 
when the offered load of the network is too large for 
the capacity of the FIFO nodes for a given TToken and 
a given shuttle duration (ShuDur). 

 
 

6. Throughput Analysis 
 

The creation and the forwarding of a new token 
by the Allocator, allows the traffic of the nodes to be 
drained in a multi-hop manner. Each time a node is 
token holder, it can transmit  

1) First the traffic towards the Allocator 
(downlink traffic),  
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2) And during the remaining holding time, the 
traffic having the sink as destination (uplink traffic). 
Our choice to allow uplink and downlink traffic has 
an impact on the frequency of the token production. 
The distance between two consecutive nodes being 
token holder, expressed in number of hops, depends 
on the range of the radio link and on the distance 
between two consecutive nodes. We can notice that 
the case of a 1-Redundant linear network with 
downlink traffic, it is easy to show (Fig. 4(b)) that the 
distance between two nodes being token holder is 
equal to four hops. That is to say 3 times the radio 
range expressed in number of hops plus 1. For a 2-
Redundant LSN  
(Fig. 4(d)), this distance increases to 7 hops (3 times 
the radio range plus 1) and for a 3-Redundant LSN 
this distance reaches 10 hops (3 times the range plus 
1). Fig. 7 is used to introduce how the token passing 
is managed and how the path of data packets takes 
advantage of redundancy. In these figures, dashed 
arrows indicate the path systematically followed by 
the tokens: A→B→C→ ... Sink, blue arrows indicate 
the links which are simultaneously active at a given 
point in time.  

 
 

 
 

(a) Clusters formation in a 2-Redundant LSN 
 

 
 

(b) Clusters formation in a 3-Redundant LSN 
 

Fig. 7. Impact of redundancy on the path of data frames  
in a LSN. 

 
 

Fig. 7(a) is for the 2-Redundant case, the traffic 
generated by node A is transmitted directly to node C 
to be concatenated with the traffic locally generated. 
This traffic is then forwarded to node E and so on. In 
such a network it can be seen that there is two 
branches (A, C, E, G) and (B, D, F, H) which 
converge towards the sink [25]. 

Fig. 7(b) is for the 3-Redundant case. The traffic 
generated by node A is transmitted directly to node D 
to be concatenated with the traffic locally generated. 
This traffic is then transmitted to node G and so on. 
In such a network, three branches converging 
towards the sink S, can be identified: (A, D, G, J), 
(B, E, H, K) and (C, F, I, L). This way of spreading 

the LSN traffic over these three branches has an 
impact on performance in terms of throughput. 

Let us consider Fig. 7(b) when node A and node 
K are token holder, Node A is allowed to transmit 
data packets to D, and then its token to B, Node K 
will directly transmit its data packets to the sink and 
its token to L. We can notice two important things:  

• The sink can receive data packets every time 
one of its neighbors is token holder. So for a  
3-Redundant LSN, the same token gives  
3 opportunities to the sink to receive data packets. 
Each token allows the sink S of Fig. 7(b) to receive 
consecutively from J, K and L. 

• The FIFO of each node being a neighbor of 
the sink must be large enough to store and forward 
the traffic of its branch. So for a 3-Redundant LSN, 
the evaluation of the FIFO size of a sink neighbor 
node is only governed by the traffic of its branch. 
The FIFO size of node K of Fig. 7(b) is supposed to 
be larger enough to concatenate the traffic of nodes 
of the branch (A, D, G, J). 

The two previous points will be used to evaluate 
the throughput capacity of a LSN according to the 
redundancy factor R. For R equals from 1 to 3, we 
want to estimate the optimal number of packets 
delivered to the sink for a given bit rate. The word 
optimal is used here to point out the fact the FIFO 
size is adjusted to the shuttle duration to maximize 
the throughput and to avoid the loss of data packets. 
For this evaluation we chose to deal with medium 
sized data packets and we suppose that all the nodes 
have the same FIFO size for generality purpose. Each 
neighbor of the sink is supposed to be token holder 
during just enough time to empty its FIFO. A direct 
consequence of this hypothesis is that the size of the 
FIFO equals the maximum number of data packets a 
token holder can sent before passing the token. In 
others words, the capacity of the shuttle is equal to 
the size of the node FIFO. 

Let SC (Shuttle Capacity) be the number of 
packets a shuttle can carry. 

For a 1-Redundant LSN, the sink receives some 
packets for each time period of 4 Shuttle Durations 
(SD). The delivery rate of data packets to the sink is: 

 

SD

SC
Throughput

*4

*1
)1( =  (2) 

 
For a 2-Redundant network and for each token, 

the sink receives S packets from its one hop neighbor 
but also S packets from its two hop neighbor. For 
such a case two consecutive tokens are separated by  
7 Shuttle Durations. The delivery rate of data packets 
to the sink is:  

 

SD

SC
Throughput

*7

*2
)2( =  (3) 

 
For a 3-Redundant LSN we have so: 
 

SD

SC
Throughput

*10

*3
)3( =  (4) 
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For an R-Redundant LSN the theoretical throughput 
is given by: 
 

SDR

SCR
RThroughput

*)1*3(

*
)(

+
=  

(5) 

 

SD

SC  is common ratio independent of R, but 

depending on the value of parameters of physical and 
MAC layer used for the LSN. The implementation 
following this study will be based on the physical 
layer of 802.15.4, it is why this evaluation will be 
done using a bit rate of 250 Kbps. The throughput 
evaluation is based on 100 byte data-frames; the 
length of the data-frames has not a significant impact 
on the throughput. The use of short frames reduces 
slightly the throughput introducing more overhead 
but it improves the end-to-end delay. 

Simulations allow estimating the average time 
between the transmissions of two consecutive 
acknowledged frames. This time is useful to estimate 
the capacity of the shuttle that is to say the number of 
packets a node is able to send while being  
token holder. 

If each node is token holder during 250 ms (SD) 
and if transmitting period is 4.5 ms, the shuttle 
capacity (SC) is about 55 packets.  

So, 
SD

SC  is equal to 44 Kbps. 

1*3 +R

R is an increasing function. It starts at 0.25 

and converges to 0.33. The optimum throughput 
obtained for a 3-Redundant LSN is 12/10 higher than 
the one of a strictly linear network, so this function 
can be considered as a redundancy gain.  

This throughput increase has no impact on the 
FIFO size of the nodes. Traffic of a branch of such a 
network should be calculated so that the node of this 
branch that is neighbor of the sink contains at most 
SC packets when it becomes token holder. In this 
theoretical evaluation of the impact of factor R on the 
delivery packet ratio, the time needed for the token 
passing mechanism was neglected. This choice has 
no real impact if each node remains enough time 
token holder in order to send a significant number of 
data frames.  

In the following we show how simulations have 
been carried out in order to validate this theoretical 
approach. Our simulations results confirm the 
expected gain in terms of throughput. 
7. Simulations and Results 
 

7.1. Simulation Parameters  
 

We perform simulations on NS2 simulator to 
show first the impact of the clipping effect on the 
end-to-end delay and the impact of the redundancy 
on the throughput. We suppose in the following that 
all the nodes of the LSN have the same type of queue 
managed in a first in first out (FIFO) manner. The 
capacity of this queue can be expressed by the 

number of packets (FiFoSize) it can contain. The 
existence of a channel for a downlink traffic is an 
interesting capability allowing the possibility of 
changing the period of token generation for example, 
but, in the following we suppose that the number of 
packets targeted to the sink represents the dominant 
traffic. The size of the reverse traffic is ignored in our 
simulations. The propagation model is Two-Ray 
Ground model and we suppose also that all the 
packets have the same size.  

 
 

Table 1. Simulations parameters. 
 

Parameters Values 
T1: time for downlink traffic 10 ms 
T2: time for uplink traffic 240 ms 
Token size 11 Bytes 
Frame size 100 Bytes 
Number of repetitions 50 
Physical Layer 802.15.4 
FIFO size 50-60 packets 
Transmission Power -5 dBm 
Distance between two nodes  
in 1-Redundant LSN 

90 m 

Distance between two nodes  
in 2-Redundant LSN 

45 m 

LSN offered load [10-100] Kbps 
Simulation start time [0-1] s 
Simulation end time [99-100] s 
Shuttle duration [50-400] ms 

 
 

7.2. Results and Discussion 
 

Fig. 8 and Fig. 9 present the comparison of end-
to-delay for nodes 1, 8, 14 and 15 according to global 
offered load and LSN density (strictly and 2-LSN). 
We focus on these nodes for many reasons. Node 1 is 
the first node of the topology, and does not receive 
traffic from any node. Thus, node 1 only considers 
local traffic. Node 14 and 15 are the nodes closer to 
the sink: they are the nodes with the largest 
accumulated traffic. Finally, node 8 is a current node 
at the center of the topology: it receives traffic from 
others nodes, in addition to its own local traffic 
production. We show that of course end-to-end delay 
of a given packet increases as the number of hops 
increase, that for the two types of LSN. Nevertheless, 
for each node, the end-to-end delay is constant if the 
offered load remains under the saturation load  
(50 Kbps for a 1-Redundant LSN and 40 Kbps for a 
2-Redundant LSN). Below this stage, there is no 
clipping effect due to the low load of the network. 
Beyond this value, the delay increases slowly for 
nodes closer to the sink and more quickly for others. 
The impact of the clipping effect is particularly clear 
on the two curves for high offered load. Due to the 
clipping effect, packets retransmissions are frequent 
and thus increase the delay. In [24], authors explain 
the impact of the clipping effect on the delivery ratio. 
Details given about the FIFO in such a LSN confirm 
the results related to the end-to-end delay.  
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Fig. 8. End-to-end delay comparison for nodes 1, 8, 14  
and 15 in a 1-Redundant LSN for queue size=60. 

 
 

 
 

Fig. 9. End-to-end delay comparison for nodes 1, 8, 14  
and 15 in a 2-Redundant LSN for queue size=60. 

 
 

Let us consider the case of packets that survive 
the clipping effect and that arrive to the sink when 
the offered load is high. Thus, when the content of a 
FIFO is bigger than the capacity of the shuttle, some 
packets have to stay in the same FIFO, for a time 
longer than one token period. They have to wait for 
the next token before being forwarded. As the token 
production depends on the factor R, packets have to 
spend more time in the FIFO before being forwarded 
in the 2-Redundant LSN than in the strictly LSN.  
This mechanism could be improved by adding a 
priority policy to the queue management.  
Frames coming from the farthest nodes should have 
highest priorities. 

The queue management could be improved by 
using a priority policy to privilege traffic from the 
farthest nodes or by aggregating packets to increase 
performance of the kind of LSNs in an energy  
saving manner. 

Fig. 10, Fig. 11 and Fig. 12 present the 
performances parameters in a 1-Redundant,  
2-Redundant and 3-Redundant LSN in term of 
throughput in order to show the impact of the 
redundancy. They evaluate the evolution of the 
throughput as a function of the global offered load 
for a given shuttle duration. For each shuttle 
duration, two phases can be identified: between 8 
and 48 Kbps the throughput evolution increases. In 

this phase, the load of the network is low and thus 
FIFOs contain a few number of data packets for 
uplink traffic. The number of packets received by the 
sink from its direct neighbors per second is low. In 
this phase, nodes do not use all the period T2 of the 
shuttle duration for uplink packets transmission. 
Between 48 and 80 Kbps the throughput evolution is 
stationary. During this phase the load of the network 
induces saturation. The FIFOs contain the maximal 
number of packets that can be sent during the shuttle 
duration. So, the number of packet received by the 
sink from its direct neighbor is constant. In this 
phase, nodes send uplink traffic most of the shuttle 
duration. 

 
 

 
 

Fig. 10. Throughput comparison by Shuttle duration  
in a 1-Redundant LSN. 

 
 

 
 

Fig. 11. Throughput comparison by Shuttle duration  
in a 2-Redundant LSN. 

 
 

The impact of the redundancy can be shown. The 
throughput at the sink for each shuttle duration and 
for a given offered load is higher for the  
3-Redundant LSN and followed by the 2-Redundant 
LSN. For example, let us consider the following 
case: shuttle duration is equal to 50 ms and global 
offered load is equal to 80 Kbps, the traffic delivered 
to the sink is 45.5 Kbps, 35.5 Kbp and for 31.1 Kbps 
for R equal to 3, 2 and 1 respectively. This confirms 
our theoretical analysis. 
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Fig. 12. Throughput comparison by Shuttle duration  
in a 2-Redundant LSN. 

 
 

Fig. 13 shows the maximal throughput for a 
global offered load of 80 Kbps for various values of 
the shuttle duration. This figure shows that maximal 
throughput is obtained for shuttle duration of 250 ms. 
Indeed, direct neighbors from the sink transmit 
maximal number of packets from their FIFO. They 
are during in the most time of the shuttle in 
transmitting state. Contrarily for the shuttle duration 
of 300 ms, nodes are more often in waiting state due 
to the fact that FIFOs are empty before the end of the 
shuttle. That is why the throughput decreases for a 
shuttle of 400 ms. 

 
 

 
 

Fig. 13. Maximal throughput for a global offered load  
of 80 Kbps for various shuttle duration. The maximal 

throughput is achieved with shuttle duration of 250 ms. 
 
 
The impact of the redundancy can be shown. The 

maximal throughput is 51.27 Kbps, 46.13 Kbps and 
40.37 Kbps for R equal to 3, 2 and 1 respectively. 

Fig. 14 is the comparison between theoretical 
analysis and simulations. The maximal throughput 
given by simulation is always slightly lower than the 
theoretical throughput. Some frames must be 
repeated on the path followed to reach the sink. This 
is decided after the expiration of the timer used to 
detect a no-acknowledgement. It is the main reason 
of this slight difference. 

 
 

Fig. 14. Throughput comparison between theoretical  
and simulation analysis of the redundancy gain. 

 
 

8. Conclusions 
 

Linear Sensor Networks have a large interest for 
monitoring applications as pipeline, roads, trains. In 
this paper, we propose a token based MAC protocol 
to manage the access to the medium. The token 
contains some temporal information which allows 
nodes to use the transmission channel for an amount 
of time. We define an R-Redundant LSN where R is 
the number of neighbors in each direction for a given 
node. We study the behavior of LSN in the case of 
the three topologies corresponding to R equals 1, 2 
and 3. We show how the token is propagated from 
node to node in the network and how the token 
generation period is calculated in order to avoid 
packet collisions and limits the effects of the token 
losses before reaching to the sink. We highlight what 
we call the clipping effect. This is illustrated in our 
simulation results where we study the performances 
of our protocol in terms of end-to-end delay.  

We also study the impact of the redundancy on 
the throughput at the sink.  

We show by theoretical and simulation analysis, 
that more the factor of redundancy R is great more 
the throughput at the sink is also great. We show also 
that the redundancy allows nodes to have an 
equitable distribution of the traffic by dividing the 
network into branches. 

In future works, we plan to use reverse channel in 
order to master the token production frequency 
according to the spatial reuse and energy saving 
constraints. Another way to improve the capacity of 
such a network is to add a priority policy to FIFO 
management of nodes by allowing highest priorities 
to the data frames coming from the farthest nodes. 
Finally, we plan to use a Log-normal Shadowing 
model in order to model the path loss due to the 
complexity of the propagation conditions in a  
real environment.  
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Abstract: We live in an aging society, an issue that will be exacerbated in the coming decades, due to low birth 
rates and increasing life expectancy. With the decline in physical and cognitive functions with age, it is of the 
utmost importance to maintain regular physical activity, in order to preserve an individual’s mobility, motor 
capabilities and coordination. Within this context, this paper describes the development of a wireless sensor 
network and its application in a human motion capture system based on wearable inertial and magnetic sensors. 
The goal is to enable, through continuous real-time monitoring, the creation of a personalized home-based 
rehabilitation system for the elderly population and/or injured people. Within this system, the user can benefit 
from an assisted mode, in which their movements can be compared to a reference motion model of the same 
movements, resulting in visual feedback alerts given by the application. This motion model can be created 
previously, in a ‘learning phase’, under supervision of a caregiver. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Physiotherapy, Wireless sensor networks, Motion capture, Wearable sensors, Posture monitoring. 
 
 

 
1. Introduction 

 

Physiotherapy is a therapy which aims to help 
recover movement and restore normal body function, 
when a person is affected by illness, injury or 
disability. Musculoskeletal, neuromuscular, 
cardiovascular and respiratory are some of the 
physical problems physiotherapists can help treat. 

Both physical and cognitive functions decline 
with aging. Compensatory and preventive 
management can control the effects of physiological 
system decline. Generally people reach their peak of 
performance abilities and health at ages between 
adolescence and 30 years. After this period, it is 
known that functional capacity declines throughout 

the person’s lifespan, depending on genetics, lifestyle 
and overall health [1]. 

Physiotherapy plays an important role in this 
aging society. Well trained health care professionals 
in this area can assist the patient in the rehabilitation 
process and improve his quality of life. It is 
important to maintain constant physical activity, in 
order to preserve movement ability, physical 
adaptability, mobility and coordination of the 
individual, by his own means or with assistance, 
whether at home or in an assisted living facility. 
Movements can be categorized within three levels: 
active movement, which describes the movement that 
a can be initiated and controlled independently; 
assisted active, where in order to achieve a complete 
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movement some initial and control movement effort 
has to be taken from the resident, with the caregiver 
assistance; and passive movement, where all the 
movement is performed by the caregiver. Among the 
many benefits of doing exercise, we can cite the 
improvement of strength, increased range of motion, 
improved flexibility, improved functional mobility, 
increased self-esteem, improved posture, improved 
gait, improved efficiency of movement and improved 
quality of life [1]. 

Taking this into consideration, this project aims 
to create a platform which enables and supports the 
practice of physical activity; and/or serve as a 
support platform for home-based physical 
rehabilitation, providing feedback concerning the 
correctness of the executed movement. 

In the case of rehabilitation, the physiatrist and/or 
the physiotherapist will assess the nature of the 
patient’s problems, set goals based on the extent of 
those problems, provide an adequate treatment and 
continuously evaluate the patient’s progress. 
Physiatry, or rehabilitation medicine, has as one of its 
main aspects the recognition of functional deficits 
caused by injury or illness. The identification of 
these deficits is of utmost importance, in order to best 
implement a proper treatment program to restore the 
patient’s performance [2]. A superior treatment can 
only be taken if the physiatrist is fully aware of the 
patient’s history and difficulties he may have 
conducting the prescribed exercises. According to the 
author in [2], there are seven levels of disabilities. 
The level 1 of the scale is the most critical case, 
where total assistance is needed and the patient 
expends less than 25 % of the effort. The scale from 
1 to 5 encompasses a dependent disability, meaning 
that the patient requires another person to either 
supervise or assist in the performed activity; whereas 
in levels 6 to 7 assistance in not necessary to perform 
the activity. 

Normal activities of daily living (ADL), like 
bathing and showering, dressing, eating and 
functional mobility, may suffer due to any existing 
physical problem. The combination of these 
problems, adding to the effort that some activities, 
like standing up, sitting down or picking up things, 
exert in our body joints, leads, in extreme cases, to 
the use of a prosthetic device to preserve the person’s 
quality of life. Total hip replacement and 
rehabilitation is a perfect example of the interaction 
that should exist between the patient and his 
caregiver. After the surgery, in order to achieve a 
satisfactory level of functionality and independence 
in the patient’s daily life, it is important to continue 
with the prescribed daily exercises. Patients with hip 
replacement have limited motion amplitude, so 
movements have to be restricted during the first three 
months after the surgery. Flexion above 90º and 
flexion combined with abduction movements should 
be avoided, to prevent the prosthesis displacement 
[3-4]. 

The continuous growth of the ratio of elderly 
population compared to the total population in 

developed societies causes a real and possible 
problematic demographic change [5-6]. In order to 
prevent this structural demographic change, new 
services and products or ambient assisted living 
(AAL) must be created. The goal of such products is 
to provide better life conditions for the older 
generation in their environment, by increasing their 
self-confidence, autonomy and mobility [7-9]. 

Recently, the Statistics Portugal Institute [10] 
presented, on the occasion of the World Population 
Day (11 July), a brief analysis of the evolution and 
structure of the Portuguese population over the last 
years and a projection for years to come. It was 
concluded that, due to the decrease in infant 
mortality, continuous increase in life expectancy and 
sharp decline in fertility, the changes in the 
population age structure are expected to accentuate 
over the next years, resulting in the increase of the 
elderly population. According to the recent Resident 
Population Estimates from 31 December 2013, there 
were 10427301 people residing in Portugal. 
Considering the results of their projections of 
residents for 2012-2060, Portugal will lose 
population by 2060, lowering the resident population 
to 8.6 million. Their results indicate a decrease in the 
percentage of young people (under 15 years) and 
adults (15 to 64 years), together with a percentage 
increase of elderly. In one of the presented scenarios, 
the proportion of youth (under 15) will be reduced 
from 15.3 % in 2008 to 11.9 % in 2060 (central 
scenario). Working age population will decrease 
from 67.2 % in 2008 to 55.7 %; on the other hand, 
population over 65 years in the central scenario will 
almost double, from 17.4 % in 2008 to 32.3 %  
in 2060. 

This demographic change and ageing is not only 
seen in Portugal, but throughout Europe, where the 
rising number of elderly people will need different 
support at home and different forms of healthcare. 
However, this change can be seen as a unique 
opportunity to offer better health to our elderly, to 
introduce innovative products and services to the 
market, and to establish more sustainable health and 
care systems. With this in mind, the European 
Commission (within its Innovation Union policy and 
at the request of the European Council and relying on 
the willingness of stakeholders to join forces to work 
together), launched in 2011 the first European 
Innovation Partnership (EIP) on Active and Healthy 
Ageing (AHA). The Steering Group (SG) of the EIP 
on AHA came up with a strategic implementation 
plan, which already delivers its rationale, its vision 
and its suggestions for addressing the challenge of 
innovation for active and healthy ageing. This 
partnership aims to identify and remove persisting 
barriers to innovation across the health and care 
delivery chain, through interdisciplinary and cross-
sectoral approaches. It estimated that in Europe the 
number of people aged 65+ will almost double over 
the next 50 years, from 85 million in 2008 to 
151 million in 2060. The main objectives of the 
partnership is to increase by 2 the average number of 
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healthy life years in the European Union (EU) by 
2020, by securing a triple win for Europe: improving 
the health status and quality of life of European 
citizens, with a particular focus on older people; 
supporting the long-term sustainability and efficiency 
of health and social care systems; and enhancing the 
competitiveness of EU industry through an improved 
business environment providing the foundations for 
growth and expansion of new markets [11]. 

This paper, which presents a revised and 
extended version of [12], aims to present the current 
status of a wireless posture monitoring system, based 
on wearable inertial and magnetic sensors, applied to 
rehabilitation. The purpose is to create a personalized 
home-based exercise assisted mode for the elderly 
people. The captured movements are evaluated and 
compared to a prescribed exercise, with the  
purpose of assist the user to correctly perform the 
proposed movements. 

This paper is organized as follows. The next 
section presents the related work. An overview of the 
implemented system is presented in Section 3. 
Section 4 introduces and explains the methods used 
to create the proposed rehabilitation system and 
provide visual feedback to the user. Section 5 
provides an evaluation of the energy consumption of 
the sensors nodes used in this system, whereas 
Section 6 presents the conclusions and discusses 
future work. 

 
 

2. Related Work 
 

The authors in [13] describe the implementation 
of a pervasive intelligent system for rehabilitation, 
composed of a ZigBee network, with a coordinator 
and actuator nodes, able to identify and control the 
patient’s activities, and send warnings to a caregiver.  

Within the same context, with the goal to deliver 
health care services to the community, a 
rehabilitation service operating at a person’s home 
over a telecommunications network was developed in 
[14]. According to the authors, most types of 
telerehabilitation services fall into two categories: 
clinical assessment of the patient’s functional 
abilities in his environment; and clinical therapy. The 
developed system was based in cameras, local and 
remote computers, with dedicated (and user-friendly) 
modular software interfaces for videoconference 
connections, and sensors (accelerometer and 
gyroscope). 

The authors in [15] developed a system to enable 
a set of balance rehabilitation exercises for patients 
with spinocerebellar ataxia (SCA), for continuous 
and safe practice at home, through information and 
communication technology. The system integrates 
physiological monitoring and feedback coaching 
with a telecare center that enables real-time one-to-
multiple personal exercises monitored by care 
managers.  

Unlike the last two studies, which are based on 
the combination of data from several cameras to 

obtain a 3D location of the patient’s body and limbs, 
this paper aims to represent a 3D model of a patient’s 
body segments using a system based on a wireless 
sensor network (WSN) and wearable inertial and 
magnetic sensors. When compared to a camera 
approach, this method has the advantage of higher 
flexibility and mobility, as it can be used in 
uncontrolled environments, without lighting or line-
of-sight concerns [16]. 

Physiotherapy can take advantage of the 
monitoring of human body movements (body 
kinematics) in areas such as health care (to treat 
patients) or sports (to support the athlete recovery or 
improve his performance). However when creating a 
WSN to monitor human body motion, several factors 
must be taken into account in order to assure a 
reliable system. These factors include: energy 
efficiency, since normally the sensor nodes are 
energy constrained; sensor node fixation in the body; 
high data rate traffic generated per sensor node 
(unlike typical WSNs); and the impact of the human 
body on the wireless signal propagation. Some of the 
technical challenges faced at the creation of a WSN 
for rehabilitation purposes are described by the 
authors in [17]. 

The performance of inertial, magnetic and 
gyroscope sensors, when applied to body kinematics 
measurement, was underlined by several authors. A 
study that compares the anatomical joint angles 
obtained by an inertial measurement unit (IMU) to 
those calculated from position data of an optical 
tracking device is presented in [18]. The two 
measurement methods were evaluated by calculating 
the root mean square error (RMSE) and by 
calculating a two-tailed Pearson product-moment 
correlation coefficient between the two signals. 
Studies show a strong correlation, ranging from 0.93 
to 0.99, between the two signals, as well an average 
RMSE of 4 degrees over the joint angle. It is 
concluded that IMUs offers a good alternative system 
for measuring anatomical joint angles, by providing 
an opportunity to perform accurate measurements in 
complex real-life environments without using 
constrained measurement device (markers system). 
In [19], the authors developed a kinematics system to 
estimate the human leg posture and velocity. The 
posture was captured through wearable sensors 
(accelerometer and gyroscope) during the 
performance of typical physiotherapy and training 
exercises. An extended Kalman filter is applied to 
estimate joint angles during an arbitrary three 
dimensional motion. This type of system enables 
applications such as monitoring during knee and hip 
rehabilitation. 

The two last mentioned studies can serve as an 
alternative tool for the traditional gait analysis 
system based on high-speed cameras. On the other 
hand the system presented here, which may also 
serve for gait analysis, offers, in addition, the ability 
to ascertain the proper body posture and good 
movement execution by the user in real-time. 
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3. System Overview 
 

The developed wireless posture monitoring 
system comprises multiple sensor nodes, each one 
attached to a monitored body segment, and a base 
station that sends the collected data to a personal 
computer (PC). The collected information consists in 
inertial and magnetic readings. The processing of the 
information in the PC enables the calculation, in real-
time, of the 3D orientation of the module, expressed 
by the pitch, roll and yaw angles. Fig. 1 represents 
the structure of the developed system. 

 
 

 
 

Fig. 1. System components. 
 
 

In this system, the CC2530, from Texas 
Instruments [20], allows the wireless communication 
between the base station and the sensor nodes. The 
CC2530 is a system-on-chip (SoC) solution for IEEE 
802.15.4 [21] applications which integrates an 8051 
based microcontroller and an 802.15.4 transceiver 
working in the license-free 2.4 GHz frequency band. 

The control of the communication through the 
wireless medium is achieved through the Enhanced 
Low Power Real Time (eLPRT) MAC (Medium 
Access Control) protocol [22], which was designed 
to optimize the quality of service (QoS) provisioning 
and the bandwidth utilization efficiency.  

The eLPRT protocol defines a superframe 
structure composed by a beacon, transmitted by the 
base station, a contention access period (CAP), 
where reservation requests can be made using a 
CSMA/CA (Carrier Sense Multiple Access/Collision 
Avoidance) mechanism, and a contention-free period 
(CFP), where mini-slots for transmission of the data 
packets generated by each one of the sensor nodes in 
the network are reserved In order to increase the 
communication reliability, during the CFP, mini-slots 
are also automatically reserved for retransmission of 
data packets when they were not successfully 
received by the base station in the previous 
superframe, according to a retransmission 
mechanism inspired  
by [23]. 

 
 

3.1. Node Architecture 
 

The base station and sensors nodes have the same 
architectural principle, as illustrated in Fig. 2, except 
for the sensors, which are absent on the base station.  

The USART (Universal Synchronous 

Asynchronous Receiver Transmitter) and Radio 
peripherals are controlled by the CC2530 with the 
assistance of the DMA (Direct Memory Access) 
subsystem. The station base responsibilities include 
the association of new sensor nodes into the network, 
the allocation of time slots on the eLPRT superframe 
for the nodes’ transmissions, and the network 
synchronization with the aid of periodic beacons. 

 
 

 
 

Fig. 2. Base station and sensor architecture. 
 
 

The information regarding the number of 
readings of the sensors per superframe and the 
transmission period is set by the user’s application. 
In the sensor nodes, data messages containing the 
readings of the 3-axis inertial, magnetic and 
gyroscope sensors, temperature and battery level are 
aggregated into a single message, according to the 
number of readings per superframe. The sensor 
information is collected through the serial peripheral 
interface (SPI) bus and sent to the base station once 
per superframe using the eLPRT protocol. 

 
 

3.2. Sensor Node Prototype 
 
The sensor prototype [24] is powered by a 3.6 

V/120 mAh battery and integrates a MPU-6000 
Motion Processing Unit from InvenSense, which has 
an embedded 3-axis MEMS accelerometer, a 3-axis 
gyroscope (readings not used at the moment) and a 
digital motion processor (DMP) hardware accelerator 
engine with an auxiliary I2C port that interfaces to a 
third party digital sensor, such as a magnetometer 
(the Honeywell 3-axis Digital Compass IC 
HMC5883L is used in this prototype). More detailed 
information about the sensors is provided in [24]. 

 
 

3.3. PC Software 
 

The system component with the greatest 
relevance to the user is the PC application. This 
application serves as a mediator between the users 
and the base station; it can send commands and 
receive information collected by the sensor nodes 
attached to the body segments. Upon reception of the 
data from the sensors, it calculates the angles of 
rotation and presents the movement of the user’s 
body in real-time on a 3D model of the human body.  
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One sensor node per monitored segment is 
necessary to measure the movement, with three 
degrees of freedom (DOF), expressed by the Euler 
angles pitch, roll and yaw. The overall system was 
designed to be as intuitive and easy to handle by the 
user as possible. When compared to the previously 
presented application [24], this one presents new 
features. This software provides means to create 
learning files, which are used later to compare 
movements; as well as rehabilitation sessions files, 
where user information and motion angles are stored. 
It also introduces an assisted mode, where feedback 
regarding the correctness of the movements is given 
to the user. These session files can later be employed 
to evaluate the user’s progress. A toolbar with the 
most used buttons was also included, as well as 
LEDs indicating that learning session or 
rehabilitation is being recorded. Fig. 3 presents the 
main window of the developed software. 

 
 

 
 

Fig. 3. Application interface. 
 
 

4. System Evaluation 
 
Advances have been made regarding the 

application described in [24]. At this point, the 
developed real-time 3D Java application not only 
evaluates the motion capture capabilities of the 
system, but can also provide movement feedback. 
The goal is to develop a home-based rehabilitation 
system that, through constant monitoring of the 
movement, is capable of interacting in real-time with 
the user. The purpose of this interaction is to assist 
the user to perform the prescribed exercises correctly. 
Poorly executed exercises can delay the rehabilitation 
process, or even cause more damage. 

Thus, the created application can serve as a 
personalized exercise reference to a prescribed and 
firstly assisted session, or even generic movement 
body amplitudes; or merely serve to assess the 
patient’s progress through the registration of 
rehabilitation log sessions (if desired, both can be 
performed simultaneously). This personalized 
exercise reference system has three stages. The first 

stage consists of a learning mode (Section 4.1), 
where it is showed to the patient how to perform the 
exercise according to its specifications (special needs 
he may have). This stage can be replaced by a known 
generic amplitude movement (correct patient 
positioning and plane of motion for the moved body 
joints), as the ones seen in [2]. Generic amplitude 
movements such as shoulder flexion and extension, 
shoulder abduction, shoulder internal and external 
rotation, elbow flexion, and more, are already 
incorporated into the application. The second stage 
(Section 4.2) is characterized by the personification 
of each patient movement into an individual model. 
Finally, in the third stage (Section 4.3), the patient 
can perform the prescribed exercises at home, 
through the guidance of the assisted mode.  

The learning mode and personalized model will 
be further discussed in the Section 4.1 and Section 
4.2 respectively. Section 4.3 will focus on the 
assisted mode and a more detailed explanation of 
how this assisted mode is achieved is described in 
Section 4.3.1. Finally Section 4.4 deals with the 
rehabilitation sessions. 

 
 

4.1. Learning Mode 
 
Within this phase the patient is taught, by a 

medical specialist, the correct movement that shall be 
replicated at home during the assisted mode. This 
method creates a text file, which serves, later on, to 
learn and create a motion model of a correctly 
performed exercise.  

Each type of performed exercise creates a unique 
motion model, depending on the type of exercise and 
subject. Hence, every recorded movement is saved on 
a text file, containing the angles between each 
module present in the network and the planes of 
motion of the global axis system and/or the reference 
sensor node.  

Within the learning file, a header (common to all 
files) is created containing the learning session 
number, transmission period (superframe duration), 
number of samples per period, date of session and a 
record of the angles saved to the file (the angle name 
given below depend on the specific movement, in 
this case arm): 

 
#(angle chestTranversePlane 
#chestCoronalPlane chestSagitalPlane 
#armTranversePlane armCoronalPlane 
#armSagitalPlane forearmTransversePlane 
#forearmCoronalPlane forearmSagitalPlane 
#armOrientation forearmOrientation) 

 
The angle mentioned in the header file it is the 

angle made between two segments of the body. 
Taking as an example the arm, the angle made 
between the arm and the forearm. Chest angles with 
the motion plane are set with the global axis  
system; arm and forearm angles are set with  
chest as reference. armOrientation and 



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 41-51 

 46 

forearmOrientation are direction angles, 
calculated with the chest reference. Section 4.3.1 
explains with more detail how these angles are 
calculated. Later these angles will serve as a means 
to create the motion model to an exercise. The 
process of creating a new learning file is initiated by 
the user and/or the physiotherapist. This process is 
protected by a password in order to prevent recording 
false movements. Every new reading (corresponding 
angle calculation) from the sensors represents a new 
line in the text file. 

 
 

4.2. Personalized Motion Model 
 
The goal of this phase is to obtain, for the 

individual subject and for each exercise, a 
personalized model of one motion cycle, which will 
serve as reference to the assisted exercise phase 
(Section 4.3). After opening the file, a motion model 
is immediately created. This motion model is not 
more than the processing of the angles recorded into 
a text file during the learning phase. 

At this moment the application only deals with 
uniform movements, that is, simple movements, as 
the ones seen in [2], such as: shoulder flexion and 
extension; shoulder abduction; elbow flexion; hip 
flexion, knee flexion; hip abduction; hip flexion, 
knee extension; knee flexion; hip internal and 
external rotation. The current motion model uses a 
global threshold system of maximum and minimum 
limits that an angle can take with respect to the 
motion planes (global axis system and reference  
axis system). 

 
 

4.3. Assisted Mode 
 

The replication of movement through the 3D 
model of the human body is inherent to the 
application. It is as simple as attaching a sensor node 
in the body segment which the user wants to 
reproduce the movement. On the other hand, the 
creation of logs of rehabilitation sessions and 
learning processes must be initiated by the user. In 
contrast to these processes, the assisted mode 
depends on the pre-existence of a learning file, so 
that a motion model can be created. This assisted 
mode consists in comparing the performed motion to 
a stored reference motion model of the same 
movement (learning file). The result of this 
comparison is translated to a visual feedback to the 
user. To start the assisted mode, the user must first 
open the correspondent learning file. After opening 
the file and the correspondent motion model creation, 
the assisted mode and visual feedback can begin. 

At home, when using the assisted mode, the 
application should be able to inform the user whether 
the movement performed previously with the 
caregiver is being well executed. Fig. 4 demonstrates 
the capabilities of the human 3D model and 
application to provide feedback to the user about the 

correctness of the movement. The yellow and red 
colors are used to inform the user that the allowed 
limits for the motion were exceeded (yellow for the 
first threshold and red for the second threshold). A 
detailed view of the angles that are exceeding their 
thresholds is shown in the bottom right side of the 
window, which presents the values of the angles that 
the segment makes with each motion plane. For this 
test, a learning file was created, based on a simple 
flexion and extension of the right arm, and then the 
user was asked to replicate the previously taught 
movement. 

 
 

 
 

Fig. 4. Application interface in assisted mode. 
 
 

4.3.1. Assessment of Range of Motion 
 
In [2], the author provides guidelines to assess the 

efficacy of treatment procedures, to determine the 
biomechanical cause of impairment and to document 
the integrity of a joint range of motion. According to 
the author, normal range of motion (ROM) varies 
based on age, obesity, gender, conditioning and 
genetics. Moreover, men have a more limited range 
when compared to women, depending on age and 
specific joint action. In order to better assess the 
motion, passive ROM tests should be performed by 
the examiner, thorough all planes of motion, in a 
relaxed patient. On the other hand, active ROM tests 
through all planes of motion should be performed by 
the patient without assistance from the examiner, in 
order to simultaneously evaluate muscle strength, 
coordination of movement and functional ability. 

The range of motion is measured with a universal 
goniometer and should be performed prior to strength 
testing. The developed system depicted here can 
serve as a test goniometer to assess patient range of 
motion and correctness of movement. The planes of 
motion mentioned earlier consist in a division of the 
human body into three cardinal planes, as shown in 
Fig. 5. The sagittal plane divides the body into left 
and right halves. The frontal (coronal) plane divides 
into anterior and posterior halves. Lastly, the 
transverse plane divides the body into superior and 
inferior parts. 

The planes of motion are defined according the 
coordinate system as follows: the transverse plane is 
delimited by the x and y axis; the sagittal plane, by 
the y and z axis; and the coronal is bounded by the x 
and z axis. Using this global coordinate system 
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(static coordination system), or planes defined by the 
axis position of a reference module with respect to 
other module at the time of the movement (dynamic 
coordination system), it is possible to calculate the 
range of motion along the planes. 

As an example, the chest module can serve as a 
reference for the arm modules. The coordinate 
system used to calculate the three orientation angles 
was the right-handed. The forward orientation of the 
module is set to be along the y axis, with pitch 
defining the rotation on the x axis ( ∝ ), the roll 
on the y axis ( ) and yaw on the z axis ( ), 
according to Equations 1, 2 and 3 respectively. After 
the matrix multiplications (rotations), the final matrix 
of the module’s orientation is found in Equation 4. 
This matrix is needed in case the reference for the 
motion planes is another sensor node; within this 
matrix the module’s axis can be found. In those cases 
where the reference is the global system, the axes are 
set to its origin: x axis to [1 0 0]; y axis to [0 1 0]; 
and z axis to [0 0 1], equal to the identity matrix. 

 
 

 
 

Fig. 5. Cardinal planes of motion (adapted from [2]). 
 
 

The module’s orientation vector is given by 
multiplying the final rotation matrix by its original 
position [0 0 1], x axis, y axis and z  
axis, respectively. 

 ∝ = 1 0 00 cos ∝ − sin ∝0 sin ∝ cos ∝  (1) 

 = cos 0 sin0 1 0− sin 0 cos  (2) 

 = cos − 000 0 1  (3) 

 ,∝, = ∝  (4) 
 

The orientation vector for the reference node 

(sensor node or not) is given by the perpendicular 
vector (normal vector) of the plane we want to 
calculate. In other words, if we want to calculate the 
angle between one module orientation vector and the 
transversal plane, the orientation vector of that plane 
is its z axis. The angle ( ) between the two 
orientation vectors is calculated using Equation 5. 
Therefore, the mentioned angle defines the angle 
between a given module orientation vector and a 
plane of motion [25]. 

 = ⋅
 (5) 

 
So far, the three planes of motion gave us three 

angles to each module in relation to its reference(s), 
but a fourth angle can be calculated, the torsion 
angle. This angle reflects the difference between the 
one module and its reference(s) direction. As an 
example, if both modules are presented northwards, 
the angle between them is zero. This angle must be 
calculated with another module as reference, because 
otherwise there would be no way to predict the initial 
state (or direction) of the patient. The plane used in 
the reference module is the sagittal, and on the side 
of the other module it is used its direction, y axis. 
The angle is calculated using Equation 5, with the y 
axis being considered the orientation vector of the 
module; this value was obtained in the final rotation 
matrix of the module. The purpose of calculating all 
of these possible angles for each module, relative to 
the motion planes, is to better assess the user’s 
performance. 

 
 

4.4. Rehabilitation Session 
 
This rehabilitation session mode was created in 

the application in order to create session logs that can 
later serve to gauge the patient’s progress during the 
rehabilitation process. A new rehabilitation session 
must be initiated by the user; only this way the 
application will automatically create the new session 
file. 

Several experiments were carried out to evaluate 
the developed system. The one presented in this 
paper had three sensor nodes attached to the body, 
two of them on the right arm (upper arm and 
forearm) and one on the chest. The goal was to verify 
the replication of the body movement in the 3D 
model present in the application and, at the same 
time, produce a rehabilitation session file. Fig. 6 and 
Fig. 7 exemplify these experiments by means of 
photographs taken while the movement was being 
executed. 

Fig. 8 presents the angle between the upper and 
forearm along the time. The user was requested to do 
a simple movement, flex and extend the arm, 
multiple times. Information regarding the user name, 
session number, type of rehabilitation, superframe 
period, number of samples per superframe and date 
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of session can be seen on the left side. In the future, 
more body angles will be added to the chart, 
according to the performed movement and including 
only the most relevant angles from those recorded on 
the text file. 

 
 

 
 

Fig. 6. Right arm movement replication, first position. 
 
 

 
 

Fig. 7. Right arm movement replication, second position. 
 
 

 
 

 
 

Fig. 8. Chart of the angle of the articulation. 
 

5. Energy Consumption 
 
This present section provides a description of the 

current consumption of the sensor nodes as a 
function of time for the developed prototype. Results 
include both consumption of the CC2530 and the 
sensors. The evaluation scenario is composed by a 
base station and one sensor node in steady state 
operation mode (already associated to the base 
station and transmitting sensor data). The superframe 
period was set to 100 ms, with a sensor sampling rate 
of 30 Hz, which gives 3 samples per superframe. The 
aggregated sensor data combined with the protocol 
overhead results in a packet length of 84 bytes. 
Table 1 presents the parameters related to the system 
network. The PHY overhead corresponds to the 
physical preamble and header of the IEEE 802.15.4, 
whereas the MAC overhead is due to the MAC 
header and trailer.  

 
 

Table 1. Network parameters. 
 

Parameter Value 

PHY data rate 250 kbit/s 

PHY overhead 6 bytes 

MAC overhead 11 bytes 

Payload length 67 bytes 

Superframe duration 100 ms 

Sensors sampling rate 30 Hz 

 
 

The current consumption of the microcontroller 
with the transceiver off and sensors and peripherals 
on is about 9.6 mA. The consumption with the 
transceiver on increases to about 34 mA (at 
4.5 dBm), when in Tx mode, or 24 mA, when in Rx 
mode [20]. 

The current consumption within one superframe 
is illustrated in Fig. 9. During the superframe, it is 
clear the reception of the beacon (Rx) and the data 
transmission (Tx).  

 
 

 
 

Fig. 9. Current consumption of a sensor node during  
a superframe of the eLPRT protocol. 
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The magnetic reading signal (MRS) is obtained 
using the continuous measurement mode with a 
sampling rate of 75 Hz (13.3 ms spaced out 
readings). The periodic register reading (PRR) is the 
periodic attempts from the MPU-6000 to read the 
values of the 3-axis at the magnetic registers (7 ms 
spaced out attempts). At certain points in time these 
processes overlap, explaining the higher than 
expected current consumption. 

A closer look at the current consumption on the 
sensor node, when during the process of transmitting 
the collected information to the base station is 
depicted in Fig. 10. In order to provide a better 
understanding of what is going on during 
transmission, it is break down into different stages. In 
the first stage (1), the transceiver is off and sensors 
and peripherals are on. By the time of stage 2, the 
microcontroller, in accordance in eLPRT MAC 
protocol, turns on the radio to transmit its readings. 
In stage 3, the radio is on in mode Rx idle (the radio 
is set to Rx mode with -100 dBm input power [20]). 
Stage 4 consists on the radio being turn from the Rx 
mode to the Tx mode. The data transmission itself 
takes place in stage 5. Stage 6 is the same as 4, but in 
this case the radio is switching from Tx mode back to 
Rx mode. When the switch is over the radio briefly 
goes back to Rx idle (stage 7). Finally, in stage 8, the 
microcontroller is preparing to turn off the radio. 

The same strategy is used to explain the beacon 
reception (Rx) at the sensor nodes in Fig. 11.  

 
 

 
 

Fig. 10. Current consumption of a sensor node during  
the transmission process of the eLPRT protocol. 

 
 

Stages 1, 2 and 3 are the same as the ones 
explained earlier for the transmission process. The 
beacon reception occurs in stage 4, where the radio is 
in Rx active, Rx mode at -50 dBm (average) of input 
power [20]. When the beacon reception ends, the 
radio returns to idle (stage 5) where the 
microcontroller is processing the data it has just 
received. Finally, in stage 6, the microcontroller is 
preparing to turn off the transceiver and go back to 
current consumption levels with the transceiver off 
and sensors and peripherals on.  

According to the conducted tests, the average 
current consumption of a sensor node over a 

superframe period (Fig. 9) is 13.3 mA. Therefore, the 
expected battery lifetime of a node with a fully 
charged 120 mAh battery is about 9 hours. 

 
 

 
 

Fig. 11. Current consumption of a sensor node during  
the reception of a beacon of the eLPRT protocol. 

 
 

6. Conclusions 
 

This paper outlines the design and development 
of a wireless sensor network based on wearable and 
flexibly placed sensor nodes, which is applied to 
monitoring of physical activities in clinical settings 
and home environments. Such a system has 
tremendous potential application to complement and 
enhance physical rehabilitation procedures. An 
application capable of collecting data from the 
sensors and present them in a real-time 3D model of 
a human body is under development, focusing on the 
special case of assisting elderlies in the practice of 
physiotherapy at home. 

The main objective of this project consists in 
developing a home-based rehabilitation system that, 
through constant monitoring of the movement, is 
capable of interacting in real-time with the user. The 
purpose of this interaction is to assist the user in 
performing the prescribed exercise correctly. The 
rehabilitation process can be delayed or even cause 
more damage if the exercise is poorly performed. 
Therefore, this system can help medical specialists to 
take into account physical limitations of the patients 
in the preparation of physiotherapy sessions,  
and to set well-defined objectives with regard to 
patient outcomes.  

With this system, the caregiver presence is not 
required during the home-based sessions (assisted 
mode), but only in the first session (learning mode). 
Unlike camera-based systems, the patient can freely 
move anywhere under the coverage of the WSN.  

As future work, it is intended to create graph 
sessions providing more useful information, such as 
other meaningful angles, in order to create 
rehabilitation session files that can better serve the 
caregiver when assessing the patient’s progress. 

Another feature under study is the compensation 
of misplacement of the modules in the human body, 
if the sensor nodes are not attached correctly to the 
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chosen body segments, through the automatic 
detection and correction of angle offsets with respect 
to the correct position.  

Studies are also being carried out in order to 
improve the existing motion model. So far, a global 
thresholds technique is being used, which places 
limits to the angles which are used throughout the 
movement and provides feedback to the user about 
the correctness of his motion. Although this solution 
works for simple movements, it is not able to account 
for more complex movements. Therefore, a new 
motion model based on local thresholds and state 
machines is currently being implemented. 
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Abstract: The number of large sensor systems is rapidly growing nowadays in many fields. Well-designed Big 
Data solutions are able to manage the enormous data flow and create real business benefits. One dynamically 
growing application area is precision farming. It requires robust and energy-efficient sensors, because the 
devices are placed outdoors, often in harsh conditions, and there is no power outlet “in the middle of a corn 
field”. Power efficiency is in general one of the major themes of the Internet of Things (IoT). According to the 
IoT vision, embedded sensors send their data to processing units (either located near to the sensor or on some 
intermediate ”gateway” device or in the cloud) using heterogeneous transport networks. Some sensors employ 
short-range network like Bluetooth and some ”gateway” device like a tablet. Other sensors directly connect to 
wide-area networks like cellular networks. This paper will analyze different communication patterns 
accomplished over GSM network from the viewpoint of the energy consumption of the sensor device with the 
assumption that the sensor is stationary. The measurements were done using two different GSM modems 
designed for embedded systems to ensure that the results represent a wider picture and not some implementation 
property of a particular GSM modem. Recommendations are given about the strategies applications should 
follow in order to minimize the energy consumption of their GSM subsystems. Copyright © 2015 IFSA 
Publishing, S. L.  
 
Keywords: Agriculture, Soil sensor, Power efficiency, Cellular communication, Communication strategies.  
 
 
 
1. Introduction 
 

1Internet of Things is often considered a recent 
trend but the vision was presented first in 1991 [15]. 
Weiser envisioned computers that "disappear into the 
background" and are connected with wired and 
wireless links. One key element of Weiser’s 
ubiquitous computing was the low-power nature of 
the computing elements that are able to function for 
an extended period of time without recharging 

                                                 
1 This article is an extended version of our SENSORNETS 2015 
paper [11]. 

otherwise battery issues would prevent the devices 
from "disappearing into the background". Low-power 
and ultra lowpower energy consumption has been a 
key IoT research theme ever since [14, 16].  

IoT systems employ heterogeneous networks to 
connect the sensors to the data processing units. 
Some solutions are based on short-range networks 
(e.g. Zig- Bee, Bluetooth), the data is collected by 
some "gateway" device (e.g. smartphone, tablet, set-
top box) which then connects to a wide-area network. 
Isolated sensors that are rarely visited by humans and 
are far from any other elements of the ubiquitous 
network cannot adopt this solution, these sensors 

http://www.sensorsportal.com/HTML/DIGEST/P_2671.htm

http://www.sensorsportal.com
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have to connect to the wide-area network directly. 
The most common wide-area network with low 
connectivity cost and large coverage is the public 
cellular network.  

 
 

2. The AgroDat Project 
 

Today sensors and sensor networks gain more and 
more importance in many application areas. 
Machines (including cameras, sensors, satellites, 
imaging devices, etc.) are already generating more 
data than we, humans and business processes (Fig. 1). 
These devices often operate in a harsh environment 
without access to electric networks, where robustness 

and energy efficiency are very important 
characteristics.  

One such application field is agriculture. 
Precision agriculture is an integrated agricultural 
management system incorporating several 
technologies. This technology can reduce the cost of 
producing crops and the risk of environmental 
pollution [4]. The Agro- Dat R&D project with 
notable industrial and scientific partners aims to build 
an agricultural information system in Hungary. The 
system relies on collecting and analyzing high-
volume data about crops and environmental 
conditions, like soil moisture and temperature, air 
temperature, precipitation, solar radiation, etc.  

 
 

 
 

Fig. 1. Sources of the data growth (source: TDWI). 
 
 
Soil sensors (see Fig. 2) can measure water 

potential, electric conductivity, volumetric water 
content, soil temperature etc. Electric conductivity 
correlates with salt content, influencing plant growth. 
Water potential refers to the water available for 
plants. This data can be used for planning irrigation, 
forecasting plant diseases, and analyzing soil 
aspiration. Light sensors (see Fig. 2) can measure the 
intensity of photosynthetically active radiation, or the 
spectrum of incoming and reflected light in certain 
bands, which can then be used to calculate the 
Normalized Difference Vegetation Index and 
Photochemical Reflectance Index [6]. These indexes 
correlate closely with vegetation and photosynthetic 
activity respectively, and they are good indicators of 
biomass and plant stress. Sensors can measure 
relative humidity, air temperature or vapor pressure. 
These values are linked with plant evaporation. Leaf 
wetness sensors are designed to detect wetness 
(presence and duration) and ice formation on leaf 
surfaces. The data is useful for forecasting plant 
diseases and planning spraying actions.  

Combining different sensors into a sensor group 
creates synergies, and during the design of such a 
sensor unit, low energy consumption and ability to 

withstand harsh environmental conditions are 
important objectives. Much of the data needed for the 
agricultural information system can be collected by 
these sensor units, which can make measurements 
even on a minute-rate. Data from the sensors across 
the fields will be sent via GSM networks onto central 
servers.  

 
 

 
 

Fig. 2. Decagon soil and light sensors (source: Decagon). 
 
 
Sensors are very different in terms of their data 

communication requirements. Some sensors may 
send large amount of data, even in real-time (like 
streaming video). The current batch of agricultural 
sensors being developed by our project has the 
following properties.  

• These sensors are stationary. Once installed, 
they move very rarely. 



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 52-60 

 54

• Their environment changes only slowly. For 
example sudden changes in ground temperature or 
ground moisture are rare. This means that sensor 
values can be sampled with quite long sampling 
periods (multiple hours or even daily). 

• The quantity of the data to be transmitted is 
relatively small. One measured quantity is a scalar 
value and the sensor equipment measures about  
10-20 such quantities. 

• These sensors are installed on locations that 
are rarely accessed and are far from the usual 
network infrastructure endpoints. For example one of 
our sensors is meant to be installed on large corn 
fields. Long, unassisted operation is an important 
requirement.  

These requirements have led to the following 
high-level design decisions. 

• The sensors will be connected using ordinary 
GSM network directly, without the help of some 
"gateway" node. Each sensor will be a GSM 
endpoint. 

• Low-bandwidth data bearers like SMS or 
GPRS satisfy the transfer requirements. 

• Low energy consumption/long operating time 
without on-site service is crucial. 

• Remote manageability of the sensor is a must.  
The remaining sections of the paper will discuss 

the proposed communication architectures, the 
sensors supported by the sensor station, the 
communication alternatives we have evaluated and 
the evaluation results. 
 
 
3. The Sensor Station 

 
The parameters measured by the sensor station 

were established according to a risk analysis of the 
corn production [5]. The sensor station comes in two 
variants. One variant measures only underground 
parameters. Except for a plastic dome protecting the 
GSM antenna, this station has almost no parts above 
the ground (see Fig. 3). In addition to the 
underground variant, the sensor station can be 
equipped with a pole that contains instruments above 
the ground. This extra pole is shown in Fig. 4. The 
underground sensor set can measure the following 
parameters: 

• Soil temperature (depth: 5-20-40-60-80 cm) 
• Soil moisture (depth: 5-20-40-60-80 cm) 
• Concentration of salts in groundwater 
• CO2 concentration in the ground 
The sensor station measures the following 

parameters above the ground. 
• Air temperature (height: 20 cm, 2 m) 
• Humidity (height: 20 cm, 2 m) 
• Rainfall (height: 1 m) 
• Wind speed and direction (height: 2 m) 
• Solar radiation intensity (height: 2 m) 
• Leaf wetness (height: 1 m) 
The construction of the sensor station is modular. 

The sensor control (based on a microcontroller and 

I2C bus) and the battery units are always present. The 
sensor control unit is connected to the 
communication unit by means of an asynchronous 
serial interface. The modular construction allows the 
usage of different communication units.  

 
 

 
 

Fig. 3. Underground part of the sensor housing. 
 
 

 
 

Fig. 4. Pole with sensors above ground. 
 
 
4. Communication Architecture of the 

AgroDat.hu Network 
 

As the first version of the AgroDat.hu sensor 
network will target corn, typical cornfield locations 
were considered when designing the communication 
architecture. Due to large field sizes and the 
production area often located far from existing 
infrastructure, only a radio technology with large 
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coverage area was acceptable. There are a number of 
alternative radio technologies with this characteristic 
(e.g. WiMax or custom VHF/UHF system) but due to 
its wide availability, low cost and well-established 
regulatory framework, we decided to use the GSM 
mobile network.  

The first version of the sensor network collects 
data that change slowly (e.g. soil temperature, soil 
moisture) and the data representation requires only 
short data packets (with our coding format it means 
200- 400 bytes of data). This means that the sensor 
communicates on the mobile network relatively 
rarely (1-3 times a day) and even then only low 
amount of data is sent. Part of the sensor stations is 
only equipped with underground sensors and 
minimally protrude above ground level therefore 
solar cell-based power supply was not possible. 
Energy efficiency was a key requirement when 
designing the sensor station. Due to the low amount 
of data transfer and the energy efficiency 
requirement, the prorotype was designed using the 
low-bandwidth services of the GSM network. This 
may mean GPRS or SMS-based data transfer.  

We prepared two versions of the communication 
architecture. The first is based on GPRS, the second 
uses SMS-based data transfer. In case of GPRS the 
sensor may access the web infrastucture directly over 
the HTTP protocol. This is advantageous from the 
point of view of the server side as numerous solutions 
providing extreme scalability are available based on 
the HTTP protocol.  

The relatively low amount of data and the 
compact binary encoding permits the data transfer 
over the Short Message Service (SMS). Even when 
encoded into textual format, our measurement data 
can fit into 3-4 Short Messages (SM). Assuming  
3 measurements per day, this means maximum  
12 SMs per day which is a reasonable cost. From the 
architectural point of view, the SMS infrastructure 
can be connected to as mobile endpoint or through 
the application protocol of the SMS Center (SMSC). 
Both solutions require an additional software 
component between the SMS infrastructure and the 
application server. This software component adapts 
the SMS interface of the mobile endpoint or the 
SMSC application protocol interface to the 
application server and compared to the variant using 
only HTTP, it means a more complicated 
architecture. The other consideration is the power 
consumption of the sensor unit. As we will 
demonstrate later, sending 112 bytes requires an 
order of magnitude less power when using SMS 
compared to GPRS. On the other hand, the battery 
power required by data transfer operations is still 
negligible compared to other elements of the power 
consumption, namely keeping the module registered 
on the network. We decided that the advantages of 
the direct HTTP communication exceed the 
disadvantage of the slightly higher overall power 
consumption and we decided to use a GPRS-HTTP-
based architecture. Fig. 5 shows the GPRS-HTTP-
based communication architecture.  

 
 

Fig. 5. Conceptual communication architecture. 
 
 
According to the plans, the sensor network will 

consist of 300-1000 sensors. Efficiently operating so 
many endpoints cannot be accomplished without a 
remote management solution. According to the plans, 
the sensor network will be managed by two separate 
sensor management systems. The HP Dynamic SIM 
Management (DSM) system will manage the SIM 
cards which include the inventory of SIM cards, the 
assignment of the SIM cards to sensors, monitoring 
the operation of the mobile endpoints and security 
services like checking whether a specific SIM card is 
still in its assigned sensor. HP DSM implements a 
subset of with a SIM Toolkit application installed in 
the SIM cards. This SIM Toolkit application 
communicates with the HP DSM server components 
using the SMS infrastructure.  

A custom management system is provided to 
handle the non-telecommunication-specific properties 
of the sensor station. For example such properties are 
the configuration of the measurement times or the 
reception of error reports from the sensor. This sensor 
management system also uses the SMS infrastructure 
for sending asynchronous messages to the sensor 
while management operations requiring larger 
transfer sizes are accomplished over the GPRS-HTTP 
bearer. Energy efficiency issues related to the 
messages sent from the server to the sensor will be 
discussed later in the paper.  
 
 
5. Evaluated GSM Modems 
 

In order to ensure that we are really evaluating the 
communication alternatives, we chose to run our 
measurements from two different GSM modem 
vendors.  

GL865-QUAD is a variant of Telit’s extremely 
popular GE865 product family [1]. The module 
comes in DUAL (GSM900, DCS1800 frequency 
bands) and QUAD (GSM900, DCS1800, GSM850 
and DC1900 frequency bands) variants. The module 
has 2.5G network support which means that it can 
access GSM (voice call and SMS) and GPRS 
network services. 3G and higher is not supported by 
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this family of modules. Telit offers 3G modules too 
but as many sensor applications can be implemented 
with 2/2.5G, the lower cost and power consumption 
make these 2/2.5G modules very popular with 
connected sensors.  

Unique property of the Telit modules is that many 
of them, including the GE/GL865 family include an 
entire runtime for application logic. The modules can 
be used in GSM modem mode when the application 
code is executed by some external CPU (e.g. a 
microcontroller) but a standalone mode is also 
available when the application code is executed by 
the on-chip Python interpreter. The module offers 
features of a sophisticated embedded platform: non-
volatile memory in the form of a file system, A/D and 
D/A converters and general-purpose I/O pins, all 
accessible from Python code. The GE/GL865 can 
therefore implement the entire sensor control, not just 
the cellular communication aspects.  

SIMCOM’s SIM900 module [3] was selected to 
cross-check the power consumption measurement 
results of certain communication scenarios on a 
different GSM modem implementation. The SIM900 
is a quadband GSM modem. It is a more traditional 
unit in the sense that SIM900 needs an external CPU 
to execute the application logic. SIM900 also has a 
set of built-in peripherals, including real-time clock, 
A/D converter and general-purpose I/O pins. These 
peripherals can be manipulated by custom modem 
commands.  

Power consumption measurements were 
accomplished by inserting a serial 0.1 Ohm resistor 
into the power line of the GSM modules. These GSM 
modules also include the RF power circuits so the 
consumption of the whole communication hardware, 
including the RF power amplifiers was measured. 
Additional interface circuits, e.g. RS232C drivers 
were not incorporated into the measurements but 
these circuits are not necessarily present in embedded 
sensors. The voltage drop on the serial resistor was 
measured with a digital multimeter which measured 
with about 3 Hz sampling frequency and sent the 
samples to the PC where the samples were recorded. 
The effect of the filter capacitors on the power lines 
is such that higher frequencies are filtered out so this 
relatively slow sampling rate was acceptable. The 
samples were further analyzed using the R/R Studio 
mathematical suite. (http://www.rstudio.com/) 
 
 
6. Communication Scenarios 
 
6.1. Network Registration 
 

This is seemingly the simplest scenario but it 
comes with the most complications. Registering on 
the network and staying registered involves network 
registration and location update procedures but more 
importantly, it requires that the GSM module is 
active and listens to network events. As we assume 
stationary operation, procedures relevant to mobility 

management e.g. cell handover do not occur but in 
order to stay registered on the network, periodic 
location update has to be executed. Fig. 6 shows the 
power consumption of the Telit GL865 executing this 
scenario. The two spikes of power consumption are 
related to the network registration and location 
update procedures. Location update occurs on the 
network used during the measurements (Telenor 
Hungary) in about every 55 minutes which is a quite 
typical value and can be expected to be between 30 
minutes and 2 hours. It is more important to note, 
however, that the idle power consumption of the 
module is about 7 mA. This means that while the 
actual network procedures consume 720 mAs 
(milliamper-second) for the network registration and 
400 mAs for one location update (with this network, 
there are about 26 location updates per day which 
means about 10400 mAs or 2.89 mAh cost for 
location updates), keeping the module operational 
costs about 170 mAh for a day.  

 
 

 
 

Fig. 6. Telit GL865 power consumption (initial registration 
and location update). 

 
 

Note that these values are relatively unaffected by 
the received signal strength. The measurements were 
done with RSSI=5, RSSI=4 and RSSI=2 signal 
strengths and the results were very similar. The 
reason of this similarity is that actual network 
transmission is very short in these scenarios, 
transmission power difference hence averages out.  

The results are very similar with the SIM900 
module (Fig. 7). Short power consumption spikes 
related to the network registration and location 
update procedures can be observed but it is more 
important to note the idle current consumption of the 
module which is close to 20 mA. While the network 
registration procedure costs only 834 mAs and  
26 location updates cost 2.71 mAh, keeping the 
module operational costs 456 mAh for a day.  

Both modules offer custom power saving modes. 
The idea behind these modes is that only the 
functional units executing GSM procedures remain 
operational, units communicating with the 
application CPU (and in case of the Telit module, 
units executing the application logic) are switched 
off. In case of the Telit GL865 this mode is activated 
by the MOD.powerSaving() Python call that places 
the module into power-save mode for the specified 
duration of time. If an event (e.g. incoming network 
event) occurs during this period, the power-save 
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mode is exited and the application logic may start 
processing the event. As SIM900 does not have an 
application execution environment, powersave mode 
is offered differently. The AT+CSCLK ("slow 
clock") command with parameters of 1 or 2 switches 
off the interface with the application processor with 
slightly different wake-up mechanisms. Either the 
communication interface is re-activated when DTR is 
low (AT+CSCLK=1) or the module is reactivated 
when there is data available on the serial interface 
serving the application logic (AT+CSCLK=2).  

 
 

 
 

Fig. 7. SIM900 power consumption (initial registration  
and location update). 

 
 
With these power saving modes, the idle 

consumption of the devices decreases quite 
dramatically. For both the GL865 and the SIM900, 
the idle power consumption falls below 1 mA. 
Specifically, for the GL865 the power consumption 
needed to keep the module operational for a day is 
about 11 mAh while network procedures cost 
additional 2.9 mAh, resulting a total of 14 mAh for a 
day. For the SIM900, the idle power consumption for 
a day is about 23.3 mAh and network procedures  
add 2.71 mAh, resulting a total of about 26 mAh  
for a day.  

These measurements show the importance of 
implementation-specific power-save modes and 
highlight the fact that the Telit GL865 is about twice 
more efficient than the SIM900 when it comes to 
low-power operation. It is a much more important 
observation, however, that even with power-save 
modes active, the continuous operation of the module 
has by far the highest cost. For the Telit GL865, only 
20 % of the power budget is spent on actual network 
procedures, the remaining 80 % is the cost of keeping 
the module operational. The difference is more 
dramatic for the less power-efficient SIM900: only 
10 % of the daily power budget is spent on network 
operations, the remaining 90 % is needed to simply 
keep the module active.  

 
 

6.2. Data Communication  
 

So far only the cost of being registered on the 
network was calculated. Data communication comes 
with additional costs. Our sensors send relatively 
small amount of data (10-20 scalar values) relatively 
rarely (1-2 times a day) so network bearers with 

lower bandwidth were analyzed. A wide variety of 
data encodings have been proposed for IoT 
applications but the area is far from settled. XML-
based formats [13] and publish-subscribe frameworks 
are being proposed for IoT [8].  

Our intention was to keep the amount of data 
transmitted, the power needed for data transmission 
and the CPU cycles needed to encode/decode packets 
low so we adopted a size-efficient data encoding 
based on ASN.1 and Basic Encoding Rules (BER) 
[2]. These BER data structures were then sent to the 
server using HTTP. Specialized protocols like CoAP 
have been proposed for IoT applications to replace 
the widely deployed Internet protocol suite (HTTP, 
FTP, TCP ...) [10] but CoAP is not that attractive on 
GSM transport networks where the limitations of 
802.15.4 do not apply. Both GL865 and SIM900 
support TCP by custom modem commands. Using 
the modules’ native TCP support, HTTP was 
implemented in the application logic.  

The power consumption was measured with 
increasing amount of data items (16 bit values) using 
the BER encoding mentioned earlier. With regards to 
PDP context handling, two different approaches were 
implemented. The first approach activates the PDP 
context, sends the packet then deactivates the context. 
This is closer to our data communication scenarios 
when we send data packets only rarely. In order to 
evaluate the cost of PDP context activation, the 
second approach activates the PDP context once, 
sends all the test packets then deactivates the context 
after all the packets are sent. Table 1 shows the 
results for the first approach while Table 2 shows the 
results for the second approach using the GL865 
module. It can be observed that PDP context 
activation adds a constant but not too significant 
power cost to the communication scenario.  

 
 

Table 1. Power consumption of data communication, PDP 
context activated/deactivated for each packet. 

 

Data items 
Packet size 

(bytes) 

Power 
consumption 

(mAs) 
16 287 2370 
32 511 2595 
64 1981 2945 
128 4157 3307 
256 8509 3951 

 
 

Table 2. Power consumption of data communication, PDP 
context activated only once. 

 

Data items 
Packet size 

(bytes) 

Power 
consumption 

(mAs) 
16 287 1987 
32 511 2180 
64 1981 2590 
128 4157 3270 
256 8509 3570 
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Conclusion is that data size/data format 
optimization does matter when trying to lower power 
consumption. To significantly increase power 
consumption, however, data sizes must be several 
times larger than the baseline data size. Optimization 
of data sizes may be more relevant for ensuring data 
transfer in case the radio path between the base 
station and the sensor is not very optimal and hence 
the bit error rate is higher which is a common case 
for our agricultural sensors, some of them deployed 
at remote locations with less than optimal network 
coverage.  

 
 
6.3. SMS Bearer 
 

Data may also be sent using short messages, 
popularly called SMS. Binary SMS is often filtered 
by operators so we employed Base64 encoding and 
sent the ASN.1 BER content in textual format. Fig. 8 
shows the power consumption using the SMS bearer 
with a 112 byte long data packet (which is actually 
154 characters long after Base64 encoding) and Fig. 
9 shows the sending of the same packet using GPRS. 
Intuitively, it seems that SMS requires much less 
power and it is indeed the case: GPRS requires  
2347 mAs power while SMS needs only 247 mAs 
power. The large difference is caused by the fact that 
SMS uses signaling radio channels that are already 
allocated when the module registered with the 
network while GPRS has to allocate (and deallocate) 
additional radio channel for the data transfer. SMS is 
therefore attractive due to its much lower power 
consumption requirement but quite frequently the 
pricing of the subscription prevents using SMS 
extensively for data transfer.  
 
 

 
 

Fig. 8. Power consumption of the data transfer with SMS. 
 
 

 
 

Fig. 9. Power consumption of the data transfer with GPRS. 

6.4. Push Bearer 
 

One strong requirement for our remotely placed 
sensors is manageability because physically 
accessing the sensors’ location is not always feasible. 
Management operations are usually initiated by the 
management server operator asynchronously, 
independently of the sensor’s scheduled operations. 
This requires a push bearer that can be used to 
instruct the sensor to contact the management server.  

If the sensor is not registered to the network, such 
an operation is impossible. The management server 
operator may have to wait for the sensor to contact 
the server when the sensor sends in its scheduled 
batch of data and may send its management 
commands in the context of the sensor data sending 
session. While this approach is attractive due to its 
low power consumption, it makes life of management 
operators much harder because configuration updates 
or other management commands cannot be executed 
at any time, only after the sensor contacts the server 
for scheduled data sending. Also, in case of doubt 
(e.g. when an accident damaging the sensor is 
suspected), the sensor’s health cannot be verified 
immediately which may prevent timely maintenance 
operations. Management requirements create a strong 
incentive to register the sensor to the mobile network 
continuously.  

If the GSM module is registered continuously, 
short message service (SMS) may be used to send 
alert to the sensor to connect to the management 
server for management operations. As we have seen, 
SMS is very power-efficient and management 
operations are infrequent enough so that SMS pricing 
is not so much of an issue. Another option is to 
simulate the push bearer using TCP.  

TCP-based push bearer simulation relies on the 
sensor to maintain a TCP connection to the 
management server. When the server wants to send a 
management packet, it may use the duplex nature of 
TCP streams to send the packet to the sensor. 
Timeout issues, however, make this solution tricky to 
implement. TCP timeouts on the sensor and on the 
server-side can be controlled by the implementation 
but mobile and backbone networks between the 
mobile network gateways to the servers often employ 
Network Address Translators (NATs) that remove IP 
address associations for TCP streams that look idle. 
The problem was demonstrated with a test program 
implemented on both the GL865 and SIM900 
modules and a test server application deployed on a 
cloud-based Windows Server. The GSM modules 
attached to the mobile network (Telenor Hungary), 
opened a TCP connection to the server and left the 
connection idle. After a timeout expired, a packet 
was sent from the server to the GSM module. It was 
found that the maximum safe timeout period was 2 
hours which is consistent with the recommendations 
in [7]. Longer timeout resulted in the server and the 
GSM module to be silently disconnected by some 
NAT on the network without either of the 
communicating parties being aware of the 
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disconnection. The results were consistent with both 
GSM modules, demonstrating that this behaviour is 
the property of the network between the GSM 
module and the cloud-based server. Without deeper 
investigation of the full network topology, it is hard 
to say where the NAT was located that terminated the 
connection.  

Reliable implementation of the TCP-based push 
bearer must use a heuristic algorithm [12, 9] to 
estimate the timeout between the GSM module and 
the server by sending test packets with different 
timeouts. The heuristic algorithm must also be 
prepared for the fact that this timeout may also 
change dynamically, due to changes in the network 
topology. Once that timeout is known, a keepalive 
packet must be sent in any direction over the TCP 
stream to prevent any NAT that may be present 
between the GSM module and the server to terminate 
the connection. This keepalive operation has a power 
consumption cost.  

Both modules are able to wake up from power-
save mode when an incoming data packet arrives on a 
TCP connection that has been opened previously. 
The prototype for this test relies again on the built-in 
TCP stack in case of both modules. For the GL865, 
the reception of one such packet costs 942 mAs. 
Using 2 hour timeout (hence 12 such packets per 
day), the daily power consumption cost is about 3.1 
mAh. The SIM900 performs better in this test, the 
cost of one keepalive packet was 570 mAs which 
means 1.9 mAh for a day. This means that the power 
consumption cost of maintaining one TCP connection 
is comparable to the cost of the location update 
operations that keep the module registered on the 
mobile network. For the Telit GL865, such keepalive 
procedure increases the daily power consumption by 
22 %. For the SIM900, the increase is only 7 % due 
to the higher baseline power consumption of the 
module and the better TCP packet reception power 
cost. It must be noted that the GL865 also executed 
the application logic for this test but the SIM900 
acted only as a modem. This means that additional 
power consumption cost must be calculated for the 
CPU that runs the application logic for the SIM900.  

TCP-based push bearer comes with other 
problems on the server-side like keeping a large 
amount of TCP connections open at the same time 
but these issues are not discussed in this paper.  
 
 

7. Conclusions 
 

Directly connecting a remotely located, battery 
powered sensor to the GSM network comes with a set 
of compromises. In our case, the power consumption 
and manageability requirements were in direct 
conflict with each other. From the power 
consumption point of view, the best solution would 
be to attach the sensor to the mobile network only for 
the duration of sending the scheduled measurement 
data package. This would also decrease the load on 
the mobile network infrastructure in case of a large 

number of sensors. This approach would make the 
sensors more complicated to manage, however. In 
order to send a management operation, the 
management server operator should wait until the 
sensor connects back to the server for the scheduled 
data sending operation. If this never happens (e.g. the 
sensor is damaged, vandalized or misconfigured) then 
the sensor’s deployment location must be visited 
which may not be simple for a remotely placed 
sensor.  

The compromise may be the power-saving mode 
of the GSM modules. Both GSM modules we 
evaluated have such mode even though these features 
are non-standard and are specific to the particular 
GSM module. A daily consumption of 15-30 mAh 
means 80-160 days of operation with a low-cost 2400 
mAh battery pack. As special, high capacity batteries 
are now commercially available, this operational time 
may be increased dramatically.  

Push bearer is required for asynchronous 
management operations. SMS offers an attractive 
alternative. TCP-based push bearer is possible to 
implement with relatively minor increase of the 
power consumption but is problematic to make 
reliable due to NAT issues and limitations of the 
number of the TCP streams on the server side.  

We aim to proceed in this research project with 
adding more sensors to the sensor station. Currently 
we are investigating imaging type of sensors that 
generate much more data and we expect that these 
new requirements lead to a better understanding of 
energy efficient sensor communication on cellular 
networks.  
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Abstract: One of the research areas in RFID systems is a tag anti-collision protocol; how to reduce 
identification time with a given number of tags in the field of an RFID reader. There are two types of tag anti-
collision protocols for RFID systems: tree based algorithms and slotted aloha based algorithms. Many anti-
collision algorithms have been proposed in recent years, especially in tree based protocols. However, there still 
have challenges on enhancing the system throughput and stability due to the underlying technologies had faced 
different limitation in system performance when network density is high. Particularly, the tree based protocols 
had faced the long identification delay. Recently, a Hybrid Hyper Query Tree (H2QT) protocol, which is a tree 
based approach, was proposed and aiming to speedup tag identification in large scale RFID systems. The main 
idea of H2QT is to track the tag response and try to predict the distribution of tag IDs in order to reduce 
collisions. In this paper, we propose a pre-detection tree based algorithm, called the Adaptive Pre-Detection 
Broadcasting Query Tree algorithm (APDBQT), to avoid those unnecessary queries. Our proposed APDBQT 
protocol can reduce not only the collisions but the idle cycles as well by using pre-detection scheme and 
adjustable slot size mechanism. The simulation results show that our proposed technique provides superior 
performance in high density environments. It is shown that the APDBQT is effective in terms of increasing 
system throughput and minimizing identification delay. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: RFID, Tag anti-collision, Hybrid query tree, Pre-detection query tree. 
 
 
 
1. Introduction 

 

Radio Frequency IDentification (RFID) is an 
automatic technology that guarantees to advance 
modern industrial practices in object identification 
and tracking, asset management, and inventory 
control [1]. Recently, several identification systems 
such as barcodes and smart cards are incorporated for 
automatic identification and data collection. However, 
these systems have several limits in read rate, 
visibility, and contact. RFID systems are a matter of 
great concern because they provide fast and reliable 

communication without requiring physical sight or 
touching between readers and tags. 

One of the areas of research is the speed with 
which a given number of tags in the field of RFID 
readers can be identified. For fast tag identification, 
anti-collision protocols, which reduce collisions and 
identify tags irrespective of occurring collisions, are 
required [1-7]. There are two types of collisions: 
reader collisions and tag collisions. Reader collisions 
indicate that when neighboring readers inquire a tag 
concurrently, so the tag cannot respond its ID to the 
inquiries of the readers. These collision problems can 
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be easily solved by detecting collisions and 
communicating with other readers. Tag collisions 
occur when multi tags try to respond to a reader 
simultaneously and cause the reader to identify no 
tag. For low-cost passive RFID tags, there is nothing 
to do except response to the inquiry of the reader. 
Thus, tag anti-collision protocols are necessary for 
improving the cognitive faculty of RFID systems. 

In general, the tag anti-collision techniques can 
be classified into two categories, aloha-based and 
tree-based protocols. Aloha-based approaches use 
time slot to reduce collision probability, such as 
Framed-Slotted aloha algorithm [1, 8], dynamic 
framed slotted aloha algorithm [5]. Tags randomly 
select a particular slot in the time frame, load and 
transmit its identification to the reader. Once the 
transmission is collided, tags will repeatedly send its 
id in next interval of time to make sure its id is 
successfully recognized. Aloha-based protocols can 
reduce the collision probability. However, they have 
the tag starvation problem that a particular tag may 
not be identified for a long time. For the 
consideration of performance, when number of RFID 
tag increased, the tag collision rate will be increased 
as well; this may result a low tag recognition rate. 

The tree-based schemes use a data structure 
similar to a binary search algorithm, such as binary 
tree splitting protocol [3], query tree (QT) algorithm, 
and tree working algorithm [6, 9]. An RFID reader 
consecutively communicates with tags by sending 
prefix codes based on the query tree data structure. 
Only tags in the reader’s interrogation zone and of 
which ID match the prefix respond. The reader can 
identify a tag if only one tag respond the inquiry. 
Otherwise the tags responses will be collided if 
multiple tags respond simultaneously. 

Although tree based protocols deliver 100 % 
guaranteed read rates, but they have relatively long 
identification delay. Recently, a hybrid query tree 
protocol (HQT) [10] was proposed and aiming to 
reduce transmission overhead by using 4-ary search 
tree mechanism and slotted backoff mechanism, in 
order to speed up tag identification and to increase 
the overall read rate and throughput in large-scale 
RFID systems. The main idea of the HQT technique 
is to reduce the number of collisions during the 
identification phase. In the 4-ary search tree 
mechanism, the prefix string of a collided query will 
be extended by 2-bits next time, unlike of 1-bit in the 
QT protocol. This way, collisions can be reduced 
substantially. Furthermore, the HQT protocol was 
aiming to reduce the idle cycles by using a slotted 
backoff mechanism. When a tag responds to a reader, 
it sets its backoff timer using a part of its ID. If there 
is a collision (multiple tags respond), the reader can 
partially deduce how the IDs of tags are distributed 
and potentially reduce unnecessary queries. 

Based on the HQT protocol, a H2QT protocol [11] 
was proposed and aiming to reduce the idle cycles 
and improve the performance of tag identification. 
Although the H2QT technique performs better than 
the HQT technique in reducing the number of idle 

cycles, it still has some idle cycles, which cannot be 
reduced during the tag identification process. In this 
paper, we proposed a pre-detection based protocol, 
called Adaptive Pre-Detection Broadcasting Query 
Tree (APDBQT) protocol, to eliminate those 
unnecessary idle cycles. To evaluate the performance 
of our proposed technique, we have implemented our 
proposed APDBQT scheme along with previous 
proposed HQT method. The experimental results 
show that the proposed technique presents significant 
improvement in most circumstance. 

The remainder of this paper is organized as 
follows: Related work is discussed in Section 2. In 
Section 3, the tree based tag identification algorithm 
is introduced as preliminary of this study. In 
Section 4, our proposed algorithm, the APDBQT 
algorithm is presented. Performance comparisons and 
analysis of the proposed technique will be given in 
Section 5. Finally, in Section 6, some concluding 
remarks are made. 
 
 
2. Related Work 

 
Many research results for collision avoidance 

have been presented in literature. Frequency Division 
Multiple Access (FDMA), Code Division Multiple 
Access (CDMA), Time Division Multiple Access 
(TDMA) and Carrier Sense Multiple Access (CSMA) 
[20] are four basic access methods to categorize 
MAC-level protocols. Standard collision avoidance 
protocols like RTS-CTS [21] cannot be applied in 
RFID systems since when a reader broadcasts an 
RTS, all tags in the read range need to send back 
CTS to the reader. It then requires another collision 
avoidance mechanism for CTS, and it will make the 
protocol more complicated. Techniques for resolving 
RFID reader collision problems are usually proposed 
as reader anti-collision techniques or tag anti-
collision solutions. The Colorwave [22] is a 
scheduling-based approach to prevent RFID readers 
from simultaneously transmitting signal to an RFID 
tag. The Colorwave is used as a distributed anti-
collision system based on TDMA in RFID network. 
The Pulse protocol [23] is referred as a beacon 
broadcast and CSMA mechanism. Readers 
periodically send a “beacon” during communication 
with tags in separate control channels. If a reader 
receives a beacon, the residual back-off timer will be 
stored and kept until the next coming chance. This 
process is expected to achieve the fairness among all 
readers. A coverage-based RFID reader anti-collision 
mechanism was proposed in [24]. Kim, et al. [24] 
presented a localized clustering coverage protocol for 
solving reader collision problems occurring among 
homogeneous RFID readers. In [25], Cha, et al. 
proposed two ALOHA-based algorithms with a Tag 
Estimation Method (TEM) for speedup object 
identification in RFID systems. Hsu, et al. [27] 
proposed a two phase dynamic modulation (TPDM) 
scheme to coordinate communications between 
multiple readers and tags. In TPDM, the scheduling 
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is divided into two phases, the regional scheduling 
and the hidden terminal scheduling. 

The existing tag identification approaches can be 
classified into two main categories, the Aloha-based 
anti-collision scheme [1, 4, 5, 8, 12] and the tree-
based scheme [3, 6, 7, 9]. RFID readers in the former 
scheme create a frame with a certain number of time 
slots, and then add the frame length into the inquiry 
message sent to the tags in its vicinity. Tags response 
the interrogation based on a random time slot. 
Because collisions may happen at the time slot when 
two or more tag response simultaneously, making 
those tags could not be recognized. Therefore, the 
readers have to send inquiries contiguously until all 
tags are identified. As a result, Aloha-based scheme 
might have long processing latency in identifying 
large-scale RFID systems [4]. In [1], Vogt, et al. 
investigated how to recognize multiple RFID tags 
within the reader’s interrogation ranges without 
knowing the number of tags in advance by using 
framed Aloha. A similar research is also presented in 
[13] by Zhen, et al. In [12], Klair, et al. also 
presented a detailed analytical methodology and an 
in-depth qualitative energy consumption analysis of 
pure and slotted Aloha anti-collision protocols. 
Another anti-collision algorithm called enhanced 
dynamic framed slotted aloha (EDFSA) is proposed 
in [5]. EDFSA estimates the number of unread tags 
first and adjusts the number of responding tags or the 
frame size to give the optimal system efficiency. 

In tree-based scheme, such as ABS [3], Improved 
Bit-by-bit Binary-Tree (IBBT) [14] and IQT [15], 
RFID readers split the set of tags into two subsets 
and labeled them by binary numbers. The reader 
repeats such process until each subset has only one 
tag. Thus, the reader is able to identify all tags. The 
adaptive memoryless tag anti-collision protocol 
proposed by Myung, et al. [2] is an extended 
technique based on the query tree protocol. Choi,  
et al. [14] also proposed the IBBT algorithm in 
Ubiquitous ID system and evaluate the performance 
along three other old schemes. The IQT protocol [15] 
is a similar work approach by exploiting specific 
prefix patterns in the tags to make the entire 
identification process. In [16], Zhou, et al. consider 
the problem of slotted scheduled access of RFID tags 
in a multiple reader environment. They developed 
centralized algorithms in a slotted time model to read 
all the tags. With the fact of NP-hard [16], they also 
designed approximation algorithms for the single 
channel and heuristic algorithms for the multiple 
channel cases. In [26], Hsu, et al. presented a 
threshold jumping technique to improve the system 
throughput in large-scale RFID systems. Their main 
idea is to limit the number of collisions. When the 
number of collisions exceeds a predefined threshold, 
it reveals that the tag density in RF field is too high. 
To avoid unnecessary enquiry messages, the prefix 
matching will be moved to next level of the query 
tree, alleviating the collision problems. However, in 
irregular or imbalanced RFID systems, inefficient 
situation may happen. Liang, et al. [17] proposed an 

intelligent wrap-around scan (iWAS) jumping 
scheme to improve the situation. The main idea of 
their proposed scheme is that, instead of adding one 
bit for prefix matching at next level as collision 
occurred in query tree algorithm, they analyze the 
possible ways for causing the collision and take 
appropriate actions at next level. In their observation, 
there are four possible ways to cause the collision. 
Once the collision conditions are detected by the 
reader, the scanning process will be moved to the 
next level. As a result, the collision queries will  
be avoided. 

Although tree based schemes have advantage of 
implementation simplicity and better response time 
compare with the Aloha based ones, they still have 
challenges in decreasing the identification latency. In 
this paper, we present a pre-detection tree based tag 
identification technique aims to coordinate 
simultaneous communications in large-scale RFID 
systems, to speedup minimize tag identification 
latency and to increase the overall read rate and 
throughput. Simulation results show that our 
proposed technique outperforms previous techniques. 
 
 
3. Tree-based Anti-Collision Schemes 
 

In this section, we present three tree-based anti-
collision techniques, namely the Query Tree 
algorithm (QT) [3], the HQT algorithm [10], and the 
H2QT algorithm [11], that are most related to  
our work. 

 
 

3.1. Query Tree Algorithm 
 
The query tree algorithm (QT) uses binary 

splitting strategy to identify tags. A reader transmits 
the k-length prefix. Then tags send from (k + 1 )th bit 
to the end bit of tag IDs if the first k bits of tag IDs 
are the same as the prefix. Also, if the received tag 
IDs collide, the extended prefix attached ‘0’ or ‘1’ to 
the prefix is retransmitted. Furthermore, if there is no 
collision, the reader identifies one of the tags. Fig. 1 
shows an example of the query tree scheme.  

 
 

 
 

Fig. 1. Example of query tree algorithm. 
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3.2. Hybrid Query Tree Algorithm 
 
In the environment with high tags density, 

collision may happen very frequently while using the 
query tree algorithm, and due to that, a lot of query 
time will be wasted. By using the 4-ary search query 
tree mechanism, HQT can enable the prefix to 
increase two bits at a time from 1 bit. In this way, 
some collisions occurred in QT protocol can be 
reduced in HQT protocol. However, the drawback of 
the 4-ary search tree mechanism is the increasing 
number of idle cycles. To resolve this problem, HQT 
protocol introduces the slotted backoff mechanism. 
The slotted backoff mechanism is a technique that 
makes tags respond to the transmit prefix after 
waiting a certain time, instead of immediately 
respond. When a tag responds to a reader, it sets its 
backoff timer using a part of its ID. The backoff time 
of each tag is determined from the 2-bits, which 
follow the prefix of tag ID identical to the query 
prefix string. For example, tags do not defer their 
response if it is ‘00’. If it is ‘01’, ‘10’, or ‘11’, tags 
will defer 1, 2, or 3 backoff time slots until they 
respond to the reader, respectively. Fig. 2 shows the 
operation of the slotted backoff mechanism in  
HQT algorithm. 

 
 

 
Fig. 2. The slotted backoff mechanism in HQT. 

 
 
3.3. Hybrid Hyper Query Tree Algorithm 

 
The main problem in HQT algorithm is that those 

idle cycles between busy slots cannot be reduced. To 
resolve the problem, the H2QT algorithm uses a 
different slotted backoff mechanism. The backoff 
time of each tag is determined from the 3-bits, which 
follows the prefix of tag ID identical to the prefix. 
Unlike the mechanism used in HQT, the H2QT 
counts the number of ‘1’ in the following 3-bits and 
uses this number as the selected time slot for tags to 
respond. Fig. 3 shows the tag selecting its response 
slot based on tag ID. 

Fig. 4 depicts an example of the query tree 
structure of identifying 5 tags with 6-bits ID length 
using H2QT algorithm. The process of the 
identification is as follows: First of all, the reader 
sends request command with the empty-prefix  
to the tags. 

 
Fig. 3. The H2QT algorithm. 
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Fig. 4. Example of H2QT algorithm. 
 
 

In this case, tags A, C and D will delay one time 
slot to respond since the first 3-bits of their tag IDs 
contain only one ‘1’, as shown in Fig. 5. Similarly, 
tags B and E will delay two time slots to respond due 
to the number of ‘1’ in the first 3-bits if their tag IDs 
is 2. In this case, since no tag responds immediately, 
it means that there is no tag whose first 3-bits of their 
tag IDs match ‘000’. Therefore, there is no need for 
reader to send the prefix string ‘000’. Similarly, since 
no tag responds after 3 time slot delay, the reader 
does not need to send the prefix string ‘111’. 
Therefore, the idle cycles can be eliminated. 

 
 

 
Fig. 5. The response of tags after reader’s empty prefix 

request in Fig. 4. 
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Next, the reader receives tag IDs from tags A, C 
and D after one time slot delay. At this moment, the 
reader is aware that the pattern of the first 3-bits of 
tags A, C and D is ‘X0X’, in which ‘X’ represents a 
collision bit. Thus, the reader recognizes that the first 
3-bits of tag A, C and D may be ‘001’ or ‘100’, 
which will be added into the queue for re-
transmission. Similarly, the reader is aware that the 
bit pattern of the first 3-bits of tags B and E is ‘XX1’ 
after two time slots delay. Thus, the reader will put 
prefix strings ‘011’ and ‘101’ into the queue  
for re-transmission. 

Next, the reader sends the request command with 
prefix string ‘001’. At this moment, only tag A 
responds after 1 time slot delay. In this case, tag A is 
identified by the reader. Table 1 summarizes the 
detail steps of communication between the reader 
and the tags with the example shown in Fig. 4. 
 
 

Table 1. Communication steps of Fig. 4. 
 

Step 
HQT H2QT 

Broadcast Status Broadcast Status 
1 empty Collision empty Collision 

2 00 
Identify Tag 

A 
001 Identify Tag A

3 01 Identify Tag B 100 Collision 
4 10 Collision 011 Identify Tag B
5 1000 Collision 101 Identify Tag E

6 1001 Idle 100001 Identify Tag C

7 1010 Identify Tag E 100010 Identify Tag D

8 100001 Identify Tag C   

9 100010 
Identify Tag 

D 
  

 
 

4. Proposed Schemes 
 
Recall that, in H2QT algorithm, the idle cycles 

can be reduced substantially. However, there still 
have some collision time slots. As a result, the reader 
has to spend more time slots to resolve the collisions. 
Due to that, it will take more time to complete the tag 
identification process. In this paper, we first 
introduced our previously proposed Pre-Detection 
based Broadcasting Query Tree (PDBQT) algorithm 
[18-19] which uses a pre-allocated time slots for 
collecting the distribution of tags’ id to eliminate the 
collision time slots and idle cycles. Then, we 
dynamically change the size of the pre-allocated time 
slots. As a result, the performance of pre-detection 
scheme can be improved significantly. 

 
 

4.1. Pre-Detection Based Scheme 
 
The main idea of our scheme is to realize the 

precise distribution of tag IDs. Once the distribution 

of tag IDs has been obtained, the reader broadcasts 
such message to tags and each tag is aware of the 
exact time slot to response. As a result, tags respond 
to the reader in different time slots and collisions can 
be avoided. Furthermore, since each tag realizes its 
corresponding time slot to respond, no empty time 
slot exists. To do so, we therefore propose a pre-
detection based scheme to collect the distribution 
from tag IDs. 

In our proposed pre-detection based algorithm, 
after the reader sends the request command to tags, 
the operations during the tag response period can be 
partitioned into three phases: the pre-detection phase, 
the broadcasting phase and the tag response phase, as 
shown in Fig. 6. The purposes of the three-phase 
design can be explained as follows: In pre-detection 
phase, the reader can realize the distribution of tag 
IDs by collecting the responses from tags. Then, in 
broadcasting phase, the reader can send the 
distribution information to tags so that each tag is 
aware of the time slot to respond its ID to reader. 
Finally, in the tag response phase, the responses from 
tags are arranged into a sequence of time slots so that 
collisions and empty slots can be avoided. It should 
be noticed that, in our proposed pre-detection scheme, 
a pre-defined parameter m has been used to indicate 
the size of the pre-detection time slot. 

 
 

 
Fig. 6. The tag response cycle of our proposed scheme. 

 
 

After the reader sends a query string (i.e. a prefix 
string) and a parameter m to tags and then waits for 
tags to response, in the pre-detection phase, each tag 
whose tag ID matches with the prefix string sent 
from the reader will respond on the pre-detection 
time slot according to its following m-bits of its tag 
ID. In order to collect the response information from 
tags, we allocate 2m short time slots in pre-detection 
phase for tags to respond and the time slots can be 
numbered as the binary representation of m bits 
respectively. Fig. 6 shows an example with m = 2. 
The pre-detection phase in Fig. 6 consists of four 
time slots, namely the ‘00’, ‘01’, ‘10’, and ‘11’ time 
slots respectively. We also adapt the m-array search 
tree mechanism such that each tag whose tag ID 
matches with the prefix string sent from the reader 
will respond on the corresponding time slot 
depending on the following m-bits of its tag ID. Then 
each tag responds a 4-bits random number (RN) to 
reader instead of the whole tag ID. The reasons for 
tags of using 4-bits random numbers to respond are 
as follows: First, it can reduce the time for reader to 
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realize the distribution of tag IDs, compared with the 
response of whole tag IDs. Second, the status of each 
time slot can be precisely identified with high 
probability. If no tag responds in a time slot, then the 
reader can correctly identify such time slot as an idle 
cycle, which can be eliminated during the tag 
response phase. If only one tag responds, the reader 
can also correctly identify such time slot as a 
successful cycle. Therefore, the reader will allocate a 
time slot to receive the response from that tag in the 
tag response phase. If more than one tag respond, 
since the tags respond 4-bits random numbers, a 
collision cycle can be identified by the reader by 
checking the received different random numbers. 
Although, there still has some chance for a reader to 
receive the same random number from different tags, 
however, the probability of successful collision 
detection is very high. Therefore, by using our pre-
detection mechanism, the distribution of tag IDs can 
be correctly obtained with high accuracy. 

Meanwhile, the reader monitors and records the 
response status from tags in each time slot during the 
pre-detection phase. The reader uses a ‘0’-bit to 
represent the time slot when no tag responds or more 
than one tag respond. On the other hand, the reader 
uses a ‘1’-bit to represent the time slot when only one 
tag responds. Therefore, after the pre-detection phase, 
the reader can use an m-bits string to represent the 
status of 2m time slots in the pre-detection phase. 
Then, during the broadcasting phase, the reader 
broadcasts the m-bits string to tags and by receiving 
the binary bit string, each tag can realize the exact 
time slot to respond by counting the number of ‘1’ in 
the received binary bit string from the start bit to its 
corresponding bit. Then, the tag can respond its tag 
ID to reader in the tag response time slot by finding 
the correct time slot to respond. For example, in 
Fig. 6, the tag which responds on the ‘11’ time slot in 
the pre-detection phase can realize that it can only 
send its tag ID on the third time slot in the tag 
response phase since it receives the binary bit string 
‘1101’ sent from the reader and there are three ‘1’s 
from the beginning to its corresponding ‘1’. 

Consider an example as shown in Fig. 7. In Fig. 7, 
there are 5 tags with 6-bits of tag IDs, 
‘001001’, ’011110’, ‘100001’, ‘100010’ and 
‘101011’, respectively. The identification process of 
our pre-detection scheme with parameter m = 2 is as 
follows: First of all, the reader sends the request 
command with the empty-prefix to the tags. In this 
case, all tags respond to this request command and 
the time slot for a tag to respond is depending on the 
first 2-bits of its tag ID. In this example, tag A will 
respond in ‘00’ time slot, tag B will respond in ‘01’ 
time slot, tags C, D, and E will respond in ‘10’ time 
slot, and no tag responds in ‘11’ time slot, as shown 
in Fig. 7(a). Suppose that the random numbers for 
tags A, B, C, D, and E to respond are ‘1110’, ‘1100’, 
‘0011’, ‘1010’, and ‘0111’, respectively. It can easily 
be seen that, since there is only one tag response for 
both ‘00’ and ‘01’ time slots, the reader will mark 
both time slots as ‘1’ to indicate the successful status. 

Furthermore, since it has more than one tag 
responses in ‘10’ time slot, the reader will mark ‘10’ 
time slot as ‘0’ to indicate the collision status. It 
should be noticed that as the reader recognize the 
collision time slot, the corresponding prefix bit string 
will be added into a queue for further requesting. In 
this example, the ‘10’ bit string will be added into the 
queue. After the pre-detection phase, the reader will 
mark all time slots as ‘1100’ and broadcast it to tags. 
After tags receive the message, tags A and B realize 
their own time slot to respond. Therefore, tags A and 
B will be identified subsequently. In the meantime, 
tags C, D, and E recognize that the status of their 
time slot is ‘0’, which means that they do not need to 
send their tag IDs to reader at that time slot, as shown 
in Fig. 7(a). After identifying tags A and B, the 
reader sends another request command from queue, 
which is the ‘10’ bit string as shown in Fig. 7(b). In 
this cycle, tag E is identified and bit string ‘1000’ is 
added into queue. In the last round, as shown in 
Fig. 7(c), tags C and D can be identified. 

 
 

 
(a) 

 

 
(b) 

 

 
(c) 
 

Fig. 7. Example of pre-detection based algorithm. 
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4.2. Adaptive Pre-Detection Based Scheme 
 
Consider the situation that the tag density is low. 

Then, by using previous pre-detection scheme, it can 
be seen that although the collision time slots is 
reduced, but the number of idle time slot is increased 
as well in the pre-detection phase. On the other hand, 
in the situation with high tag density, the number of 
collision time slot is increased in the pre-detection 
phase while the number of idle time slot is decreased. 
This is due to the fixed size of the time slots in pre-
detection phase.  

From the above observation, we proposed an 
improved pre-detection based scheme, namely the 
Adaptive Pre-Detection Broadcasting Query Tree 
(APDBQT) scheme. The idea of APDBQT scheme is 
dynamically changing the size of the pre-detection 
time slots by adjusting the parameter m after each 
query cycle. More specifically, after the tag response 
phase, the reader can re-calculate the value of m by 
knowing the idle slot ratio in the previous pre-
detection phase. The idle slot ratio is defined as the 
number of idle time slots to the total number of time 
slots in the previous pre-detection phase. Thus, as the 
idle slot ratio gets high, the density of tag distribution 
gets low and vice versa. Therefore, the reader may 
allocate more time slots in pre-detection phase by 
letting m larger in the next cycle of identification 
when the reader is aware of that the density of tags is 
getting higher. Similarly, the reader may allocate less 
time slots in pre-detection phase by letting m smaller 
in the next cycle of identification when the reader is 
aware of that the density of tags is getting lower. In 
APDBQT scheme, we define the density of tags to be 
high if the idle slot ratio is smaller than 50 % and  
low otherwise. 

Fig. 8 depicts another example of the process of 
identifying 9 tags with 6-bits of tag IDs, namely 
A:‘000010’, B:‘001001’, C:‘001010’, D:‘011001’, 
E:‘100001’, F:‘100110’, G:‘101011’, H:‘110011’, 
and I:‘110111’, respectively, by using APDBQT 
protocol. First of all, the reader sends the request 
command with the empty-prefix and m = 2 to the tags. 
In this case, all tags respond to this request command 
and the time slot for a tag to respond is depending on 
the first 2-bits of its tag ID. In this example, tags A, 
B and C will respond in ‘00’ time slot, tag D will 
respond in ‘01’ time slot, tags E, F, and G will 
respond in ‘10’ time slot, and tags H and I will 
respond in ‘11’ time slot, as shown in Fig. 8(a). 
Suppose that the random numbers for tags to respond 
are all different. It can easily be seen that, since there 
is only one tag response for ‘01’ time slot, the reader 
will mark the time slot as ‘1’. Furthermore, since it 
has more than one tag responses in ‘00’, ‘10’, and 
‘11’ time slots, the reader will mark all of these time 
slots as ‘0’. As a result, there is no idle slot in the 
pre-detection phase. This means that the value of m 
will be increased to be 3 as the reader realizes that 
the tag density is high. In the next query cycle, since 
m = 3, the reader will allocate 23 = 8 time slots in the 
pre-detection phase as shown in Fig. 8(b). After 

finishing the pre-detection phase, the reader realizes 
that the idle slot ratio is greater than 50 %. This 
means that the value of m will be decreased as the tag 
density is low. Therefore, in the next query cycle, the 
value of m will be changed into 2 and four time slots 
will be allocated in the pre-detection phase as shown 
in Fig. 8(c). Finally, in the last round, the value of m 
will be changed into 3 and eight time slots will be 
allocated in the pre-detection phase as shown  
in Fig. 8(d). 

 
 

 
 

(a) 
 

 
(b) 

 

 
(c) 

 

 
 

(d) 
 

Fig. 8. Example of our APDBQT algorithm. 
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4.3. Comparison of Identification Methods 
 
To facilitate the understanding of the 

performance of our proposed algorithm, we compare 
the identification process between previous H2QT 
and our proposed APDBQT algorithms by using the 
example in Fig. 8. 

Table 2 shows the required prefixes and steps for 
identifying all 9 tags by using different methods. In 
Table 2, the H2QT scheme needs 10 steps to 
complete the identification process while in our 
proposed APDBQT scheme, only 4 steps are needed. 
Thus, our proposed APDBQT protocol reduces 
identification overhead efficiently and achieves 
better performance than H2QT scheme. 

 
 

Table 2. Communication steps of Fig. 8. 
 

Step 
H2QT APDBQT 

Broadcast Status Broadcast Status 

1 empty Identify Tag A empty 
Identify 
Tag D 

2 001 Collision 00 
Identify 

Tags A, B 
and C 

3 100 Collision 10 
Identify 

Tags E, F 
and G 

4 011 Identify Tag D 11 
Identify 

Tags H and 
I 

5 101 Identify Tag G   

6 110 
Identify Tags H 

and I 
  

7 001001 Identify Tag B   

8 001010 Identify Tag C   
9 100001 Identify Tag E   
10 100110 Identify Tag F   

 
 

5. Performance Evaluation 
 
To evaluate the performance of the proposed 

technique, we have implemented the PDBQT and 
APDBQT schemes along with the hybrid query tree 
protocol (HQT). Fig. 9 compares the number of 
queries to identify different number of RFID tags. 
Because the tag id is set 16 bits length, density = 
10 % means that there are 216 × 10 % = 6554 tags and 
density=20 % means that there are  
216 × 20 % = 13107 tags, and so on. All tags are 
randomly generated in a uniform distribution manner. 
Basically, the proposed techniques PDBQT and 
APDBQT can reduce the amount of inquiry 
messages. As we expected, the APDBQT 
outperforms the PDBQT. Although the PDBQT and 
APDBQT methods do not improve the inquiry 
messages very much in low density network, when 

density increasing, both of the proposed methods 
present significant improvements to the hybrid query 
tree protocol.  

 
 

 
 

Fig. 9. Performance comparison of the APDBQT, PDBQT 
and HQT in terms of the no. of queries required. 

 
 

Fig. 10 examines the number of idle slots 
generated to identify different number of tags. Both 
of the PDBQT and APDBQT methods outperforms 
the hybrid query tree protocol (HQT). The hybrid 
query tree protocol (HQT) has some idle slots during 
identification process. Especially, HQT will generate 
the most amount of idles as the density is around 
50 %. It is obvious that PDBQT and APDBQT will 
eliminate all idle slots regardless the density of  
RFID network. 

 
 

 
 

Fig. 10. Performance comparison of the APDBQT, 
PDBQT and HQT in terms of the no. of idle slots generated. 
 
 

Fig. 11 compares the number of collision slots 
generated by each protocol during the tag 
identification process. Basically, the proposed 
techniques PDBQT and APDBQT can reduce the 
amount of collision slots. It is obvious that lower 
collision slots resulting less inquiry cost. Both of the 
PDBQT and APDBQT methods outperforms the 
hybrid query tree protocol (HQT). As we expected, 
the APDBQT outperforms the PDBQT. It can be 
observed that both of the PDBQT and APDBQT 
methods can avoid a lot of collision slots due to the 
pre-detection mechanism. As a result, when density 
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increasing, the APDBQT scheme could present 
noticeable improvement as compare to the HQT.  

 
 

 
 

Fig. 11. Performance comparison of the APDBQT, 
PDBQT and HQT in terms of the no. of collision  

slots generated. 
 
 

In Fig. 12, the last experiment was conducted to 
show the average delay time needed for one-tag 
identification to identify different number of RFID 
tags. Both of the PDBQT and APDBQT methods 
outperform the hybrid query tree protocol (HQT). 
The average delay time of HQT protocol requires 
more than 1 ms for both low and high density of 
RFID tags. It is obvious that PDBQT and APDBQT 
will reach less than 1 ms average delay time for one-
tag identification regardless the density of tags. In 
particular, when density increasing, the proposed 
APDBQT method presents significant improvement 
to hybrid query tree protocol. The average delay time 
of APDBQT protocol requires less than 0.2 ms when 
the density of tags exceeds 50 %. As we expected, 
the APDBQT outperforms the PDBQT.  

 
 

 
 

Fig. 12. Performance comparison of the APDBQT, 
PDBQT and HQT in terms of the average delay time  

for one-tag identification. 
 
 
6. Conclusions 
 

With the emergence of wireless RFID 
technologies, identifying high density RFID tags is a 

crucial task in developing large scale RFID systems. 
Due to the nature of large scale RFID systems, many 
collisions may occur during the process of tag 
identification. In this paper, we have presented a 
previously proposed pre-detection tree-based tag 
identification technique along with a pre-detection 
time slot adjustable technique for minimizing tag 
identification cost. By adjusting the size of pre-
detection time slot and using the random numbers for 
tags to respond in the pre-detection phase, not only 
the length of pre-detection phase can be minimized 
but also the collision slots can be reduced. As a result, 
the efficiency of tag identification can be 
significantly improved. To evaluate the performance 
of proposed techniques, we have implemented the 
PDBQT and APDBQT techniques along with the 
hybrid query tree protocol (HQT). The experimental 
results show that the proposed techniques provide 
considerable improvements on the latency of tag 
identification. It is shown that the APDBQT 
technique is a nearly collision-free tag identification 
scheme such that the iteration overhead can be 
efficiently reduced. It is also shown that the 
APDBQT is effective in terms of increasing system 
throughput and efficiency.  
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Abstract: The real-time aspect is an important factor for Wireless Sensor Network (WSN) applications, which 
demand a timely data delivery, to reflect the current state of the environment. However, most existing works in 
the field of sensor networks are only interested in data processing and energy consumption, to improve the 
lifetime of WSN. Extensive researches have been done on data processing in WSN. Some works have been 
interested in improving data collection methods, and others have focused on various query processing 
techniques. In recent years, the query processing using abstract database technology like Cougar and TinyDB 
has shown efficient results in many researches. This paper presents a study of timing properties through two data 
processing techniques for WSN. The first is based on a warehousing approach, in which data are collected and 
stored on a remote database. The second is based on query processing using an abstract database like TinyDB. 
This study has allowed us to identify some factors which enhance the respect of temporal constraints. Copyright 
© 2015 IFSA Publishing, S. L. 
 
Keywords: Wireless sensor network, Data collection, Query processing, Sensors database, Time constraints. 
 
 
 
1. Introduction 

 

Wireless Sensor Networks (WSN) can be 
considered as a type of ad hoc wireless networks. 
They are composed of small wireless nodes, which 
are manually or randomly deployed in a region of 
interest, to sense different physical characteristics of 
the environment, like temperature, humidity, 
pressure, light, and so on. The nodes transmit the 
sensed data to a sink node referred to as Base Station 
(BS). This process, called data collection, must be 
able to meet certain deadlines, i.e. to update data 
before the expiration of their validity intervals, in 
order to reflect the current state of the environment. 

WSN applications, such as industrial process 
monitoring and control, can be considered as time 
critical. They require strict deadlines to send data to 
the sink nodes. WSN are often deployed without 
giving some importance to the temporal constraints 
including the data freshness constraint, and the 
deadline constraints [27]. 

Data freshness constraint imposes a limit on the 
data validity period from the time it is read from a 
sensor. The constraint of data deadline also requires 
that data have to be collected within a deadline [2]. In 
real-time applications, data freshness is a key 
performance factor. It is important to study the 
efficiency of data management mechanisms in WSN. 

http://www.sensorsportal.com/HTML/DIGEST/P_2673.htm
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Nowadays, researchers are interested in data 
processing techniques to offer an efficient solution to 
increase the WSN lifetime. They have proposed new 
techniques for data aggregation, data collection and 
query processing, to simplify the data extraction and 
management in WSN. The query processing systems 
such as Cougar [6] and TinyDB [13] use the abstract 
database approach which considers the WSN as a 
relational database. They aim to improve the data 
extraction mechanisms in WSN to save energy and to 
reduce the communication losses [7].  

In this paper, we are interested in investigating 
two approaches for data processing in WSN:  

1) A query processing approach using an abstract 
database,  

2) A periodic data collection using a traditional 
database.  

We simulate temporal constraints in order to 
identify which method gives better data arrival time 
to the user and that ensures data freshness in WSN. 
We consider the following performance parameters:  

1) The network convergence time, which is the 
time that a sensor node takes to connect to the base 
station, to build and to update its routing tables. It 
can affect the arrival time of data,  

2) The data collection time,  
3) The database response time.  
The data freshness can be improved, once these 

parameters are faster. 
The remainder of this paper is structured as 

follows. Section 2 reviews related work. In Section 3, 
we describe the two approaches cited previously. In 
Section 4, we carry out simulations, and we present 
and comment the results obtained. Finally, in 
Section 5, we conclude the paper by showing how to 
effectively exploit the two techniques and we give 
some perspectives to this work. 

 
 

2. Related Works 
 
In this section, we give an overview of some 

research works, which have studied the time criterion 
for WSN data processing. Thereafter, we present 
different abstract databases for sensor networks. 

 
 

2.1. Data Freshness in WSN 
 
The sensor data must be fresh to reflect correctly 

the state of the environment, but they have also to be 
temporarily correlated [29]. Many works have 
studied data freshness in WSN, among which we cite 
the following work: 

Suriyachai, et al. have discussed the time-critical 
data delivery in WSN [16]. They have presented a 
novel TDMA1 based Medium Access Control (MAC) 
protocol named GinMAC, which incorporates 
routing, topology control and reliability control 

                                                 
1 Time Division Multiple Access 

mechanisms. It aims to ensure timely data delivery 
and the reliability control mechanism, with minimum 
energy consumption in WSN. The authors have 
shown that GinMAC is able to balance delay, 
reliability and energy consumption requirements for 
the system with time-critical data delivery in WSN. 
Sharaf, et al. have presented a new approach based 
on SQL-Like query syntax, named TiNA (Temporal 
Coherecy-Aware in-Network Aggregation) [15]. 
TiNA exploits temporal coherency tolerance, to 
reduce the number of transmitted messages by each 
node. The authors have proposed a new clause 
named TCT (Temporal Coherency Tolerance) for 
each query, in order to express temporal coherency 
tolerance. For example, query Q1 bellow involves 
getting the total light for rooms and grouping by 
floor, with TCT = 10 %. The new reading is not 
reported if the difference between it and old one is 
smaller than the associated TCT value. 
 
Q1:  SELECT {FLOOR, SUM (LIGHT)} 
 FROM SENSORS 
 GROUP BY {FLOOR} 
 EPOCH DURATION 30 s 
 VALUES WITHIN 10 % 
 

Choi, et al. [4] consider that the aggregation time 
in WSN can be affected by the deadline constraints, 
i.e., data validity period or data delivery deadline. 
They have proposed a new aggregation time control 
(ATC) algorithm, to reduce energy consumption in 
the network and to adjust the aggregation time of the 
node to ensure data delivery without exceeding  
fixed deadlines.  

Hiromori, et al. have proposed a new protocol, 
named DD (Drainage Divide), for periodic data 
collection in WSN multi-sinks [9]. DD transforms 
the network into a set of trees, rooted at the sinks. 
Then, it adjusts them, so that the delay from each 
node to the corresponding sink meets given 
deadlines. The authors have also applied the 
CSMA/CA-based MAC delay analysis to estimate 
the transmission delay at each node. DD protocol has 
guaranteed data delivery within time, and it has 
satisfied the given delay constraints in WSN. 

There are many research efforts to study temporal 
constraints such as delay constraints, deadline 
constraints and data delivery deadline on data 
processing techniques like data aggregation, data 
collection and query processing. However, there are 
few existing research works which focus on studying 
temporal constraints in query processing systems, 
also called abstract databases. 
 
 
2.2 Abstract Database for WSN 
 

Abstract databases for WSN have been cited for 
the first time by Bonnet, et al. [3]. The authors 
consider the WSN as a relational database that can be 
queried using SQL-like queries. Abstract databases 
present a declarative approach to facilitate the 
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description and processing of queries in the WSNs. 
Data required by the base station present a virtual 
table, in which columns represent the data requested 
by the user. 

Madden, et al. have presented a new query 
processing system, named TinyDB, to extract 
information from a network and using TinyOS [12] 
as an operating system. TinyDB is composed of two 
subsystems:  

1) TinyDB application, running on each node of 
the network,  

2) Java-based client interface, allowing the user 
to describe the data using a declarative SQL-LIKE 
queries, i.e., without knowing how the data are 
processed in the network. The users write the query 
that will be compiled and split into tasks, then 
injected into the network. Once a node receives the 
query, it processes, and returns the results to the user 
via the base station. For example, to calculate the 
average temperature for all sensors when the light is 
greater than 400 for a period of 10 seconds, we write 
the following query Q2: 
 
Q2: SELECT AVG (temperature) 

FROM sensors 
WHERE light > 400 
EPOCH DURATION 10 s 

 
Another database abstraction is TikiriDB [11] 

which is a layer for ContikiOS [26]. It provides 
functionality to collect data from WSN without 
having any information about programming 
knowledge of sensor nodes. TikiriDB provides a 
TikiriSQL library, to receive queries from client, to 
parse them and to generate query packets. The results 
are sent to the gateway computer via the Serial 
Forwarder (SF) application. The node connected to 
the gateway, receives the queries, then it injects them 
in WSN. It receives thereafter the results, which will 
be forwarded to the user the serial forwarder 
application. Q3 is an example of TikiriDB query: 
 
Q3:  SELECT light, temperature 

FROM sensors 
WHERE temperature > 50 
SAMPLE PERIOD 2 s FOR 10 s 

 
Query Q3 permits to get the light and the 

temperature from all sensors whose temperature is 
above 50. Each new reading will be delivered to the 
user every 2 seconds for duration of 10 seconds. 

Amato, et al. have proposed MaD-WiSe 
(Management of Data in Wireless Sensor networks) 
[1], which considers a WSN as a highly distributed 
and dynamic database. MaD-WiSe takes account of 
various aspects related to database system design. 
Users can express queries using an SQL-like 
language, named MW-SQL, to collect, to filter, and 
to manage sensors data. MW-SQL uses the concept 
of the source of data (sensor id, room, etc.) to specify 
the data that will be retrieved from the network. It 
also includes temporal aggregates “EVERY” and 

“EPOCH” clauses. “EVERY” clause is used to 
specify the periodic sensor data acquiring rate and 
the “EPOCH” clause is used to define the time 
interval of data collection from WSN. Q4 is an 
example of MaD-WiSe query: 
 
Q4: SELECT min (1.Light), avg (2.Temperature) 

FROM 1.Light, 2.Temperature 
WHERE 2.Temperature > 20 
EPOCH 10 SAMPLES 
EVERY 30000 
 

In Q4, the user requests the minimum light from 
sensor with id=1 and the temperature average from 
sensor with id=2 whenever the corresponding 
temperature readings exceed 20°. Data will be taken 
every 30 seconds and aggregation will be performed 
every 10 samples (i.e., every 20 seconds).  

Corona [10] is a distributed in-network query 
processing system which provides a declarative 
query SQL-Like language to formulate queries. 
Corona introduces the notion of freshness into WSN, 
allowing the user to obtain data from a sensor 
network with data freshness guarantees. It uses 
multiple aggregate queries to reduce processing 
delays and costly communication in WSN. It is able 
of running multiple applications simultaneously. Q5 
is an example of Corona query. 

 
Q5:  SELECT temperature 

FROM sensors 
WHERE temperature > 50 
EPOCH 60 s 
FRESHNESS 10 s 

 
In Q5, the user queries all sensors to get a 

temperature greater than 50 for an epoch period of 
60 seconds. It defines also the freshness constraint 
clause of 10 seconds to fix the time allowed between 
two acquisitions. 

Amol, et al. proposed a data acquisition model 
named "BBQ" [20], based on probabilistic modeling 
techniques to optimize data acquisition from sensor 
network. This model is based on time varying 
multivariate Gaussians. User sends a SQL query 
translated into probabilistic computations over the 
model including specific parameters like error bound 
indicating allowing the user to specify the 
approximation value tolerance and confidence 
threshold. Q6 is an example of probabilistic query 
used in BBQ model: 

 
Q6: SELECT nodeid, temp ± 0.1 °C,  

 Confidence (0.95) 
FROM Temperature AS T 
WHERE T.temp > 30 °C 

 
In Q6, the user requests the node ID and the 

temperature values with an error bound more or less 
0.1 °C i.e. the difference between the real value of 
temperature and the value detected, must not exceed 
0.1 °C, also with a confidence equal to 95 %, and 
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greater than 30 °C. Based on the model and sensor 
readings values, the system decides the efficient way 
to answer the query with the requested confidence. 
BBQ model is updated over the time, based on new 
reading values which are reported as a probability 
density function. Thereafter, BBQ generates an 
observation plan and sends it over the network in 
order to select observations that minimize cost and 
maximize confidence. We note that temporal 
constraints have not been considered in the most of 
abstract databases. They have been studied only in 
the recent Corona work [10]. In the next section, we 
illustrate our network model through two scenarios: a 
periodic data collection and a query processing using 
TinyDB and we present the parameters we selected 
to discuss them in Section 4. 

 
 

3. Network Model 
 
In the two scenarios, we have used a network 

model composed of four components:  
1) Sensor nodes to report information about  

the environment,  
2) A base station to collect periodically data from 

sensor nodes,  
3) A remote database used to store the  

received data,  
4) A user which can connect to the database and 

get information about WSN.  
In the second scenario, we have added an abstract 

database for WSN, named TinyDB, which allows the 
user to send queries to the base station and  
to get answers. 

 
 

3.1. First Scenario: Data Collection  
with Remote Database 

 
In this scenario (Fig. 1), sensor nodes are 

randomly deployed over an area and the base station 
is placed outside the network. Nodes communicate 
amongst themselves through wireless 
communications. Sensor nodes retrieve data values 
like temperature and humidity, and periodically send 
them to a base station. The data received are 
transmitted to the remote database to be stored. 
Finally, they can be displayed through an interface to 
the users. The remote database has been deployed in 
order to manage and storage the data collected from 
WSN. The user can query the database using SQL-
like queries to get information about the WSN. 

 
 

3.2. Second Scenario: Query Processing  
with WSN Abstract Database 

 
This scenario is based on a query processing 

technique, in which we use an abstract database 
system, TinyDB (Fig. 2). User specifies the data that 
will be retrieved from WSN, through SQL-like 

declarative queries. It sends them to the base station 
via the abstract database interface. The base station 
will inject these queries over the network. Each 
sensor receives a query, responds with the values 
requested for a duration fixed in the query by the 
user. The base station sends the responses to the user 
via the abstract database system and they can be 
stored in a remote database. We have considered 
some performance parameters for the two approaches 
and we discussed them in next section. 

 
 

 
 

Fig. 1. Data collection with remote database. 
 
 

 
 

Fig. 2. Query Processing with WSN Abstract Database. 
 
 

These parameters are:  
1) The network convergence time, an important 

factor to ensure the temporal constraints in WSN. It 
precedes the processing of data collection. It can 
affect the arrival time of data when it takes a long 
time. We consider also  

2) The data collection time, which represents an 
important factor to guarantee the freshness of data 
and the data delivery deadline. When the data 
collection is fast, data freshness will be better,  

3) The database response time, which can be 
considered as an important factor in the first 
scenario, because it represents the only data available 
to the user. 

In the next section, we implement the two 
scenarios described above and we discuss the 
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performance parameters for the two approaches. We 
identify and we analyze also different impacts which 
can affect these parameters. 

 
 

4. Simulation and Results 
 
4.1. Simulation Environment 
 
4.1.1. Data Collection Scenario 

 
We have used COOJA [14], the network 

simulator for ContikiOS [19], to create the first 
scenario. We have created one sink node as base 
station and a set of sender nodes of type Tmote Sky 
with 48 KB of flash memory. The nodes are 
randomly distributed in an area within 100 m×100 m 
and the sink is placed outside of the deployment area. 
The number of sensors varies from 10 to 100 with 
step of 10. Each node sends temperature and 
humidity values to the sink node every 60 seconds. 
Table 1 summarizes the simulation parameters. 

 
 

Table 1. Simulation Parameters. 
 

Parameters Values 

Operating system ContikiOS 2.6 

Simulator Cooja 

Mote type Tmote Sky 

Simulation area (m) 100×100 

Number of nodes 10-100 

Number of sink Nodes 1 

Source data rate Random 

Radio range (m) 80 

Data packet size (bytes) 15 
 
 
We use RPL (Routing Protocol for Low-Power 

and Lossy Networks) [18] to provide communication 
between sensor nodes and the base station. RPL is a 
routing protocol designed for low power and lossy 
networks and for large networks. It is more efficient 
for data delivery time than other existing known 
protocols such as LOAD (LOAD is derived from 
AODV), DSR (Dynamic Source Routing) and DSDV 
(Destination-Sequenced Distance Vector routing) 
[17]. It provides efficient routing paths guaranteeing 
data delivery before deadline in WSN. 

We have used ContikiMac radio duty cycling 
protocol [5] inspired from existing duty cycling 
protocols. It has shown efficient time management 
because it uses a wake-up mechanism to define a 
precise timing between packet transmissions. We 
have used the default ContikiMac layer CSMA 
(carrier sense multiple access). Table 2 below 
summarizes the different protocol layers used  
in simulation. 

Table 2. Simulation layer protocol parameters. 
 

Transport layer UDP 

Network layer IPV6/RPL 

Radio duty cycling ContikiMac 

MAC layer CSMA 

Physical layer IEEE 802.15.4 
 

 

4.1.2. Query Processing Scenario 
 

We used TinyDB as abstract database in TinyOS. 
TinyDB runs on Mica2 motes with 128 kB flash 
memory because its code execution requires a flash 
memory upper than 48 kB. We have chosen to use 
TinyDB because it is the most widely used system by 
researchers and it has shown its effectiveness in 
maintaining energy and for data management. The 
network is based on Mica2 sensors randomly 
scattered in the field. We have varied the number of 
sensors from 10 to 100 by step of 10. The sensor is 
queried on demand by the user via the base station. 
Table 3 summarizes the simulation parameters. 

 
 

Table 3. Simulation Parameters. 
 

Parameters Values 

Operating system TinyOS 1.x 

Simulator Tossim 

Mote type Mica 2 

Simulation area (m) 100×100 

Number of nodes 10-100 

Number of sink Nodes 1 

Radio range (m) 80 

Data packet size (bytes) 20 
 

TinyDB uses a tree-Based Routing Protocol [8] to 
provide the query dissemination and the result 
collection. Each node forwards the query to other 
nodes in the network, to form the routing tree. This 
process ends when all nodes have received the query. 
TinyDB uses CSMA protocol, which is the already 
existing default MAC protocol used by TOSSIM 
simulator. It uses also the Low Power Listening 
(LPL) for low power communication and the 
Drip/Drain routing. Drip is a transport-layer 
component for disseminating messages throughout a 
network and Drain is a collection routing layer for 
TinyOS 1.x. Table 4 summarizes the different 
protocol layers used in simulation. 

 
 

Table 4. Simulation layer protocol parameters. 
 

Transport layer Drip/Drain 

Network layer 
Tree-based routing 
protocols 

Radio duty cycling Low-Power Listening 

MAC layer CSMA 

Physical layer IEEE 802.15.4 
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4.2. Simulation Description 
 
4.2.1. Data Collection Scenario 

 
Each sender node uses the UDP sender algorithm 

to send its data to the base station according to a 
transmission period. We have defined a transmission 
period equal to 60 seconds. We have chosen a 
random waiting time (SEND TIME), before sending 
packets to avoid that the senders sending packets at 
the same time. Thereafter, we have activated the 
digital SHT11 of sensor, which is relative to sensor 
Humidity and temperature. Sender node listens to its 
neighbors using TCP/IP handler function and 
continues to send data currently detected to the base 
station using the “send packet” function. The base 
station receives data from a sensor network, then it 
stores them in remote database using INSERT 
queries. Algorithm 1 presents the data collection 
process included in each sensor. 

 
 

Algorithm 1: UDP sender process 

1: define period 60 
2: define send time random Value 
3: sensor activate (sht11 sensor) 
4: while 1 do 
5:     if ev = TCP/IP event then 
6:           TCP/IP handler() 
7:      end if 
8:      if etimer expired(period) then 
9:             Etimer reset (period) 
10:             Ctimer set (backoff time, send time,  
11:             send packet, null) 
12:      end if 
13: end while 

 
 

4.2.2. Query Processing Scenario 
 

When TinyDB receives the query from the user, it 
parses and translates it to SQL query into an 
execution plan. Before injecting the query in the 
network, TinyDB uses a method query named 
Semantic Routing Trees (SRT) [8] to determine 
which node in the routing tree will participate and 
has capabilities to produce query results.  

SRT is composed of two phases: the first phase 
consists in building initial tree formation allowing 
parent nodes to know about the capabilities of its 
children. SRT disseminates a query including the 
type of information requested. Each node selects its 
parent and responds with requested information. 
Then, each parent receives the id and range of values 
from its children. In the same way, each parent 
chooses its own parent until the root node has 
information from all of its children. In the second 
phase, the real query is disseminated to nodes having 
relevant responses.  

Once queries have been disseminated. Each node 
receives a query, and begins a query execution which 
includes filtering and aggregation of results 
according to the query plan, then data are delivered 
to parent nodes and thereafter to the base station. 
TinyDB adjusts result transmission rates to reduce 
power consumption. When a result arrives, TinyDB 
calls the result listener method and displays the query 
result for the user using a Java-based client interface. 

 
 

4.3. Simulation Results 
 
4.3.1. Impact of Number of Nodes  

on Network Convergence Time 
 

The network convergence time is defined as the 
time needed for the sensors to connect to the base 
station and to build routing tables. This step comes 
just before the process of data collection. It can affect 
the data arrival time. The shorter is the convergence 
time. The quicker is the availability of the data. In 
Fig. 3, the network convergence time increases when 
the number of nodes increases. The network 
convergence time depends on the DODAG building 
process, which begins at the root (base station). The 
root starts the dissemination of information about the 
structure using DIO (DODAG Information  
Object) messages. 

 
 

 
 

Fig. 3. Network convergence time for data collection. 
 
 

The nodes, which are not connected to the tree 
(without communication with the root) receive the 
message DIO and process it. Then they decide to join 
or not the structure. Once the node has joined the 
structure, it has a route to the root of the DODAG 
structure. Building the final routing table depends on 
the number of nodes and the path cost between 
nodes. We note also in Fig. 4 that the convergence 
time for TinyDB (acquisition on demand) is less than 
that of data collection (periodically). 

TinyDB constitutes a routing tree or Directed 
Acyclic Graph (DAG) with all sensors in which the 
root is the sink (gateway). 
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Fig. 4. Network convergence time for TinyDB. 
 
 

TinyDB uses a selecting multi-hop tree based on 
efficiency of routing which depends on energy 
consumption. Sensors make intelligent routing 
decisions, where every node selects a parent based on 
link quality to the base station. The nodes keep both 
a short list of neighbors which have a recently heard 
transmission, and some routing information about the 
connectivity of those neighbors to the rest of the 
network. They associate also a link quality with each 
of their neighbors. 

 
 

4.3.2. Impact of Number of Nodes on Data 
Collection Time 

 
Data collection time represents the time taken to 

get the responses from all sensors connected to the 
base station. It can affect the data validity time and 
then not reflecting the current state of the 
environment. The time required to send the data from 
sensor to the base station depends on the sensors 
capacity, its position, while the path quality depends 
on the number of hops to the base station. Generally, 
the sender uses multi-hop paths to send its data when 
the base station is far located, which leads to 
transmission delay and can cause a failure, i.e. to not 
respect the data validity time. 

Fig. 5 shows the time spent by the nodes to 
complete the sending of their data, using both data 
collection technique and query processing technique. 

We observe that the curve increases when the 
number of sensors increases for the two techniques. 
The time required to send the data depends of the 
number of hops and the availability of parent nodes 
to send data received from children. Their 
availability is not guaranteed all time because the 
choice of parent node depends on the node decision, 
which consists on joining or not the structure.  

We also notice in Fig. 5 that the time required to 
obtain results from all sensors by using the technique 
of processing request is less than that of data 
collection. With TinyDB, the data is regularly 
reported and aggregated by a tree or a directed 
acyclic graph from the nodes to an access point 

network. It includes aggregation and filtering 
operations inside the sensor network to maintain all 
routing information. The parent nodes near the root 
put agreements with their children on a time interval 
to receive data from them. The whole process is 
repeated for each period and query. 
 
 

 
 

Fig. 5. Completed Cycle Time. 
 
 

4.3.3. Impact of the MAC Layer Protocols 
 

The goal of this test is to observe the Complete 
Cycle Time (CCT) vs. Duplicate Packets Sending 
(DPS) with either a periodic data collection, or a 
query processing system (TinyDB). We have varied 
the number of sensors in each time. 

We note in Table 5 that the number of 
transmission packets with TinyDB is greater than 
that with periodic data collection. The MAC-layer 
protocol can be considered as one of the causes that 
explains these results. 

 
 

Table 5. Duplicate sends with periodic data collection. 
 

 Periodic data 
collection 

Query processing 
(TinyDB)

NB. 
nodes 

CCT(sec) DPS CCT(sec) DPS 

5 47.430 0 2.203 0 

10 53.955 0 2.434 0 

20 54.157 0 4.766 21 

30 62.082 0 14.060 102 

40 73.302 0 25.441 121 

50 106.609 0 435.43 174 

60 147.357 2 705.02 294 

70 179.478 1 112.261 308 

80 266.357 15 142.114 405 

90 457.570 78 233.737 420 

100 570.100 72 313.832 633 
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TOSSIM implements CSMA based MAC 
protocol by default. The basic principles of this 
protocol are “listen before talk and contention”. Each 
node listens on the channel and checks if it is clear 
before each sending. If the channel is not clear, it 
waits for a randomly chosen period of time called the 
back-off, until the channel becomes clear. When the 
number of sensor nodes increases, the nodes compete 
for the channel and make the channel occupied. This 
competition causes a transmission delays and a back 
off time accumulation, which increases the time 
needed to collect data from all sensors. On the other 
hand, each sender repeatedly sends its packet, during 
the full wake-up, until it receives a link layer 
acknowledgment from the receiver (sink node), 
meaning that the receiver has correctly received  
the packet.  

In a periodic data collection, the sky motes 
implement a radio duty cycling protocol, named 
ContikiMac using a wake-up mechanism to listen for 
packet transmissions from neighbors and to keep the 
transceiver turned off, in order to reduce power 
consumption in WSN [5]. ContikiMac timing 
includes the interval between each packet 
transmission, the interval between each CCA (Clear 
Channel Assessment ), the time between receiving a 
packet and sending the acknowledgment packet, the 
time required for successfully detecting an 
acknowledgment from the receiver and the time 
required for a stable RSSI (Received Signal Strength 
Indicator ), needed for a stable CCA indication. 
ContikiMac applies for a set of timing constraints to 
precise timing between transmissions which explains 
the decrease in duplicate packets sending.  
 
 
4.3.4. Impact of Choosing the Database  

on Average Response Time 
 
This experience consists to collect data from 

WSN and insert them in a remote database. We use 
for this purpose three DBMS PostgreSQL, MySQL, 
and SQLite to evaluate queries response time which 
represents the total time which the query takes to 
complete its execution. 

PostgreSQL [22] is an object-relational database 
management system (ORDBMS), based on an open 
source research project at the University of 
California called POSTGRES. It supports a large part 
of the SQL standard and offers many advanced 
features as transactional integrity, complex queries 
support, table inheritance. New data types, functions, 
operators, aggregate functions, and index methods 
may be added by the user. 

MySQL [21] is an Open Source SQL database 
management system developed, distributed, and 
supported by Oracle Corporation. It can support 
foreign key, multi-threaded, partial stored procedures 
and transactional and non-transactional storage 
engine. It supports several storage engines that act as 
handlers for different table types: MyISAM is the 
default storage engine of MySQL, InnoDB storage 

has been designed for maximum performance and it 
supports foreign key referential-integrity constraints. 

SQLite [23] is a relational database management 
system and represents a simply scaled-down version 
of MySQL, PostgreSQL, and other popular database 
systems. It provides an embedded SQL database 
engine and it reads and writes directly to ordinary 
disk files. SQLite does not require server means and 
setup, it can support tables, indexes, triggers, views 
and the most of the query language features found in 
the standard SQL. SQLite transactions are fully 
ACID-compliant, allowing safe access from multiple 
processes or threads. Table 6 shows that SQLite 
database gives the best average response time for the 
SELECT queries, then MySQL and finally 
PostgreSQL. For the INSERT queries, PostgreSQL 
database has the less average response time 
compared to MySQL and SQLite. SQLite takes a lot 
of time to insert data, because it does not have a 
central server to coordinate accesses. It must close 
and re-open the database file, and invalidate its 
cache, for each transaction, which increases the 
response time. SQLite use a locking mechanism, 
when a write operation happens the entire database 
must literally be locked, written to, and then 
unlocked. It does not allow multiple concurrent 
writes. Whereas, PostgreSQL allows multiple 
transactions to proceed with inserts concurrently. 
MySQL is better than PostgreSQL for readings tables 
because it has a “Query Cache” to make queries 
faster. Also, it uses InnoDB table that makes users 
searches more efficient. SQLite is faster than 
MySQL because it uses a disk access to read and to 
write directly from the database files on disk. It does 
not need to make a connection to server.  

 
 

Table 6. Query response time (ms). 
 

Query type PostgreSQL MySQL SQLite 
Insert queries 9.397 48.626 72.788 
Select queries 0.992 0.690 0.225 

 
 

4.3.5. Impact of the Nodes Positions  
and the Number of Hops on Data 
Collection Time 

 
In this section, we show the performances of 

network by changing the position of the nodes. In all 
experiences, the sink node is 40 meters from each 
node (Fig. 6). The first experience is to place the sink 
in the center surrounded by 9 nodes. Each node sends 
data through single-hop transmission. The second 
experiment consists of groups of nodes, in which the 
closest nodes to the base station are selected as 
parents. Sensors nodes send their data through parent 
nodes, by making two hops. In the last experience, 
we have placed the nodes in the form of a tree and 
observed if this form will improve the data arrival 
time. All nodes use multi-hop transmissions to send 
their data.  
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Single hop transmission 

 
Tow-hops transmissions 

 

Multi-hops transmissions
 

Fig. 6. Nodes positions and hops transmission. 
 
 

We can see from Table 7 that the completed cycle 
time result changes from simulation to another. 
Usually, the position of the sink and the position of 
nodes affect the data collection time. We can explain 
it by the number of hops used to forward data to the 
sink: higher is the number of hops, longer is the time 
for data collection.  

 
 

Table 7. Impact of number of hops on data collection time. 
 

Hop transmission 
Completed 

cycle time (ms) 
Average response 

time (ms) 

Single-hop 
transmission 

32.931 3.659 

Two-Hop 
transmission 

34.740  3.860 

Multi-Hop 
transmission 

53.528  5.947 

 
 

4.3.6. Impact of Network Topologies on Data 
Collection Time 

 
Wireless Sensor Network includes different 

topologies which have a greatly impact on the data 
collection time. In this experience, we have tested 15 
sender nodes and one sink node with four network 
topologies (Tree, Star, Mesh, Grid).  

In tree-based topology, nodes are organized by 
hierarchy levels, composed by children nodes, parent 
nodes and relay nodes, which communicate together 
and transmit their data to a root node (base station) 
via multi-hop routes. 

In star-based topology, the base station is in the 
center of the network and the other nodes are in the 
one-hop neighborhood of the base station. In this 
topology, all nodes communicate via the base  
station [25]. 

In mesh-based topology, one node communicates 
with multiple neighbors and the message can take 
several paths to achieve the destination. Also, when 
sensor node failed, the network reorganizes itself to 
maintain the communication with the base station. 

In grid-based topology, the network is divided 
into square grid of size divided by user. One node is 
elected as the coordinator node of grid and the 
responsible of forwarding information and 
transmitting data packets. 

Nodes periodically send to the coordinator data 
which will be transmitted thereafter to the base 
station. The result in Table 8 shows the time spent to 
collect data from all sensors for the two technologies. 
We note that the tree network topology for data 
collection technology is faster than the other 
topologies. In fact, RPL forms a tree-like topology 
rooted at the sink, reflecting the above results. Star, 
mesh and grid topologies have not shown good 
results. RPL takes a time to define DODAG 
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networks and to build path to the root. It cannot fully 
exploit the network, which affects the quality  
of paths. 

 
Table 8. Complete cycle time (ms). 

 

Topologies Data collection 
Query 

processing 

Star 62.312 1.832 

Mesh 56.002 1 .362 

Grid 54.121 2.163 

Tree 53.515 2.143 

 
 

For the query processing technology, the mesh 
topology gives the best complete cycle time versus 
the other topologies. In mesh topology, all nodes 
cooperate in the distribution of data in the network. 
The same technology is used by TinyDB. The nodes 
make intelligent routing decisions, where every node 
selects a parent based on link quality to the  
base station. 
 
 

5. Conclusions 
 
In this work, we have studied and compared the 

timing properties of the data collection from a sensor 
network using a static database versus an abstract in-
network database, named TinyDB. We have 
evaluated temporal constraints such as data collection 
time, database response time, and network 
convergence time in both approaches. We have 
found, according to the tests performed, that many 
factors can affect the temporal constraints in a WSN. 
We have determined that the network topology and 
the routing protocol together may play an important 
role on data collection time. The convergence time 
also has an impact on the process of data collection. 
We have shown clearly the timing-response 
advantage of using a TinyDB approach compared to 
accessing the data stored in an external database. So, 
we can conclude that the great choice of the network 
topology and the routing protocol with the right 
approach can improve the temporal constraints in 
WSN. We plan to work in this direction in a future 
works by taking into account data temporal 
consistency. 
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Abstract: Radio frequency wireless technology is surely one of the most used technologies in indoor 
localization. Indeed, wireless indoor positioning systems can be easily deployed to track the trajectory of an 
object or a person respect to other moving elements. Within this scenario, different algorithms are implemented 
to optimize the localization task. Anyway, the majority of the localization algorithms include the distance 
measurement between anchor nodes and mobile nodes and RF-signals make viable several ways to perform it. 
Probably, the methods based on the measure of the Received Signal Strength (RSS) are the most exploited. 
Unfortunately, RSS depends on the transmission medium and the method suffers of nonlinearities, multiple 
paths and anomalous absorption, thus affecting the distance measurement performances. To mitigate the 
external influences, transmission parameters, as for example the transmission frequency and transmission 
power, can be opportunely tuned. To this purpose, in this work, the influence of the power transmission on the 
localization algorithm performance is investigated using two classical localization algorithms. Furthermore, a 
heuristic method to select the power transmission that allows the best localization performance for the specific 
environment is presented and tested. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Indoor localization algorithm, RSSI, Wireless sensor network. 
 
 
 
1. Introduction 

 

The localization of objects or humans in indoor 
environment is becoming a critical issue in several 
sectors such as security and logistics, [1-4] and new 
application are arising or taking advantage of 
localization system improvement. 

Several technologies have been exploited to 
develop reliable localization systems like radio 
frequency (RF) wireless technologies [5], infrared 
and ultrasound [6]. Nevertheless, RF technologies are 
the most deeply investigated, due to their ability to 
work even if a direct line of sight, between anchors 
and mobile nodes, is not guaranteed and operate on a 

wider working field. Moreover, the pervasive 
presence of devices endowed of RF wireless 
connection, in the everyday life, gives the 
opportunity of integrating localization systems in 
already available infrastructures. 

Besides the hardware framework, localization 
systems can use various algorithms to estimate the 
node position. In spite of the plethora of reported 
algorithms, they can be roughly classified in 
angulation and lateration algorithms. The former uses 
the angle of arrival of the signals measured from the 
anchor respect to the same reference (typically the 
magnetic North) while the latter uses the distances 
from the anchor nodes. Due to simpler hardware that 

http://www.sensorsportal.com/HTML/DIGEST/P_2674.htm
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is required to evaluate the distance, the lateration 
algorithms are largely preferred. 

The distances between anchors to mobile node 
can be estimated using several approaches e.g. the 
Time of Arrival (TOA), Time Difference of Arrival 
(TDOA) and Received Signal Strength (RSS) [7], but 
for its simplicity of implementation the  
measurement of the RSS is one of the more 
extensively investigated. 

The principal advantage of the RSS 
measurements in estimating the distances between 
two antennas is due to the integration of this 
measurement in the more recent RF transceivers. 
Indeed, the measurement of RSS is defined and 
sometimes mandatory required and standardized by 
the last communication protocols [8-9]. Moreover, 
another reason relies in the simple relation that 
connects Received Signal Strength Indicator (RSSI) 
and distance: 

 

A+d log-10=RSSI 10⋅⋅η , (1) 
 

where η is the signal propagation constant, d is the 
distance between sender and receiver and A is the 
RSSI at a distance of one meter. The two parameters 
η and A depend on the medium and on environmental 
factors. Therefore, several error factors can affect the 
RSSI estimation as multipath, presence of barriers 
between source and receiving antennas, angle among 
them, environmental electromagnetic interferences 
and interferences of other transmitting systems. 

In order to limit these problems some 
transmission parameters can be modified or some 
misbehavior can be compensated [10-11]. For 
example, transmission frequency and power are two 
easily accessible and tunable parameters that can 
improve the localization performance. 

In transmission systems, the choice of the 
transmission frequency depends on the analysis of the 
quality of the transmission channel. A largely used 
parameter to estimate the better transmission 
frequencies in presence of noise and/or interference is 
the Signal to Interference plus Noise Ratio (SINR) 
[12-13]. An estimation of this parameter allows 
choosing the best working frequency. On the other 
hand, the transmission power is generally chosen 
considering only the power consumption or the 
maximum transmission distance. However, more 
often, transmission power and frequency are not 
selected with any regards to the goodness of the 
distance measurements. 

In this paper, we take into consideration the effect 
of the power transmission on the correct distance 
estimation. In particular, a method to estimate the 
best power transmission will be presented and a 
classical lateration algorithm will be used to compare 
the localization performances adopting different 
transmission powers to show the goodness of  
the method. 

The paper is divided as follows: in Section 2, the 
method for the estimation of the best transmission 

power is presented. In Section 3, the localization 
algorithms are explained. In Section 4, the 
experimental set-up is described. In Section 5, the 
results are shown and finally, Section 6 concludes 
this paper. 

 
 

2. How to Estimate the Best Power 
Transmission 
 
The signal power detected by a receiving antenna 

is a weighted sum of the power of the signals coming 
from the different directions. All these contributions 
can be divided in two main parts the power carried by 
signal propagating along the direct line of sight and 
the power carried by the signals propagating along 
the reflected paths. In indoor application, these two 
parts can be comparable. This effect, in addition to 
with the limit of detection of the transceivers, can 
produce different profiles of power decay inside the 
testing area that are highlighted by η.  

In the other hand, to perform a better estimation 
of the antenna distances, the sensitivity of the RSSI 
on the distance should be maximized in the testing 
area, because a greater sensitivity allows detecting 
smaller variations of the antennas distance. The 
sensitivity can be easily calculated using  
Equation 1 [14]: 

 

dln10d

RSSI
=S

110 ⋅⋅−=
∂

∂ η  (2) 

 
and it is maximized for the power transmission that 
maximizes η. 

However, even if each anchor independently 
performs the RSSI measurements and, in this way, 
also the estimation of the distance from the mobile 
node, the localization algorithm uses distances from 
multiple anchors to estimate the mobile node 
position. In this way, the performances of the 
localization algorithm could be invalidate by the less 
efficient antenna.  

Following a heuristic approach, a single 
parameter that considers the magnitude of η  and its 

variability among the different anchors has been 
chosen to estimate the best transmission power:  
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, (3) 

 
where μ(·) represents the mean operation among the 

anchors, iη and iA  are the signal propagation 

constants of the ith anchor, whereas, σ(·) represents 
the standard deviation operation among the anchors 

and finally, minRSSI is the minimum RSSI 

detectable by the transceiver [15]. 
The transmission power used by the mobile node 

to communicate through the network that maximizes 
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N should also improve the performance of the 
localization algorithm. 

 
 
3. Localization Algorithms 
 

To investigate the influence of the transmission 
power on the localization performance two classical 
localization algorithms are used to compare the 
localization performances as function of the mobile 
node transmission power. 

The large amount of localization algorithms that 
have been proposed in the past share same common 
procedures and then the localization algorithms can 
be essentially schematized as three steps  
procedures [16]: 

1. Estimation of the distance between the anchor 
and the mobile nodes 

2. Derivation of the mobile nodes position using 
the previous estimated distances 

3. Refine the node position using the derived 
position and the distances of the neighboring 
nodes 

even if the first two steps generally were  
considered together.  

The different implementation of the previous 
three steps diversifies and characterizes the different 
algorithm. Since this work has the aim of showing 
the impact of the transmission power on the 
localization performances, two algorithms that 
implement the first two steps in different way have 
been taken into account. 

The first algorithm is based on classical 
trilateration based on least squared optimization 
hereafter called LS [17], whereas the second 
implements an extended min-max algorithm [18]  

The LS algorithm uses an optimization procedure 
to seek the coordinates that minimize the error 
between the distance measured using a signal 
characteristic, in our case the RSSI (Ri), and the 
Euclidian distances calculated with the estimated 
mobile node coordinates (Di) [17]: 

 

( )( )∈
−=

Anchorsi iid RDiwE 2min  (3) 

 
It is important to note that the coordinates of the 

anchor nodes are known. In this case the weight w(i) 
are chosen quantized inversely proportional to the 
distance experimentally measured through the 
Equation 1, i.e. each weight is taken in the set 
{1/2,1/4,1/8,1/16,1/32} as they are ordered by 
distances Ri. In this way, each weight contributes 
exactly the half of the previous and the double of the 
next one in the Equation 4. The result of this 
approach is that the nearest anchor has the higher 
contribution in the position estimation. 

The second localization algorithm is based on the 
extended min-max algorithm presented by Robles, et 
al. [18] in 2012. It is an improved version of the min-
max algorithm presented by Savarese in 2002 [19]. 

Classical min-max algorithms estimate the 
position of the mobile node as the center of the 
geometric area generated by the intersection of 
squared boxes of half side length equal to the 
estimated Euclidian distance around the anchor 
nodes. In the case there is not boxes intersection, i.e. 
the estimated distances are shorter than the real case, 
the algorithm works returning a point in the area 
among the boxes. In the extended algorithm, this 
position estimation is improved localizing the mobile 
node inside the intersection area taking into account 
the similarity among the vertices and the position of 
the mobile node. The mobile mote coordinates are 
estimated using the following formula: 
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where xj and yj are the coordinates of the vertex of the 
intersection area and W2(j) are the weights that 
measure the similarity among the vertices coordinates 
and the position of the mobile node. In this work, the 
W2 weights of the original paper of Robles et al. [18] 
have been used because they show the best 
positioning performances. For the sake of the 
simplicity the W2 formula is given below: 
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where ijD is the estimated Euclidian distance 

between the ith anchor node and the jth vertex.  
 
 

4. Experimental Set-up 
 
A standard office room, furnished with classical 

furniture as desks, cabinets and work bench is 
arranged with a wireless sensor network composed of 
5 nodes. Inside the working space, several testing 
points, at well-known position, have been installed. 
In Fig. 1 a schematic representation of the room is 
shown, it is possible to note the mobile node placed 
on a tripod and the anchor nodes placed on the  
room walls. 

The network is composed of commercial wireless 
sensor nodes Z1 Zolertia [20] equipped with an 
external pigtail antenna (see Fig. 2). In this 
experiment, only one mote acts as a mobile node, 
whereas the others are used as anchor nodes. The 
anchor nodes are disposed along the walls.  

During the experiment, the mobile mote has been 
placed in six different testing points. In every testing 
point the mobile node transmits 100 packets and the 
RSSI value of these packets is measured by each 
anchor node according to transceiver specifications. 
This information is sent to the gateway node by each 
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anchor node, in this way the gateway collects, for 
each position and for each anchor node, 100 RSSI 
values for each one of the 8 transmission power 
levels available on the CC2420 transceiver [21]. 
Finally, the whole set of RSSI data is sent to the PC 
through a USB connection. 

 
 

 
 

Fig. 1. Schematic representation of the testing room 
arrangement. It is possible to note the mobile node  

on a tripod and the anchors node attached on the walls 
highlighted by the circles. 

 
 

 
 

Fig. 2. Two wireless sensor nodes equipped with external 
pigtail antenna. 

 
 

5. Results 
 

5.1. Calibration 
 

To estimate the antenna distances using 
Equation 1 the parameters A and η have to be 
estimated in the working environment. The parameter 
A can be easily evaluate using its definition i.e. the 
received power when the antennas are placed at 
1 meter of distance. For this purpose, the mobile node 
has been placed at 1 m of distance from each anchor 
and the mean values of 100 RSSI packets measured 
in this configuration have been used as estimator of 
the parameter A. 

To estimate the parameter η the mobile node has 
been placed at different known positions and for each 

one, 100 RSSI packets have been measured. 
Therefore, Equation 1 is used to fit the acquired data 
replacing the parameter A calculated in the previous 
step. The value of η that best fits the experimental 
data will be implemented in the following 
localization algorithm. The fitting has been 
performed in MATLAB environment. 
 
 

5.2. Testing Points 
 

The mobile node is placed in six different 
positions inside the working area. For each position 
and for each power level the RSSI is measured by the 
anchor nodes and stored. Five of the six data sets are 
used to estimate the parameter η whereas the sixth 
position is used to validate the result following a 
Leave One Out Cross Validation (LOO-CV) 
approach. This method has the main advantage of 
allowing an estimation of the prediction error when 
the dataset is not very large [22]. 

Fig. 3 shows the values of the parameter N for the 
different eight power levels provided by the CC2420 
transceiver. Since for each power level six possible 
calibration subsets can be used, the standard 
deviation showed in Fig. 3 takes into account the 
variation of the parameter N along the subsets. 
Finally, it is important to note that the maximum of 
the parameter N is obtained for the 6th power level. 

 
 

 
 

Fig. 3. Variation of the parameter N for different  
power levels. 

 
 

5.3. Position Estimation 
 

Following the LOO-CV approach, the position of 
each testing point is evaluated using the previously 
described localization algorithms adopting the 
parameters A and η estimated during the calibration 
procedure. Fig. 4 and Fig. 5 show the points 
classified using the algorithm for the different used 
transmission power. The circles show an area of 
0.5 m around the correct testing point where the 
algorithm should classify the point. It is possible to 
note that the performance of positioning changes 
accordingly with the chosen transmission power. To 
evaluate the different performances of positioning as 
function of the transmission power, the mean error 
between the estimated position and the real position 
is reported.  
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Fig. 4. Mean positioning error and its standard deviation calculated on 100 measurements performed for each position 
are shown as function of the different power levels. The classical trilateration algorithm has been used for the positioning. 

 
 

 
 

Fig. 5. Mean positioning error and its standard deviation calculated on 100 measurements performed for each position are 
shown as function of the different power. The extended min-max algorithm has been used for the estimation of the position. 

 
 
In the Fig. 6, the mean error and its standard 

deviation calculated on the 100 measurements 
performed for each position are shown for both 
algorithms. In blue line is shown the mean error 
obtained using the LS algorithm, while in red line is 
shown the mean error obtained using the extended 
min-max algorithm. It is possible to observe that the 
positioning error has different behaviors depending 
on the testing positions. In particular, Position 2 and 
Position 5, that are in opposite corners of the testing 
area, have a better positioning performance with an 

error around 0.5 m or even less for Position 2 using 
the LS algorithm. Conversely, the extended min-max 
algorithm has similar performance in the whole 
testing points. In conclusion, the Fig. 6 shows that 
there is a power transmission minimizing the mean 
error for each position and this happens for  
both algorithms. 

To summarize the previous results in a more 
compact way, the Root Mean Square Error Cross 
Validation (RMSECV) for the different transmission 
powers has been calculated. 
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Fig. 6. Mean positioning error and its standard deviation calculated on 100 measurement performed for each position are 
shown as function of the different power levels. In blue and red line the mean errors obtained using the LS algorithm and the 

extended min-max algorithm is respectively shown. 
 
 

Fig. 7 shows, for both algorithms, the RMSECV 
profiles. The RMSECV highlights that the 
transmission power PW level 6 provides the better 
positioning results with a RMSECV error less than 
0.5 m for the LS algorithm.  

 
 

 
 

Fig. 7. RMSECV for 8 different power levels.  
In the figure are compared the two algorithms. 

 
 

The extended min-max algorithm shows a 
RMSECV less dependent on the transmission  
power, but also in this case the power level 6 has 
better results.  

Finally, comparing the results of Fig. 7 with the 
results of Fig. 3, it is possible to note that the 
parameter N was maximized by the 6th power level, 
as expected. 
 
 
6. Conclusions 

 
In this work, the possibility to improve the indoor 

localization by selecting the most suitable 
transmission power has been investigated. In 
particular, a simple calibration method that takes into 
account also the best transmission power related to 

the specific indoor environment has been presented. 
The results have shown that the choice of the 
transmission power affects the performance of the 
localization algorithms. In particular, tuning the 
transmission power it is possible to decrease the 
mean localization error. The reduction of the error 
can reach up to three times respect to the worst 
power selection for a trilateration algorithm. 
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Abstract: Underwater communications mainly rely on acoustic propagation which is strongly affected by 
frequency-dependent attenuation, shallow water multipath propagation and significant Doppler spread/shift 
induced by source-receiver-surface motion. Time-reversal based techniques offer a low complexity solution to 
decrease interferences caused by multipath, but a complete equalization cannot be reached (it saturates when 
maximize signal to noise ratio) and these techniques in conventional form are quite sensible to channel 
variations along the transmission. Acoustic propagation modeling in high frequency regime can yield physical-
based information that is potentially useful to channel compensation methods as the passive time-reversal 
(pTR), which is often employed in Digital Acoustic Underwater Communications (DAUC) systems because of 
its low computational cost. Aiming to overcome the difficulties of pTR to solve time-variations in underwater 
channels, it is intended to insert physical knowledge from acoustic propagation modeling in the pTR filtering. 
Investigation is being done by the authors about the influence of channel physical parameters on propagation of 
coherent acoustic signals transmitted through shallow water waveguides and received in a vertical line array of 
sensors. Time-variant approach is used, as required to model high frequency acoustic propagation on realistic 
scenarios, and applied to a DAUC simulator containing an adaptive passive time-reversal receiver (ApTR). The 
understanding about the effects of changes in physical features of the channel over the propagation can lead to 
design ApTR filters which could help to improve the communications system performance. This work presents a 
short extension and review of the paper [12], which tested Doppler distortion induced by source-surface motion 
and ApTR compensation for a DAUC system on a simulated time-variant channel, in the scope of model-based 
equalization. Environmental focusing approach in high frequency underwater acoustics is intended to be 
explored in future, based on the idea that a set of oceanic acoustic physical parameters – which are generally 
estimated in well-known low frequency matched field processing problems like geoacoustic assessment, ocean 
tomography and source localization – could be conveniently used on adaptive filters for channel compensation 
in DAUC systems. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Digital acoustic underwater communications, Passive time reversal, Coherent signaling, 
Environmental-Based channel compensation, Matched field processing, Time-Variant channel modelling. 
 
 
 

1. Introduction 
 

High data rate throughput in Digital Acoustic 
Underwater Communications is a challenging subject 
studied by the scientific community, finding 

applications in point-to-point (P2P) communications 
and underwater acoustic networks (UAN) used for, 
e.g., offshore activities and oceanic research 
observatories [1]. The complicated acoustic 
propagation in ocean waveguide channels makes the 
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high rate communications between two node sensors 
become a hard task, mainly because of multipath 
propagation and Doppler distortion, often requiring 
equalization. Equalization often uses channel impulse 
response estimates from an initial set of probe 
symbols (training sequence) to reach by use of least 
squares based algorithm the filter coefficients that 
compensates time-frequency distortion imposed by 
the waveguide during a transmission, then mitigating 
ISI and improving communications performance. 
However classical algorithms for equalization, e.g., 
linear equalizers and decision feedback equalizers 
demand high complexity and sometimes are 
vulnerable to mathematical errors related to 
convergence, especially in case of long frame signals 
transmitted along shallow water waveguides. In this 
sense, passive time-reversal (pTR) processing 
described in next lines is an attractive choice given its 
low complexity and reasonable robustness, even 
though it yields lower accuracy (it is designed to find 
least signal-to-noise ratio, not reaching complete 
equalization), which is a drawback when compared to 
the earlier case.  

Any channel estimation technique must deal with 
frequency selective attenuation, time dispersion from 
multipath propagation and frequency dispersion due 
to Doppler Effect. Coherent signaling is required for 
high data throughput because of its improved 
bandwidth efficiency, a desired characteristic in the 
DAUC system design considering the bandwidth 
limitation imposed by the ocean channel. 
Additionally, one can note that conventional 
equalizers do not use acoustic physical parameters of 
the ocean channel, at least in a direct form. This is 
not specifically a design requirement, but at first look 
one could expect to explore more incisively those 
parameters, because they rule the physics of 
propagation in the channel. This work is part of an 
investigation to deploy adaptively the passive time 
reversal technique aiming to reach channel 
compensation in P2P wireless underwater 
communication using single-input-multiple-output 
(SIMO) structure. 

Passive time-reversal (pTR) – and its frequency 
domain version named passive phase conjugation 
(PPC) [2] – is inspired in active time-reversal (TR) 
which compensates the channel exploring the retro-
focusing propagation property of the wave equation 
in wave-guide. The TR concept was first 
demonstrated in underwater acoustics by [3]. In its 
passive version the processing can be performed 
synthetically, exploring spatial and temporal diversity 
of the acoustic channel by software setup. 
Nonetheless, the pTR equalizer requires to estimate 
the channel impulse response (CIR) which is usually 
obtained by an initial channel probe, being unable to 
track for channel variability along the data 
transmission. The ApTR is designed to overcome this 
problem through the employment of time-varying 
approach for filtering and channel modeling. Further, 
the environmental focusing method is discussed 
based on the possibility of use information from 

time-variant channel estimates and acoustic 
propagation modeling to perform cross-correlation 
between the observed channel and a carefully chosen 
data bank of replicas. The last could be built from 
model-based filtering that deploys distorted versions 
of the initial probe based on rules incorporated from 
the effects observed of distortion tests for acoustic 
propagation physical parameters. 

Section II describes the theoretical background 
for time-variant DAUC channel modelling. Section 
III presents the ApTR, including a preliminary test in 
simulated ocean waveguide channel, and discuss the 
environmental focusing method. Discussion and 
conclusion are presented in Section IV. 

 
 

2. Theoretical Background 
 
2.1. CIR Modelling for DAUC 

 
Acoustic propagation modeling in shallow water 

must considers occurrence of multiple paths, causing 
channel impulse responses characterized by delayed 
arrivals and generating ISI that imposes errors in 
demodulation. Additionally, realistic scenarios 
require to do assumptions about ocean dynamics and 
relative motion between source and receiver, since 
they cause time-frequency dispersion and demand for 
compensation of Doppler distortion. In time-invariant 
channel approach for DAUC, beam trace acoustic 
propagation model is the most adequate among other 
choices based in full field models because beam trace 
allows to range-dependency, have fast computation in 
high frequency regime and yields results with 
acceptable accuracy given the use of infinite-
frequency approximation from ray theory for the 
Helmholtz equation solution. Nonetheless, these 
models rely on the assumption of time-invariance, 
which goes against the fact that there are naturally 
temporal variations in ocean channel whose time 
scale can be quite significant in high frequency 
underwater acoustics and severely affect DAUC 
systems performance. Becomes important to employ 
a time-variant approach aiming to reach more 
realistic CIR modeling for channel compensation. 

The work of [4] presented the Time-Variable 
Acoustic Propagation Model (TVAPM) that can 
simulate underwater acoustic propagation in time-
variant channel using sequential runs of the Bellhop 
model [5]. The set of sequential runs of the ray model 
aims to build a matrix that provides information 
about the time-variant CIR and implements Doppler 
distortion to simulate the received signal. The 
fundamental assumptions to dynamic propagation 
simulations with TVAPM are: source and array can 
be placed anywhere in a three-dimensional box 
limited by specified bathymetry and by a pressure 
release surface which can include a wind-driven 
surface model (Jonswap spectrum model was used in 
this work); a transmitted signal is specified as input; 
linear velocities can be attributed to both source and 
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array and the corresponding positions are updated 
progressively along transmissions. This model was 
used in the present work to perform time-variant CIR 
simulations and link them to a coherent DAUC 
model containing the ApTR equalizer. Fig. 1 shows 
the Eigen rays structure of acoustic propagation in a 

simulated ocean waveguide computed by the Bellhop 
model for one run of a set of time-invariant runs 
computed along the TVAPM processing, therefore 
representing a snapshot observation of the time-
variant simulated channel.  

 

 
 

Fig. 1. Trace of Eigen rays in a static waveguide computed with time-invariant acoustic propagation model (Bellhop). 
 
 

Each sensor of the vertical array captures the 
transmitted signal convolved by channel impulse 
responses, yielding distorted signals whose distortion 
are ruled mainly by the boundaries conditions and 
sound speed profile in water column of the 
underwater waveguide. The channel impulse 
responses have beyond a main arrival, other delayed 
arrivals with specific amplitudes. Fig. 2 shows the 
delayed arrivals caused by multipath propagation as 
function of depth. 

 
 

 
 

Fig. 2. Color plot for impulse responses along depth 
characterized by delayed arrivals caused by  

multipath propagation. 
 
 

2.2. Doppler Distortion in Wave-guide 
 

The Doppler distorted signal can be computed for 
each path of the multipath propagation through the 

insertion of a compression factor
pβ . This factor 

performs compression/expansion in time and 
frequency shift in the signal (with 
compression/expansion in the corresponding 
spectrum). Fig. 3 shows the bi-static scattering 
geometry scenario [6], where the signal transmitted 
by a moving source ( T ) is reflected in a moving 
point of scatterer ( S ) and received in a moving 
receptor (T ). The velocity vectors for the transmitter, 
receiver and point scatterer are tv


, rv


and sv


 

respectively; ptn ,
ˆ  and prn ,

ˆ  are the unity vectors in 

direction of propagation of the transmitted and 
received waves, respectively, for each path. 

 
 

 
 

Fig. 3. Bi-static scattering geometry (full line and dash-dot 
line) and mono-static geometry (fine dot line). 

 
 

The time compression factor pβ  for a single path 

in the bi-static scattering geometry (paths 1 and 2) is 
given by [6]: 
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where c is the sound speed in water, symbol denotes 
dot product and pxx nv ,

ˆ⋅  represents the projection of a 

given velocity vector ( tv


, rv


or sv


) in the ray path 

direction. The same expression is valid to 
computations in mono-static geometry (path 0), just 
considering that sv


 is null and 0,

ˆ
rn  is equal to 0,

ˆ
tn . 

The compression factors ( 0β  for the direct path, 1β  
for the free surface reflected path and 2β  for the 

bottom reflected path) represent the compression (or 
dilation) suffered by the signal when travelling to the 
receiver through each path. 

Consider a transmitted band pass signal )(~ ts  with 

carrier angular frequency cω  and low-pass equivalent 

signal )(ts  containing the information bit sequence 

)(na  shaped by the pulse shape )(tp  sampled at the 

symbol interval sT , as follows 
 

)()()(})(Re{)(~
s

tj nTtpnatsetsts c −=⇔= ω  (2) 
 

The Doppler distorted band pass signal )(~ tsD is 

the sum of the distorted path signals, which consider 
the Doppler compressional factor pβ  in each path p  

to perform time compression/expansion and 
frequency shift 
 

 ++=
p
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pD
pcetsts }))1((Re{)(~ )1( βωβ  (3) 

 

Using baseband equivalent notation, the received 
noiseless signal for a single path can be represented 
as the convolution of the path distorted signal )(tsD  

with the single path impulse response )(νpg . 

Performing algebra manipulation, the time-variant 
channel impulse response in the thp −  path is given 

by [2] 
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with 
 

μμμ dthtsty pp )()()( −−=   (5) 

 
And in the thi −  hydrophone, the time-variant CIR is 
 

 −=
p

ipipi tthth )(),(),( ,, μδμμ  (6) 

 
The g -function (composed by path component 

functions
pg ) was numerically computed with the 

acoustic propagation model using Eigen rays search 

over the beam trace approach solution of the 
Helmholtz equation. However, in terms of illustrative 
compact representation only, it is straightforward to 
show bellow the compact solution reached by normal 
modes model for a simplified Pekeris waveguide 
[14], since it represents at some degree an analogous 
approach to reach an approximate solution for  
g-function (but with completely different 
methodology). The point is the advantage in 
represent approximately the physical process in a 
very compact form. The frequency domain solution is  
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where ω denotes angular frequency, r  is horizontal 
range, ρ  is water density, D  is depth, pa

 
is a modal 

amplitude, )1(
0H  is the Hankel function of first type, z  

is the receiver depth, sz is the source depth, zk  is the 

modal vertical wavenumber and rk is the modal 

horizontal wavenumber. Applying to Equation (7) the 
inverse Fourier transform yields an approximation of 
the time domain g -function for the Pekeris 

waveguide case, where its mode decomposition gives 
the 

pg sub-function corresponding to each path, as 

showed in Equation (4). 
 
 
3. APTR Processing 
 

The passive time-reversal technique performs for 
each channel the correlation between the reverse-
conjugated estimated CIR and the observed CIR. The 
sum over the channels will yield a function that 
allows for a straightforward performance analysis of 
pTR based equalizers. 

Considering a time-variant channel impulse 

response ),( μthi  and its estimate ),(ˆ μthi , where i  is 

the hydrophone index of a vertical line array, t  
denotes time and μ  denotes delay, the ),( μtQ -

function is the summation along the array of the 
cross-correlation function between the CIR and the 
corresponding estimate, as follows 

 

 −−=
i

ii dththtQ ννμνμ ),(ˆ),(ˆ),( *  (8) 

 
For the time-invariant case, since the CIR does 

not vary along time, the variable t  can be 
suppressed. Considering the usual assumptions of 
pTR, that the sensor array spans the most energetic 
area of the water column for the normal mode 
orthogonality  
to hold, 
 

),0(),0( μδμ =≅= ttQ  (9) 
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the pTR output signal is given by 

 
=

−==
L

i
i dtIQtztz

1

)()()()( μμμ , (10) 

 
where )(tI  contains the information data signal )(ta
and the auto-correlation of the pulse shape )(tp  used 

in the transmitted signal and the receiver, as follows 
 

 −= μμμ dtRatI )()()(  (11) 
 

and 

 −−= μμμ dtpptR )()()( *  

 

Since the passive time-reversal processing is 
completely done in the Q-function, Equation (10) 
represents (as well for the pTR case) the ApTR 
output signal. 

 
 

3.0.1. Static CIR and Conventional pTR 
 

Usually the conventional pTR obtains the 
estimated CIR by an initial probe. In static channel 
case, considering the usual assumptions of pTR, the 
Equation (8) have impulse-like shape and it is valid 
the Relation (9). 

 
 

3.0.2. Time-variant CIR and Conventional 
pTR 

 

For the time-variant case with pTR using initial 
channel estimate, the function ),( μtQ  becomes 

 

 −−=
i

ii dhhtQ ννμνμ )(ˆ),0(ˆ),( *  (12) 

 

and due to the ),(ˆ μthi variability there will be 

mismatch between the CIR and the corresponding 
estimate. It results that, as time goes by, the impulse-
like shape is lost and the ISI increases. 
 
 
3.0.3. Time-variant CIR and ApTR 

 
The ApTR, instead of estimating CIR only at the 

time of an initial probe, estimates the time-variant 
CIR along the data frame, making possible to 
maintain the impulse-like shape of the ),( μtQ -

function. In such conditions, the validity of Relation 
(9) is kept and ISI is mitigated.  

Under the ideal case, it is assumed that the 
estimated (simulated) time-variant CIR matches 
perfectly with the observed CIR. However, more 
realistic approach requires to estimate the time-
variant channel using a suitable method. This 
question is discussed in subsection 3.1. 

Fig. 4 shows the ApTR block diagram. The signal 
)(ts  containing the information sequence is 

transmitted through the time-variant channels, the 
received signals are ApTR filtered and the sum of the 
processed channels generates the output signal )(tz , 

over which the coherent demodulation yields the 
estimated message. 

 

 
 

Fig. 4 Time-variant ApTR block diagram. 
 
 

3.1. Environmental Focusing 
 

A well-known technique that employs acoustic 
propagation modeling is the matched field processing 
(MFP). It was firstly proposed by [7] and consists in 
cross-correlate replicas of acoustic pressure field 
from a propagation model with the observed field in a 
receiver array, aiming to estimate a specific set of 
physical parameters. Generally the searched 
parameters aim to solve three classes of problems: 
passive source localization, matched field inversion 
for geoacoustic parameters and ocean acoustic 
tomography (estimation of water column sound speed 
profile or the closely related ocean temperature field). 
Important benchmarking in MFP is found in [8-11]. 

The environmental focusing method for ApTR 
equalization is inspired in the focalization technique 
[12] often used in MFP for source localization. 
Focalization, which simultaneously focuses and 
localizes, eliminates the stringent requirement of 
accurate knowledge about the ocean-acoustic 
environment by including the environment in the 
parameter search space. The main idea of 
environmental focusing in DAUC is to create a data 
bank of carefully chosen CIR (search space) that are 
then used in correlation processing to reach the 
synthetic CIR with best acoustic fitness to the 
observed CIR and use it to update ApTR filters. 
Environmental-based modeling yields useful 
information about the channel that can be used to 
design filters that incorporate suitable range of 
distortion over the initial CIR probe. Therefore, the 
physics involved in acoustic propagation would 
contribute to build the search space, where a less 
rigid requirement for probe channel matching is 
achieved, causing improvement in SNR output. 

Channel tracking using a data bank strongly 
depends on how well channel variability effects are 
inserted in the search space. For instance, it is known 
that even small changes in source or receiver 
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positions cause corresponding changes in acoustic 
field that severely affect the demodulation of 
coherent DAUC signals, then the search space must 
contain replicas that contain such geometrical 
variability in a fine scale. Previous coarse knowledge 
about the local environmental/geometric parameters 
where the system is employed contributes to choose a 
suitable filter design, since acoustic propagation 
paths are quite dependent of the channel type, e.g., 
sound speed profile, water depth, boundaries 
conditions and source-receiver-surface positions. The 
influence of acoustic propagation physical parameters 
in high frequency regime must be investigated 
because its understanding strongly contributes to 
build a suitable search space. This method is being 
investigated and as part of this research the present 
work shows short results about the influence of the 
source range parameter for a waveguide with 
oscillating free surface. In future, with inclusion of 
information about effects of others significant 
parameters, reasonable results in realistic scenarios 
are expect to be found. However, it is still required 
detailed analysis of tests with sea trial data.  
 
 

3.2. Simulated CIR Test 
 

The following test shows the results from DAUC 
simulation using TVAPM to model time-variant CIR. 
Assumption of known simulated channels for feeding 
the corresponding ApTR filters is done, so that the 
ideal case is achieved (i.e., best possible match 
between estimated CIR and observed CIR is used). 
Even though no update through focusing method is 
done yet, the simulation results will show the 
Doppler compensation and equalization being 
performed by the ApTR.  

Fig. 5 shows the scenario used in this test.  
 
 

 
 

Fig. 5. Scenario used in the preliminary test with TVAPM 
integrated to the DAUC simulator. 

 
 

The moving source (a big circle-star marks the 
initial position) and static array (small circle) are 
positioned inside a tridimensional environmental-
based box with range-dependent bottom bathymetry 
and time-variant upper free surface. The upper 

surface is computed in TVAPM with a wind-driven 
model using Jonswap spectrum [4], where wind was 
set to direction 090 degrees and intensity sm/10 . 

The runs were done with the sound source active 
sensor developing velocities sm/0 , sm/4.0  and 

sm /1 . BPSK signals were transmitted with carrier 

frequency kHz10  at bit rate sbit /1000 . The data 

frame contained 1024 symbols. 
 
 

4. Discussion and Conclusion 
 

Results shows ApTR filters achieving 
compensation for Doppler Effect and equalization 
(this last limited by least SNR design inherent to pTR 
processors). Fig. 6 shows the received constellations 
after be processed by conventional pTR (first 
column), received constellations after be processed 
by ApTR (second column) and again the ApTR result 
but with rotation lock (third column). Each plotting 
line from top to bottom corresponds to the runs with 
source velocities sm/0 , sm/4.0  and sm /1 , 

respectively.  
In the case of pTR received signal constellation, 

symbol clouds expand themselves rotating in ring-
like form. This strong distortion is caused by Doppler 
Effect generated due to source motion along the 
transmission. In the case of ApTR processed received 
constellation the dense clouds clearly indicate the 
Doppler compensation and equalization. One can 
note in column 2  constellation rotation still 
occurring after ApTR processing, but for the symbol 
clouds as a whole. It is an effect from the cross-
correlation between Doppler distorted CIR. The 
explanation comes from substituting time-variant 
CIR given in Equation (4) and Equation (6) into the 
Q-function of the Equation (8) and performing the 
integral. One can note that the result contain a 
reminiscent phase factor (not showed), which causes 
the constellation clouds rotation. This was solved 
performing tracking of the constellation rotation 
angle using the short m-sequence probe that was 
previously inserted in the frames for time 
synchronization. The estimated constellation angle is 
then used to correct the rotation, yielding the results 
showed in column 3 . 

Concluding, the ApTR processor was proposed to 
perform equalization jointly to Doppler 
compensation, aiming to mitigate ISI and improve 
performance in coherent underwater acoustic 
communications links whose sensors are in SIMO 
configuration. Model based adaptive procedure is an 
attractive approach that requires a method to update 
the equalizer filters with time-variant CIR estimates. 
In this sense, the environmental focusing method was 
suggested for investigation, inspired in the low-
frequency matched field technique and exploring the 
understanding about the influence of acoustic 
propagation physical parameters through channel 
modeling. 
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Fig. 6. Constellations for moving source and wind-driven modelled surface. Column (a): pTR;  
Column (b): ApTR without constellation angle correction. Column (c): ApTR with constellation angle correction. 

 
 

Using suitable replicas set computed from 
information of realistic environment modeling, the 
estimates of time-variant CIR feed the corresponding 
ApTR filters. Results are expected to achieve in the 
future environmental-based equalization of 
underwater communications signaling. The 
corresponding DAUC performance improvement 
could benefit P2P communications or the link 
between two UAN nodes. 
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Abstract: In sensor network, collected data is error prone due to errors during sensors and transmission. 
Sometimes, the sensed data may appear to be erroneous due to large deviation from normal data distribution. 
Such data points termed as outliers may contain some important pattern. Outliers, if neglected as erroneous data, 
may result in failure to detect important phenomenon. Hence, it is necessary to not only detect such data points 
but analyze them further to establish the reason behind such data values. The presence of outliers may distort 
contained information. To ensure that the information is correctly extracted, it is necessary to identify the 
outliers and isolate them during knowledge extraction phase. In this paper, we propose a novel unsupervised 
algorithm for detecting outliers based on density by coupling two principles: first, kernel density estimation and 
second assigning an outlier score to each object. A new kernel function building a smoother version of density 
estimate is proposed. An outlier score is assigned to each object by comparing local density estimate of each 
object to its neighbors. The two steps provide a framework for outlier detection that can be easily applied to 
discover new or unusual types of outliers. Experiments performed on synthetic and real datasets suggest that the 
proposed approach can detect outliers precisely and achieve high recall rates which in turn demonstrate the 
potency of the proposed approach. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Kernel, Kernel density estimation, Mean integrated squared error, Outlier detection. 
 
 
 

1. Introduction 
 

Tremendous growths in wireless sensor network 
technology have enabled the decentralized 
processing of enormous data generated in network, 
scientific and environmental sensing applications at 
low communication and computational cost. 
Generated sensor data may pertain to physical 
phenomenon (like temperature, humidity, and 
ambient light), network traffic, spatiotemporal data 
about weather pattern, climate change or land cover 
pattern etc. Availability of vast amount of sensor 
data and imminent need for transforming such data 
into true knowledge or into useful information 
require continuous monitoring and analysis as they 
are highly sensitive to various error sources. True 

knowledge provides useful application-specific 
insight and gives access to interesting patterns in 
data; the discovered pattern can be used for 
applications such as fraud detection, intrusion 
detection, earth science etc. Sudden changes in the 
underlying pattern may represent rare events of 
interest or may be because of errors in the data. 
Outlier detection refers to detecting such abnormal 
patterns in the data.  

Several definitions have been proposed, but none 
of them is universally accepted because, the 
measures and definition of outliers vary widely. 
Barnett, et al. [1] defined outliers as “an observation 
or subset of observations which appears to be 
inconsistent with the remainder of that set of data”.  

http://www.sensorsportal.com/HTML/DIGEST/P_2676.htm
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Outliers may arise due to fraudulent behavior, 
human error, malfunctioning or injection in sensing 
devices, faults in computing system and 
uncontrolled environment. Outlier shows deviation 
from normal behavior. Declaration of outlier based 
on observed deviation in the values is a  
subjective judgement and may vary depending  
upon application.  

Several approaches for detecting outliers have 
been proposed [2-4]. Techniques for outlier 
detection can be classified as either statistical 
approach [5], distance based approaches, density 
based approaches, profiling methods, or model 
based approaches. In statistical approach, data points 
are first modeled using stochastic distribution, and 
then are labeled as outliers based on their fitness 
with the distribution model. An outlier score is 
assigned to each object based on their nearest 
neighbor distances by distance based outlier 
detection technique. In density based approach, an 
outlier score is computed by comparing the local 
density estimate of each object to the local density 
estimate of its neighbors, and the objects are flagged 
as outliers based on their outlier score. In profiling 
methods, different techniques of data mining are 
used to build profiles of normal behavior, and 
deviations from these underlying profiles are flagged 
as outliers. In model-based approaches, first, by 
using some predictive models, the normal behavior 
is characterized, and then the deviations from the 
normal behavior are flagged as outliers.  

In this paper, we propose an outlier detection 
algorithm combining statistical and the density 
based approaches. Our proposed approach uses 
kernel density estimators to approximate the data 
distribution and then computes the local density 
estimate of each data point, and thus detects 
potential outliers. Experiments performed on both 
synthetic and real data sets shows that the proposed 
approach can detect outliers precisely and achieve 
high recall rates, which in turn demonstrate the 
potency of the proposed approach. 

Rest of the paper is organized as follows: 
Section II describe the literature review of the work. 
Section III explains the kernel density estimators. 
Section IV presents the proposed work. Section V 
provides the discussion on results. Section VI 
concludes the work. 
 
 

2. Related Work 
 

Several Non-parametric estimators were 
presented in [6]. Histogram was the simplest non-
parametric estimator used for density estimation but 
generated density estimates were highly dependent 
on the starting point of bins.  

Sheng, et al. [7] introduced Outlier Detection in 
Wireless Sensor Network based on histogram 
method to detect distance based outliers. In the 
proposed method, to filter out unnecessary 
observations correspond to potential outlier the 

collected hints about data distribution are modeled 
as histogram. 

The problem associated with unsupervised 
outlier detection in WSN was addressed by Branch, 
et al. [8]. The proposed algorithm for outlier 
detection was generic evidenced by its suitability to 
various outlier detection heuristics and it does not 
require, for a data source, any prior assumption 
about global model.  

Kernel Density Estimators [9-10] were used as 
an alternative to histograms. KDE were superior in 
terms of accuracy and hence, had attracted a great 
deal of attention. A smoother version of density 
profile was constructed by kernel density estimator. 

Kernel density estimation was coupled with the 
various outlier detection methods in order to build a 
framework for detecting density based outliers and 
the resulted quality of density based outlier detection 
was improved. Outlier score is dependent on the 
choice of approach used to detect outliers.  

Breunig, et al. [11] introduced Local Outlier 
Factor (LOF) for detecting outliers in a 
multidimensional dataset. In the proposed scheme, 
local density estimate of each object were compared 
with average density estimate for MinPts-nearest 
neighbors. The resulted density ratio was referred as 
local outlier factor. Local outlier factor was 
computed in order to determine the physical location 
of each object in feature space. An object lied deep 
inside a cluster when its local outlier factor was 
approximately 1 whereas an object that got higher 
value of local outlier factor corresponds to low 
neighborhood density. An object with higher local 
outlier factor was flagged as an outlier. The 
proposed method was free from local density 
problem but dependent on the choice of MinPts. 

Local Outlier Correlation Integral (LOCI) [14] 
was based on the concept of multi-granularity 
deviation factor (MDEF) and dealt with both local 
density and multi-granularity successfully. The 
scheme had lower sensitivity to chosen parameters. 
The proposed scheme strictly relied on counts and 
needed to test arbitrary radii  . An automatic, 
data-dedicated cut-off was provided to determine 
whether a point is an outlier. In the proposed 
scheme, MDEF was computed for each data point in 
feature space. A data point with MDEF of 0 
signified that it got neighborhood density equal to 
average local neighborhood density whereas a data 
point with large MDEF was flagged as an outlier.  

Palpanas, et al. [13] propose a kernel-based 
technique for online identification of outliers in 
streaming sensor data. This technique requires not a 
priori known data distribution and uses kernel 
density estimator to approximate the underlying 
distribution of sensor data. Thus, each node can 
locally identify outliers if the values deviate 
significantly from the model of approximated data 
distribution. A value is considered as an outlier if the 
number of values being in its neighborhood is less 
than a user-specified threshold.  



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 97-106 

 99

This technique can also be extended to high-level 
nodes for identification of outlier in a more global 
perspective. The main problem of this technique is 
its high dependency on the defined threshold, while 
choice of an appropriate threshold is quite difficult 
and a single threshold may also not be suitable for 
outlier detection in multi-dimensional data. 
Furthermore, the technique does not consider 
maintaining the model while sensor data is 
frequently updated.  

Several approaches are used for detecting 
outliers using kernel density estimation. In all these 
schemes, the density estimate is constructed with 
previously available kernel functions [6]. Most of 
these works considered performance measure for 
outlier detection while ignoring accuracy of  
density estimate. 

Subramaniam, et al. [12] further extend the work 
of Palpanas, et al. [13] and solve the two previous 
problems of insufficiency of a single threshold for 
multi-dimensional data and maintaining the data 
model built by kernel density estimator. They 
propose two global outlier detection techniques for 
complex applications. One technique allows each 
node to locally identify outliers using the same 
technique as Palpanas, et al. [13] and then transmit 
the outliers to its corresponding parent to be checked 
until the sink eventually determines all global 
outliers. In the other technique, each node employs 
more robust technique called LOCI [14] to locally 
detect global outliers by having a copy of global 
estimator model obtained from the sink. 
Experimental results show that these techniques 
achieve high accuracy in terms of estimating data 
distribution and high detection rate while consuming 
low memory usage and message transmission. 
Problem with this technique is its inability to detect 
spatial outliers due to the fact that it does not 
consider the spatial correlations among neighboring 
sensor data. 

Bettencourt, et al. [15] presented a local outlier 
detection technique to identify errors and detect 
events in ecological applications of WSNs. This 
technique can distinguish between erroneous 
measurements and events by using the spatio-
temporal correlations of sensor data. Each node 
learns the statistical distribution of difference 
between its own measurements and each of its 
neighboring nodes, as well as between its current 
and previous measurements. A measurement is 
identified as anomalous if its value in the statistical 
significance test is less than a user-specified 
threshold. The scheme relies on the choice of the 
appropriate values of the threshold which is a  
major weakness. 

A variant of LOF was proposed by Latecki, et al. 
[16] combining the LOF and kernel density 
estimation in order to utilize the strength of both in 
density based outlier detection, which was referred 
as outlier detection with kernel density function. In 
this approach, first, a robust local density estimate 
was generated with kernel density estimator and 

then by comparing the local density estimate of each 
data point to the local density estimate of all of its 
neighbors, the outliers were detected. Local density 
factor (LDF) is computed for each data point in 
feature space and the data points with higher LDF 
values were flagged as outliers.  

Kriegel, et al. [17] proposed a method for local 
density based outlier detection referred as Local 
Outlier Probability (LoOP) which was more robust 
to the choice of MinPts. The proposed method 
combined the local density based outlier scoring 
with probability and statistics based methods. An 
outlier probability in the range of [0, 1] was assigned 
to each data point as outlier score signifying severity 
of outlierness. More specifically, higher the outlier 
score meant more severe a point to be declared  
as outlier. 

Most of the density based outlier detection 
methods were bounded to detect specific type of 
outliers. Schubert, et al. [18] proposed a general 
framework for density based outlier detection 
referred as KDEOS and could be adjusted to detect 
any specified types of density-based outliers. In 
KDEOS, the density estimation and the outlier 
detection steps were decoupled in order to maintain 
the strength of both.  

Quantification of outlierness was first introduced 
by Breunig, et al. [11]. In the proposed method, user 
was asked to specify the value of parameter, MinPts  

correspond to neighborhood size of an object 
i

x  

explicitly, used for estimating local density.  
Local Outlier Factor (LOF) was implemented by 

using three steps described below: 
 

Step 1: Neighborhood Construction - To 

construct neighborhood, first, borderd  of an object 

ix  corresponding to neighborhood border distance 

was defined and computed using: 
 

    , , ,
border i i i

d x MinPts dist x NN x MinPts , (1) 
 

where  ,
i

NN x MinPts refers to thMinPts  nearest 

neighbor of ix . Fig. 1 shows the neighborhood of an 

object ix  containing six objects i.e. 

   , 6 , , , , ,
i a b c d e f

N x x x x x x x . 

Neighborhood  ,
i

N x MinPts  of object ix  

comprised of all objects jx  was constructed using: 

 
      

,

\ | , ,

i

j train i i j border i

N x MinPts

x D x dist x x d x MinPts



 
 

 

Step 2: Neighborhood Density Estimation - For 
estimating neighborhood density the concept of 
reachability distance was introduced,  
computed using: 



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 97-106 

 100 

      , , max , , ,
reach i j border j j i

d x x MinPts d x MinPts dist x x

Neighborhood density   of an object ix
 
was 

dependent on two important parameters, 

viz.  ,
i

N x MinPts , 
reach

d  and computed using: 
 

   
 

 ,

,
,

, ,
j i

i

i

reach i j

x N x MinPts

N x MinPts
x MinPts

d x x MinPts







 

 
 

 
 

Fig. 1. Neighborhood construction of an object xi. 
 
 

Step 3: Neighborhood Density Comparison - In 
this step, local density estimate of each object were 
compared with average density estimate for MinPts-
nearest neighbors. The resulted density ratio was 
referred as local outlier factor (LOF) and  
computed using: 

 

 
 

 

   
,

,

,
, . ,

j i

j

x N x MinPts

i

i i

x MinPts

LOF x MinPts
x MinPts N x MinPts









 

 

Local outlier factor was computed in order to 
determine the physical location of each object in 
feature space. An object lied deep inside a cluster 
when its local outlier factor was approximately 1 
whereas an object that got higher value of local 
outlier factor corresponds to low neighborhood 
density. An object with higher local outlier factor 
was flagged as an outlier. It was free from  
local density problem but dependent on the choice  
of MinPts . 

In this paper, we propose a kernel function 
named SGR that can further improve the accuracy of 

the density estimate quantified by Mean Integrated 
Squared Error (MISE), and then incorporate these 
density estimates in the computation of outlier score 
in order to improve the efficiency of outlier 
detection method. 

 
 

3. Kernel Density Estimator 
 

Kernel density estimators belong to non-
parametric [6] class of density estimators. The non-
parametric estimators incorporate all data points to 
reach an estimate. Kernel estimator smooths 
contribution of each data point in density estimates. 
Kernel density estimators place a kernel K on each 

data point xi  in the sample. Let, x1, x2,…,xn be the 

sample of size n  and dimensionality dim which are 
identically and independently distributed according 
to some unknown density ( )f x . Expected density 

estimate  f̂ x
 
is the convolution of true unknown 

density ( )f x with kernel K  is computed as follows: 
 

 
   

1 1
ˆ

dim1

x xn i
f x K

in h xih xi





 
 
 

, (2) 

 

where K  is the non-negative, real-valued kernel 
function of order- p  (degree of polynomial), and 

( )h xi  is the bandwidth applied at each data 

point ix . 

A univariate kernel function K  of order-2 must 
satisfy the requirements of  

1) Unit area under the curve; 
2) Symmetry; 
3) Zero odd moments;  
4) Finite even moments.  
Quality of estimated density is determined by the 

choice of both the smoothing parameter and the 
kernel. A kernel may exhibit either finite or infinite 
support. A kernel with finite support is considered  
as optimal.  

There are various ways to quantify the accuracy 
of a density estimator. We will focus here on the 
mean squared error (MSE) and its two components, 
namely bias and standard error (or variance). We 

note that the MSE of  f̂ x is a function of the 

argument x:  
 

       
          
            

            
            

2

2

2

2

2 2

ˆ ˆ

ˆ ˆ ˆ

ˆ ˆ ˆ ˆ2

ˆ ˆ

ˆ ˆ ˆ

MSE f x E f x f x

E f x E f x E f x f x

E f x E f x E f x E f x

E f x f x E E f x f x

E f x E f x E f x f x
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By using the definition of bias and variance, 
 

        

       

2

4 2

2

ˆ ˆ ˆvar

1 1
''

4

MSE f x f x Bias f x

h K f x R K f x
nh



  

  ,
 

 

where    2

2
K u K u du    is the second 

moment and    2R K K u du  roughness 

respectively of  K u . Above equation suggests that 

Mean Squared Error (MSE) is the sum over variance 
and squared bias. 

Mean Integrated Squared Error (MISE) is the 

global measure of accuracy of  f̂ x . It is computed 

by integrating MSE  with respect to x . 
 

     

        
       

        

4 2

2

4 2

2

4 2

2

1 1
''

4

1 1
''

4

1 1
ˆ

4

ˆ ˆ .

h K f x R K f x dx
nh

h K f x dx R K f x dx
nh

MISE f x h K f R K
nh

MISE f x MSE f x dx





 

 

 

  





 



,
 

 

where    2
''f f x dx   . 

 
 

3.1. Bandwidth Selection 
 
3.1.1. Optimal Bandwidth 
 

Optimal bandwidth hopt is computed by 
minimizing MISE i.e. differentiating MISE  with 

respect to h  and setting it equal to zero. 
 

       

     
     

 
   

3 2

2 2

5 2

2

5 2

2

5

2

2

1ˆ 0

0

d
MISE f h K f R K

dh nh

nh K f R K

nh K f R K

R K
h

n K f

 

 

 

 

  

  

 

 
 

   
 

1/52

2

opt

R K K
h h

n f







  
 
 
   

(3) 

 
We note that hopt depends on the sample size, n, 

and the kernel, K. However, it also depends on the 
unknown pdf,  f, through the functional β(f ). Thus 
as it stands Expression (1) is not applicable in 
practice. However, the “plug–in” estimator of hopt, 
discussed next, is simply Expression (1) with β(f) 
replaced by an estimator. 

3.1.2. Plug-in Bandwidth  
 

By putting   4
f   in Equation (1), 

    1/52

2

4

plug in

R K K
h

n









 
 
 

 

Since,   4

4
E f x  , 

natural estimator for 
4

  is, 

 

   

 
   

4 4

1

2

1

1 ˆˆ

1 !

2 2 !

n

i

i

r

rr

g f x
n

r

r




 











 (4) 

 
 

3.2. Optimal MISE 
 

Substituting Equation (1) for h in Equation (2), 
 

        1/52 4 4/5

2

5ˆ
4

.
opt

MISE f K R K f n   (5) 

 

In other words, 
1/ 52 4

2
( ) ( )MISE K R K    , 

where 
2

(K) K (u)R du   is the roughness, 

K
2

(K) (u)2 u du    is second moment of K(u) and 

''f  is second derivative of f.  
 
 

4. Proposed Work 
 
4.1. Kernel Function 
 

We propose a kernel function SGR of order-2  
as follows: 
 

 1 2
5 4 5 / 4,

2.374
forK u uSGR h


    (6) 

 
It satisfies all the requirements of being a kernel 

function which are described below: 
1) Area under Curve 

 

   5/4 1 2
5 4

5/4 2.374

5/4
1 5 2 4

0
2.374 2 4 5/4

4

uK u du u u du

u u





  


  


 
    

 

 

2) Symmetry 
 

   K u K u    
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3) Odd Moment 
 

   5/4 1 2
. 5 4

5/4 2.374

5/43
4

5 1
2.374 3 0

1

duK u du u

u
u





  


  
 
    

 

 
4) Even Vovent 
 

   5/41 2 2
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5/42.374

5/4
1 3 5
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5 4
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5) Roughness 
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2 5/4
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2.374 5 3 0
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4.2. Outlier Detection 
 

Outlier detection using kernel density estimation 
involves two principled and clear steps, which are 
described as follows: 

Step 1: Density Estimation - In this step, the 
density estimate is constructed with a non-
parametric estimator which is superior in terms of 
accuracy is the kernel. The kernel function is taken 
as an input parameter to the algorithm. We will use 
our proposed kernel function of bandwidth h  and 
dimensionality d  for density estimation: 
 

2
1

5 4, 2
2.374

u
K proposed h d

h h
 

 
 
   

(7) 

 

The balloon estimator [8] is: 
 

1
( ) ( )., ( )KDE o K o pballoon h h opn

   (8) 

 

In our approach, we will use balloon estimator 
for constructing the density estimates because it 
optimizes MISE  pointwise [20]. The smoothing 
parameter applied to the data controls the 
smoothness of the constructed density estimate.  

 
A nearest-neighbor distance [21] is a classic 

approach to calculate local kernel bandwidth. 
Sheather and Jones [22] proposed a data-driven 
procedure for selecting the kernel bandwidths 
known as “plug-in bandwidth estimator”. To prevent 
from division by 0 we 

use ( ) min{ ( , ), }h o mean d p op kNN   . 

Selection of parameter k  is non-trivial. In our 
proposed scheme, instead of choosing a single value 

of k  a range of ...... maxmink k k is employed that 

produces a series of density estimate, one for each k . 
The proposed scheme is elegant, computationally 
efficient, and produces stable and reliable results. 
Step 2: Density Comparison - In this step, the local 
density estimate of each object o  is compared to the 
local density estimate of all of its nearest neighbors 

( )p kNN o . Let,   be the local density estimate 

and ( , )N o k  be the number of objects in the k -

neighborhood of object o . The resulted density ratio 

Algorithm 
DScore: = 2-dimensional matrix of density 

estimates, 
max

o k
 

aveLOF : = Average value of local outlier factor 
// Kernel Density Estimation 
for each object o  

Compute: 
max max

:NN k NearestNeighbors   

for each k  in 
min max

...k k do  

Compute kernel bandwidth 

  : ,h mean d p o  

 p k NearestNeighbor o    

If : 0h  , then: 
 
 : compute using plug-in bandwidth estimator.h   

Else 
:h h  

End of If Structure 

for each neighbor p  in  max
1;NN k  

do 
  Compute Euclidean distance 

 : ,u d o p  

  

        : ,Dscore o k Dscore o k K u h   
end 

end 
end 
 
// Density Comparison: 

1. For each object ,o compute LOF value for 

each value of k  in min max...k k
 
 

2. Compute aveLOF for each object ,o by taking 
average of LOF values over the specified 
range  
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which is referred as Local Outlier Factor (LOF) is 
computed using:  
 

( )
( )( )

( )
( , )

p
op kNN o

LOF o
N o k







  (9) 

 
An LOF value corresponding to each value of k  

in min max...k k is computed and then mean of LOFs 

is taken over the range in order to produce more 
stabilized LOF value for each object o . Z score  is 
utilized to standardize the outlier scores and objects 
with 3Z score  are declared outliers. 

 
 

5. Results 
 
5.1. Kernel Density Estimator 

 

Table 1 shows statistics and comparison of our 
proposed kernel against various previously  
available kernel functions. Our proposed kernel 
function has minimum MISE . The value of 
efficiency is relative efficiency computed using 

    ˆ ˆusing using MISE f K MISE f K
opt proposed opt

.  

For example, the efficiency of Gaussian kernel is 

approximately 96 %. That is the  ˆMISE fopt  

obtained using proposed kernel function with 

96n   is approximately equal to the  ˆMISE fopt  

obtained using a Gaussian kernel function  
with 100n  .  

 
 

Table 1. Statistics and Comparison  
of Various Kernel Functions 

 

Kernels  R K   2 K
 

MISE 
Effi-

ciency 
SGR 0.5365 0.2499 0.34894 1 
Rohit 2015 
[24] 

0.4899 0.2999 0.34904 0.9986 

Epanechnikovv 3 5  1 5  0.34908 0.9995 

Biweight 5 7  1 7  0.35079 0.9947 

Triangular 2 3  1 6  0.35307 0.9883 

Gaussian 12   1  0.36341 0.9601 

Box 1 2  1 3  0.37010 0.9428 

 
 

Fig. 2 and Fig. 3 show the variation of statistical 
properties of Rohit2015 and the proposed KDE-SGR 
with bandwidth. Bias and variance, the two 
subcomponents of prediction errors are unable to 
give appropriate understanding about prediction 
model behavior as there is always a tradeoff between 
bias and variance. So, instead of relying on specific 

decomposition (viz. bias and variance) we relied on 
overall error that takes into account both the sources 
of error i.e. error due to bias and variance [6]. The 
optimal point drew in Fig. 2 refers to the optimal 

bandwidth hopt  at which the overall error  

is minimized. 
 
 

 

 
 

Fig. 2. Analysis of statistical properties (Rohit2015). 
 
 

 
 

Fig. 3. Analysis of statistical properties –SGR. 
 
 

Fig. 4 reflects the bias effects for a kernel  
density estimate. 

 
 

 
 

Fig. 4. Visualization of bias effects. 
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5.2. Kernel Density Estimation  
and Outlier Detection 

 

Datasets: To evaluate the proposed kernel and 
outlier detection method, experiments were carried 
out on real as well as synthetic datasets. In our 
experiments, we used two real datasets. The first 
dataset contains the data about eruptions of old 
faithful geyser taken from Weisberg (1980) and the 
second datasets contains the data about temperature, 
humidity, light, and voltage collected between 
February 28th and April 5th, 2004 from 54 Mica2Dot 
motes deployed in the Intel Berkeley Research  
Lab [23]. 

Evaluation of Outlier Detection Technique: We 
have applied the kernel density estimation step to 
approximate the density at various kernel points. 
Fig. 5 and Fig. 6 show the density estimate 
constructed from the observations of eruptions of 
old faithful geyser and Intel lab data.  

 
 

 
 

Fig. 5. Density estimate constructed  
from old faithful geyser data h=0.25. 

 
 

 
 

Fig. 6. Density estimate constructed  
from Intel Lab data h=0.25. 

 
 

These density estimates are incorporated in 
outlier detection method to calculate Local Outlier 
Factor (LOF) of each data point present in the 
particular dataset. Computed LOF values will 
expose the indices of potential outliers. We have 
also applied both of these steps to the synthetic 

datasets and have evaluated the impact of 
k values on LOF. Fig. 6 shows the impact of 
k value  on Local Outlier Factor (LOF). It 
demonstrates a simple scenario where the data 
objects belong to a Gaussian cluster i.e. all the data 
objects within a cluster follows a Gaussian 
distribution. For each k value  ranging from 3 to 
100, the mean, minimum and maximum LOF values 
are drawn. It can be observed that, with 
increasing k value , the LOF neither increases nor 
decreases monotonically. For example, as shown in 
Fig. 5, the maximum LOF value is fluctuating as 
k value  increases continuously and eventually 
stabilizes to some value showing that a single value 
of k  is inefficient to produce a more accurate LOF 
value. So, mean of LOFs is taken over the range of 

...... maxmink k k  in order to produce more 

stabilized LOF values. These are shown in Fig. 7. 
 
 

 
 

Fig. 7. Fluctuation of outlier factors  
within a Gaussian cluster. 

 
 

In Fig. 8, we present the effect of number of 
neighbour on the value of LOF. It is clear that value 
of LOF is dependent upon the number of neighbour. 
This establishes that single value of MinPts is 
inappropriate in identifying outliers. The figure also 
shows comparative performance of three kernel 
functions. It is clear that our new SGR is superior in 
terms of assigning outlierness scores in comparison 
to the earlier kernels.  
 
 

 
 

Fig. 8. Variation of LOF with different kernels. 
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Fig. 9 presents the temperature data containing 
3024 points. In Fig. 10, the values of Z-score are 
presented using histogram. Total 9 values of Z-score 
have absolute value greater than or equal to 3. The 
scatter diagram also shows these points, which are 
clearly distinguishable from rest of the data points. 
This proves that our scheme identifies the  
outliers correctly. 

 
 

 
 

Fig. 9. Data plot Intel Lab Data. 
 
 

 
 

Fig. 10. Z-Score for Intel Lab Data. 
 
 

6. Conclusions 
 

In this paper, a new symmetric and 
computationally efficient kernel named SGR of 
order-2 with lower MISE than the previously 
available kernels has been proposed. The simulation 
results on the datasets produced a more accurate 
density estimate. An outlier detection method is also 
proposed. The proposed algorithm uses our 
proposed kernel function to construct density 
estimates. The detection method has two completely 
decoupled steps. In the first step, density estimates 
are computed using SGR. The detection is carried 
out based on local density estimates in the second 
step. This preserves the strength of both the 
methods. Finally, a point is declared an outlier based 
on the Z-score. This makes the frame adjustable to 
any application-specific environment. Experiments 
performed on both real and synthetic datasets 
indicate that the proposed techniques can detect 
outliers efficiently. Comparison with the known 
kernels suggests that SGR is superior in assigning 

outlier scores. In future, we propose to estimate the 
suitability of SGR for multi-dimensional and 
multivariate datasets. 
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1. Introduction 

 

Certain amount of controlled parameters are 
compulsory measured during operation of any Cyber-
Physical System (hereinafter CPS). Hereby, 
measuring circle traditionally consists of sensors, 
connection lines (CL), channels commutator, scale 
and ADC devices. Modern tendency of multiplex 
smart measuring systems (MSMSs) design is 
aspiration to unification based on the transformation 
of any physical signals into electric one [1-2]. They 
have well known advantages in transferring, 
transformation, storing, registration etc. The direct 
current voltage is mainly used for precise ADC 

construction among all variety of electric signals  
[3-4]. The most sensors output signals are of low 
level that leads to significant impact of the measuring 
circuit error additive component (EAC) (Fig. 1). This 
EAC is determined by residual parameters of CL, 
channels commutator, equivalent offset voltages and 
input currents and their drift of scale analog block 
and ADC [1-2, 5]. 

The task of multichannel measuring of low-level 
signals in the interchannel interference affect 
conditions and necessity to assurance of spark- and 
explosion safety demands is of particular importance, 
especially in oil and gas, energy and chemical 
industries [13-23]. 

http://www.sensorsportal.com/HTML/DIGEST/P_2677.htm

http://www.sensorsportal.com
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Fig. 1. Equivalent scheme of multichannel instruments for both self-generating and modulating sensors: KMT is a channel 
commutator; SEDB is an antispark and explosion damage barriers; SAB is a scale analog block; IB is an isolation block; BM 
is a block of measure; KNT is an instrument controller. 
 
 

When isolating amplifiers are used for this 
purpose it results in not only substantial cost increase 
of the whole measuring circuit, but also it needs to 
correct errors in every measuring channel. 
Sometimes isolating amplifiers have not sufficient 
insulation rating for some important fields. It often 
demands to apply SEDBs in every measuring 
channel providing requirements of safety. It is 
necessary to emphasize that multichannel 
thermoelectric thermometers are complexity build 
because their prolonged lines are produced from 
expensive materials and it needs to provide automatic 
correcting the thermoelectric transducers cold 
junction temperature of every measuring channels 
[13-17].  

In modern interpretation, measurement is consi-
dered as integral process of measurement information 
acquirement from object and further conversion to its 
processing, storing, transferring and usage trying to 
make retroaction at controlled technological  
objects [1, 5, 24].  

Nowadays information measuring systems are 
usually built on high-level integrated electronic 
devices and the information technologies usage. As 
result, they became dispersed and their  
traditional calibration methods and devices lose  
sense [1, 5, 18-23].  

Hence, it is reasonable to consider  
possibilities of smart electric devices to perform 
functions of automatic operative checking of CPS 
measuring circuits. 

 
 

2. Shortcomings 
 

There are many low-cost variable measuring 
instruments and transducers in the modern market. It 

significantly complicates the problem of their choice 
for some measuring tasks for CPS designing  
[3-5, 17, 18]. Simultaneously EAC automatic 
correction is one of the principal problems, which 
has usually the biggest weight among all other 
components of the error. This error value will depend 
considerably on the sensor type and measuring 
circuit configuration (Fig. 1). It can substantially 
change if the operation conditions of measuring 
device changed. To decrease this error various 
correction methods are used nowadays [1, 6-12]. 
Apparently, parameters of up-to-date intelligent ADC 
and DAC largely determine metrological properties 
of CPS.  

If need measuring parameters of spark and 
explosive dangerous objects it is generally applicable 
isolated devices that have relatively not high precise 
(about some percent units) but high cost and need to 
use qualitative isolated block power supply units for 
every measuring channels. At the same time, every 
measuring channel is certainly ensured by automatic 
correction EAC means that increases its complexity 
and cost. MSMS’s spark dangerous or explosion 
safety is provided by SEDB located in every 
measuring channel (Fig. 1). It can lead the EAC 
value increasing by SEDB residual parameters and 
SAB input currents impact. Obviously when 
application the sealed contacts relay commutators, 
can provide the largest electric isolation rating. 
However, they are inherent in high and unstable 
residual voltage in operation conditions, which 
directly determined by EAC MSMS [3, 4, 13-16].  

The principle disadvantage of known methods 
and instruments of MSMS developing is practical 
impossibility of their auto calibration in the operation 
places through impact of residual parameters of CL, 
SEDB and channels commutator.  
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The error additive component value of 
multichannel instruments determined by residual 
voltages of input measuring circuit and by the 
leakage currents of whole input electronic keys. So 
one of main urgent purpose of measuring instruments 
is developing the corrective self-calibration circuit. It 
enables to provide certain instruments metrological 
reliability, carry out operative check of processes 
running and ensure in operation conditions the 
verification of instruments as CPS-components. 

If physical values sensors and measuring 
transducers (MTs) become widespread [1-2] an 
urgent task becomes the metrological providing 
optimization issue of such dispersed measuring 
systems. Considering modern trends of quality 
improvement, cost decreasing and relatively rapid 
obsolescence of electronic chips it can be possible to 
reach preset metrological reliability of MT for whole 
operation time. So try to minimize the EAC value, to 
the level less than one of least significant digit of 
CPS measurement reading. Regardless of their 
precision must be achieved adequate traceability  
[12-17]. In practice, the traceabilities in modern 
measuring systems are not principally ensured which 
required by normative documents through substantial 
labor intensity of metrological procedures [24-26]. 

 
 

3. Goal of the Work 
 

The goal of paper is ascertainment of guidance to 
define boundary capabilities of the error additive 
component elimination of measuring instruments 
(devices, channels) at modeling stage.  
 
 

4. Additive Error Auto Correction  
 

Main principles of metrological assurance of MT 
development, production, testing and operation are 
regulated by number of standards. They determine 
general demands for measuring processes, devices, 
order of their usage and competence of testing and 
calibrating laboratories [24-26]. The basis of 
foregoing assurance is mathematical model of 
measuring instrument conversion functions and 
errors analysis at operating conditions. To correct 
errors the general and special measuring techniques 
are developed [5, 27].  

 
 

4.1. Mathematical Model of Error 
 

Generally, the error value ),,,( tQX 


  depends 

on the quantity X of input informative signal. For its 
analysis, it is convenient to develop multinomial 
model [5, 28, 29]: 
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where (.)0x , Xsx(.) , 2(.) Xx  are the additive, 

multiplicative and nonlinear error components 

respectively, and (.)x , (.)(.)(.)
0

xxx    
are the systematic and random error  
components respectively. 

In general coefficients x0 , sx , x  are random 

values or processes dependent on vectors of Q


 para-

meters of the measuring circuit and 


 errors factors, 

and they are independent of informative parameter X. 
Error systematic components always distort the 
measuring results. Therefore their establishment for 
amendments introduction seems to be one of major 
metrological problems. Unfortunately, universal 
method of systematic errors adjustment is not elabo-
rated to a specified degree due to a number of 
methods, instruments and operating conditions  
[5, 27-29]. Systematic errors are considered expelled 
if they or sum of their non-expelled residue values 
don’t exceed the half of the decimal digit unit which 
has one least significant figure of allowed error al  

of measuring result [5, 28, 29]. Forecasting of errors 
time drift demands conducting of complex research 
in operation conditions of particular measuring 
instruments and is not realized practically.  

On the basis of (1) error systemic component 
leads to biased estimate of uncertainty area of result. 
At general methods applying try to avoid errors 
and/or to decrease their impact on obtained result. 
Special methods conjugates with the certain 
measuring algorithm, and their joint action can be 
implemented particularly depending on measuring 
realization [5, 27]. Methods of valid errors impact 
decreasing are widely applicable in measuring 
equipment, so it is reasonable to reveal the ways of 
measuring instruments quality ensuring. One of them 
is statistic minimization that consists in random 
errors impact decreasing and is widely utilized in 
transducer design [5, 27-29].  

Errors auto correction with spatial separation of 
measuring channels and channels of correction is 
based on the measurement invariance principle and 
has to cover as many additional channels of 
correction as the number of destabilizing factors 
exists [5, 27]. However, this method is effective only 
at impact decreasing of mentioned factors. Moreover, 
it is compulsory to know dependence of MT errors 
on these factors and, ultimately, to appreciate of their 
impact actions on the certain (additional) units. 

 
 

4.2. Limiting Capabilities Analysis of 
Systematic Errors Correction Methods 

 

Let consider limiting capabilities of auto 
correction methods if correction and measuring 
channels are inherent in time division that is simplest 
in realization. In practice, MT’s conversion function 
is submitted as:  
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xSxHx XKKXy 00 )1(   , (2) 
 

where xSx 0,    is the multiplicative error (ME) 

coefficient and EAC MT respectively, X is the 
measuring value, K, KH are the MT’s conversion 
coefficient and their nominal value respectively. 

Iterative method is apparently attractive due to its 
realization simplicity. Correction algorithm consists 
in step-by-step specification of the MT output signal 
yi with help of precise inverse transducer DAC  
[5, 27]. The first corrected value of the conversion 
result yi is given with consideration of members of 
second infinitesimal order: 
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where RХ, RK1, RLZ are the measuring source internal 
resistance, closed key S1 resistance of input switch 
and CL resistance respectively, IB1, ІС1 are source and 
drain electrodes inverse current of S1 key, ІB2 is 
source electrode inverse current of input S2 key, ІXZ is 
MT input current, IB123=IB1+IB2+IB3, IB12=IB12+IB12, 
RK2, RSM are closed key S2 resistance of input switch 
and DAC output resistance respectively, IC2 is drain 
electrode inverse current of input switch S2 key, XМ, 
yi are DAC and MT output signal respectively, 

 112M  M 2 , )( 1123101 SMKBXCx RRIRI  , 

))(( 212202 KSMSZBSMCx RRІІRI  , МSM ,  

are DAC’s ME coefficient and EAC respectively, yi 
is calculating block output signal for step і iteration. 

Analysis of (3) shows just after the first iteration, 
the measuring result error is practically determined 
by DAC errors. Furthermore, it is noticed the impact 
influence of EAC 12  difference, which is specified 

by configuration change of the MT input measuring 
circuit, and this configuration’s value can exceed 
EAC value of the DAC precision. If the DAC error is 
significantly less than MT error then at the first 
iteration the measuring result code doesn’t depend on 
ME MT   )1()1( 12

2
2 SМMHSМSМH KXKy   . 

Practically it eliminates the need for following 
specification of measuring results, and EAC remains 
unchanged comparing with the first iteration result. 

The realization simplicity of reference measures 
method promoted to its dissemination at ADC and 
electric measuring instruments auto calibration. If the 
transform function is described by (2), and dimension 
of the certain measures is equal to zero then the 
measuring result appears in three cycles at alternate 
measuring of signal X, zero signal and standard 
measure Х0. It is defined from the system of three 
equations with three unknown quantities Х, a ,  

Sx  [5, 27]: 
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where xKxSZBxC RRІIRI 0112311 ))((   is the 

EAC for measuring signal X, ІС1, ІВ1, ІС2, ІВ2, ІС3, ІВ3 
are the drain and source electrodes inverse current of 
S1, S2, S3 key of input switch respectively, 

 01202 RICx ))(( 201123 KSZB RRІI   is the 

EAC for measuring zero signal, 

321123 BBBB ІІII  , RK1, RK2, RK3 are the resistance 

of closed key S1, S2, S3; Rx, R01, R0 are the internal 
resistance of measuring signals circuit X, zero and 
measure X0 respectively, 

 ))(( 301233 KSZB RRІI  030 RICx   is the 

EAC for measurement signal of reference measure 
X0.  

The value of measured quantity X is determined 
from the system (4): 
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where 2112 KKK RRR  , 2332 KKK RRR  ,  

12   )()()( 12312010121 SZBKxCxC ІIRRRRIRI    
is the EAC difference for the first and the second 
measuring cycles, 

  )()()( 123320100120332 SZBKCC ІIRRRRIRI   is a 

difference for the third and the second measuring 
cycles. 

Expression (5) analysis shows that uncorrected 
AEC 12  and ME 032 XX  values at similar 

conditions, is determined by difference of internal 
resistances of measured Rx and reference signals R01, 
R0, and by residual parameters of input commutator. 
In practice, the resistance Rx of measuring signal 
source can change from zero to several hundred 
Ohm. For multipurpose commutative elements of 
parameters values ІСі≈ІВі=10 nA, ∆ІСі≈∆ІВі=1 nA, 
RКі≤50 Ohm; ∆RКі≤5 Ohm, in the normal operation 
conditions and under circumstance Rх≤200 Ohm, 
R0≤18 Ohm, R01≤100 Ohm the uncorrected error 
value caused by keys residual parameters can  
reach ±10 μV.  

For electronic commutators at temperatures close 
to high operation limit the change of error drops to 
few tens of microvolt when our practical 
investigations are implemented. So even when MT 
parameters and reference measures values are 
invariable at the correction process duration, the 
uncorrected error value compared to the reference 
measures method depends significantly on difference 
of signals sources resistance of measured and 
correction channels, and it sufficiently changes with 
temperature while operating. 

If test methods implements it is need several 
measuring cycles, which signals are formed without 
cutoff of measured quantity. It enables to conduct 
measurement not losing the obtained information  
[5, 27]. While measuring electrical quantities and 
realizing the additive and multiplicative tests  
(at considering the residual parameters of 
commutative elements and AEC of multiplicative test 
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formation block (MTFB), the measuring result is 
received in four steps. These results in each of four 
steps y1, y2, y3, y4 are saved: 
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where Δ1, Δ2, Δ3, Δ4 are the MT EAC summarized to 
their input values for every of four cycles. Under 
results processing of these conversions the measuring 
result is described by: 
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where )()( 13244231  ,  100  mKXX E ,

1331  , ІС11, ІС12, ІС2, ІС3, ІВ11, ІВ12, ІВ2, ІВ3 are 

drain and source electrodes inverse current of input 
keys respectively, Δm is MTFB EAC, Іsz is MT 
inverse current, Rx, R0, RК11, RК12, RК2, RК3 are 
respective resistance of measuring source signal, 
additive test formation block and input switch  
closed keys. 

As analysis of (7) clarifies the non-corrected EAC 
value is mainly determined by the source resistances 
of measured signal and connecting wires Rx and by 
the reverse currents of input commutator. 
Furthermore, the mentioned test signals method 
compared to the reference measures method makes 
impossible to reduce the errors. Then it needs to 
provide the wider dynamic measuring range for 
concluding about limited usage of test methods.  

There are modern not expensive processors and 
other digital integrated circuits, therefore algorithm 
methods of improved precision are attractive. These 
methods consist in multi-stage conversion of 
algebraic sum of measured and one or more standard 
quantities. While linear approximating MT 
transforms function for ideal commutative elements, 
nominal measuring equitation is given as the certain 
conversion code relation. This relation is equal to 
dividing part of differences of conversion codes in 
the first and third N1-N3 steps and in the first and 
second N1-N2 steps, where N1, N2, N3 are results 
conversion codes obtained correspondingly for such 
algebraic values of the input quantity Х+Х0, Х-Х0, Х0-
Х [5, 27]. The measuring result error is determined 
only by changing the reference voltage values [5, 27] 
and residual parameters of commutative elements: 
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where Δ1, Δ2, Δ3 EAC which added up at MT input 
on the first, second and third measuring conversion 

cycles respectively, 15141312111   

  1131311 kВC RII  ,   2242412 kВC RII  ,   5575713 kВC RII  , 

  6686814 kВC RII  ,  0652115 RRRRRRI kkkkхSZ  , 

ІС13=ІС1+ІС3,   7576821 kВC RII  ,   8685722 kВC RII  , 

ІВ13=ІВ1+ІВ3, ІВ24=ІВ2+ІВ4, ІС24=ІС2+ІС4,  

23222112112  , 

 0872123 RRRRRRI kkkkхSZ  , 

33141332313  , 

  3241331 kВC RII    4132432 kВC RII  , 

 0654333 RRRRRRI kkkkхSZ  , 

ІС1, ...,ІС3, ІB1,...,ІB3 are drain and source electrodes 
inverse current of input keys S1, …, S8 respectively, 
RSZ, Rх, R0 are resistance respectively of MT input, 
measuring signal X, reference signal X0 and CL,  
RК1, ..., RК8 are resistance of closed key S1, … , S8 
respectively, ІSZ is MT input current. 

For solutions of system (8) we receive after 
simple transformation: 
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This equation analysis shows that uncorrected 

AEC and ME values are determined only by 
dispersion of closed keys resistances and their 
reverse currents. If group of keys S1, ..., S4 and S5,.., 
S8 are located in a same integrated microcircuit then 
experimentally determined dispersion of parameters 
values is not more than few percent [5, 27]. For 
mentioned keys parameters and their dispersion no 
more ±2 % even at maximal operating temperatures 
the uncorrected AEC value not exceed a few tenths 
of microvolt, and uncorrected value of ME 
coefficient when Х0=1 В is less than 10-5 %.  

Advantages of algorithm methods include the 
possibility to provide invariance to MT conversion 
function without complication of measuring circuit, 
and only by conducting additional transformation 
into algebraic code (-Х-Х0) [27]. Simultaneously 
uncorrected AEC and ME values must not exceed 
abovementioned values [27]. There exists sufficient 
impact of the error due to discreteness of transformed 
codes presentation N1, ..., N4. Therefore it seems 
necessary to choose Х<Х0 that results in narrowing of 
MT measuring range.  

General algorithm methods drawbacks include 
both measuring period and range expansion that 
restricts practical implementation. 

 
 

4.3. Limiting Capabilities Analysis of Errors 
Correction Special Methods 

 
Special correction methods of error systematic 

component include such ones as substitution, error 
compensation by sign, input quantity inverting, 
transposition and symmetrical observation [5, 27]. 



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 107-115 

 112

The peculiarity of these methods realization consists 
in necessity to change the measurement scheme 
configuration performed by commutators. Their 
residual parameters ultimately determine the quality 
of systematic errors correction. The transposition 
method has rare practical applying because it employ 
to correct conversion coefficients of double-channel 
balancing MT. Symmetrical method is occasionally 
available in practice as is correct only for linear 
changes of systematic error. 

To realize substitution method in digital form is 
necessary application of multivalued code-controlled 
measure (CCM) and multiply valued MT. In the first 
cycle, the measuring quantity X measured by MT and 
obtained transformation result code  10xADCх ХkN  , 

where     SZxkCSZxВx еRRIІRI 112110

21234 kВ RI  is equivalent to AEC value at X quantity 

measuring cycle. In the second cycle the reference 
quantity X0(Nх/Nm) should connect to the MT input 
and the code   200 xmxADCхn NNХkN   obtained, 

where kADC is ADC MT conversion coefficient,
  МkCSZМВМSZx RRIІRIeе  212220 , Rk1, 

Rk2 are resistance of pair closed keys of both 
measuring and reference values respectively, IВ1, IC1, 
IВ2, IC2 are drain and source electrodes inverse current 
of every closed pair input keys accordingly, eSZ, ISZ 
are bias voltage and input current, eМ is AEC which 
transforms into CCM input, 211 CCC III  , RM is 

CCM output resistance, 321123 BBBB IIII  . 

On the assumption that two codes are equal each 
other the measured quantity value X is determined as: 

 

 хВМВМXSZМ
m

RIRIRІe
N

N
ХХ 122112

0
0  , (10) 

 

where хММX RRR  , 2121 kМXМX RRR  ,

1221 kkk RRR  , 1212 CSZSZ IІІ  . 

Analysis of equation (10) by means of 
substitution method demonstrates that corrected AEC 
value depends on AEC of CCM, source’s signal 
resistance Rx and keys residual parameters of both 
input commutators. 

If carry out digital measuring of direct current 
electrical quantities it is not usually succeeded to 
change measuring circuit that enables systematic 
error to maintenant their stable value but opposite 
sign. Therefore the error compensation by the sign 
method isn’t practically used. However it is easy to 
fulfil inverting of the input signal. The structure of 
such MT includes compulsory polarity switch (PS), 
and the measuring result Nx is calculated as algebraic 
sum of codes N1 and N2 conversion under opposite 
polarity of the input signal. It enables to correct not 
only AEC but also some parts of MT polynomial 
approximation of conversion function [5, 27-29]. 
Indeed measuring results codes under  
positive   ADCx kXN 101   and negative 

  ADCx kXN 202   polarities of the measured 

quantity: 
 

1202 xADCADCх kХkN  , (11) 
 

where kADC is ADC MT conversion coefficient, eSZ, 
ISZ are bias voltage and input current, Rk1, Rk2, Rk3, 
Rk4 are resistance of closed keys accordingly  
S1, …, S4 PS, IВ1, IC1, IВ2, IC2, IВ3, IC3, IВ4, IC4  
are drain and source electrodes inverse current of 
every keys pair of PS respectively, Rх is  
measuring signal source inner resistance, 

432114 ВВВВВ IIIII  , 4114 CCC III  , 

   xВkВxkCSZSZx RIRIRRIІе 13214121410   is 

AEC for some polarity of measuring voltage, 

4334 kkk RRR  ,  

   xВkВxkCSZSZx RIRIRRIІе 24314341420   is 

AEC for the opposite polarity of measuring voltage,
     1224131234142010120 RIIRIІ ВВСSZxxx

  xВВ RII 2413   is corrected AEC value, 

211 kk RRR  , 34121234 kk RRR  , 

4224 ВВВ III  , 3113 ВВВ III  , 2112 kkk RRR  , 

4224 ВВВ III  . 

Analysis suggests that corrected AEC 0х12 is 
determined only by keys parameters dispersion. At 
usage of integrated microcircuits with ordinary 
dispersion parameters that not exceed tenths of per 
cent [3-4, 6-7], AEC value can drop more than two 
orders of magnitude in comparison with other 
considered methods [5, 27-29]. Input signal inverting 
method allows to decrease the MT nonlinearity error 
due to elimination of pair powers members of general 
transform function.  

 
 

4.4. Automatic Error Correction  
Methods Usage 

 

Small value of uncorrected error is promoted the 
introduction of the input signal inverting method in 
the nested-chopper technique amplifiers and 
chopping ΔΣ ADC circuits.  

In these nested-chopper amplifiers both the main 
and additional pairs of choppers has been applied. 
Additional pair of choppers operated at a much lower 
frequency (several tens of Hz) than the other original 
pair (several tens of kHz). This technique allows to 
reduce the effects of low-frequency interference and 
noise, including 1/f noise, offset and offset drift and 
cross-talk of the mains to equivalent voltage level 
about 100 nV [7]. In this case, only nested-chopper 
amplifier additive error can be reduced.  

Chopping ΔΣ ADC inherent in adequate 
performance: the offset error specification of ADC is 
±0.5 μV with drift ±5 nV/°C that is practically 
immeasurable [30]. But it has not decrease AEC 
whole measuring circuit including CL, SEDB and 
channel commutator. 
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Decentralized MTs are applicated for data 
transmission in the network. To ensure reliability of 
MT at low-cost system realization, the major efforts 
are concentrated on optimal MT design. Widespread 
MT use in control desks and panels of manufacturing 
processes supervision requires high temporal and 
temperature stability. Attention should be paid the 
duration of stable continued work without adjustment 
accompanied with extra difficulties and expenses 
[31]. Moreover, to decrease costs and to raise 
production efficiency the maximal possible structure 
simplifying is recommended.  

The considered method of analog-to-digital 
quantity conversion at embodied technical MT 
characteristics is realized by choosing type and range 
of measured quantity especially inherent in direct 
current signals at the input. These include e.m.f., 
current or its voltage, especially of small values  
(f.i., output electrical signals of temperature sensors). 
To converse precisely current signals into code, the 
application of input signal inverting method is 
proposed [31].  

Conducted errors analysis of the operation of 
serial devices A565 and CR7701 evidences the next. 
At MOS transistor applying as polarity switch and at 
converting direct current signals from sources (of 
inner resistance not higher than 1 kOhm) connected 
to MT input, the corrected value of AE no exceeds 
hundred nanoamperes (Fig. 2). In operation 
conditions MT errors are several times higher than 
limits of permitted values established for normal 
conditions. Then methodical error also can affect the 
data. It is specified by ratio of MT input  
resistance to input resistance of signal source and 
connecting lines.  

 
 

 
 

Fig. 2. Front view of universal digital multichannel 
measuring and signaling device CR7701. 

 
 
Peculiarities of the digital measuring devices 

structure, designed to operate with industrial MTs, 
are given below. It is low input signals level, high 
noise power of normal and common types, 
linearization of transform function, necessity of cold 
junctions compensation, the significant errors at 
overheating of resistive transducers by measuring 
current, providing of invariance of measuring result 
to this current value, and also resistances of three and 
four terminal connection line. The same concerns 

high temperature action and enhanced drift 
metrological reliability, especially at MT operating in 
energetics and chemistry.  

Therefore MTs are produced with AEC auto and 
digital linearization of conversion function. The 
sufficient interference reducing is achieved by 
averaging methods applied in ADCs and galvanic 
division of analog and digital units.  

Company “MuckachivPrylad”, Ukraine, produces 
universal MT control desk of CR7701 type intended 
to gauge direct current, e.m.f. and direct current 
voltage, temperature (with a number of uniform 
primary transducers), other physical quantities 
transformed in aforementioned signals [31] (Fig. 2). 
It is characterized by the next characteristics: 
permitted coverage interval of relative error not 
higher ±(0.1...0.2) %, operating temperatures from  
5 to 50 0С, permitted coverage interval of additional 
relative error not higher than a third part of basic 
measurement error, operation time without 
maintenance less than 5 000 hours [31].  

 
 

4.5. Intelligent Data Acquisition System 
Error Correction in Working  
External Conditions 

 

Nevertheless, both the CR7701 type devices and 
the devices based on the ADC chip make it possible 
to the AEC correction covering of the part measured 
circuit. Obviously, we deal only with AEC of 
processing device. In practice, generally quite long 
CL connects the industrial devices with the sensors, 
where due to contact phenomena and temperature 
gradients the e.m.f. can appear. This AEC is caused 
also the voltage drops caused of the leakage  
isolation currents flowing from the neighboring 
robust electric sources.  

In the operation conditions, the secondary devices 
are the part of the measuring circuit, which includes 
except them the primary measuring converter and the 
CL. If it large length that can bring into the measure-
ment result quite considerable, and what is especially 
important, uncontrolled errors. These errors are 
invoked as well by the contact e.m.f., which can 
occur in the wires junctions, and by CL resistance 
change, and as well inducted the normal and 
common type interferences from the near robust 
electric equipment and also if CL isolation resistance 
worsening, etc. The previous analysis shows, that 
AEC which occurs in CL are the low-frequently and 
slowly changeable in time. Therefore, the 
measurement impact in first approximation can be 
considered as the additive character and utilize the 
input signal inverting method for their correction and 
placement of the polarity switch as close as possible 
to the sensor exit (Fig. 3). 

A flip-flop switch (FFS) takes place as closer to 
the sensor output as possible to correct the AEC of 
measuring signal conversion circuit. The quantity of 
the CL wires rises to five. For the measurement result 
determination it is necessary to take into account the 
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additional EACs caused by the leakage currents of 
the FFS switch control electrodes through flow 
across its isolation resistances Ris1, Ris2 and the 
resistance of one of the RLZ CL wires. The 
measurement result in this case is found as a 
subtraction of two codes: 
 

   xXLXАDC kUkN 01111   and 
  XАDCxXLАDC UkkkN  02112  

 
  CLііXАDC RІІUkNNN 2112111 2   (12) 

 

where 21, іі II  are respectively the leakage currents 

flowed through the isolation resistance of control 
electrodes of the first and second key pairs, 

CLiLCXL RІ 111  , CLiLCXL RІ 222  , CL, 

Ii1RCL, Ii2RCL are equivalent AECs, that occur in the 
CL resistance and because of the Ii1, Ii2 leakage 
current flowing through the RlZ resistance of the CL 
wire (Fig. 3).  

 
 

 
 

Fig. 3. The digital voltmeter structure with auto additive 
error correction of measuring circuit. 

 
 

As correlation analysis of (12) suggests, the 
uncorrected error value is determined by the 
subtraction of FFS entrance switch control electrode 
leakage currents. In order to reduce the EAC 
uncorrected value it is necessary to provide the high 
resistance of the input polarity switch control circuit 
isolation. If the devices must operate in the 
aggressive conditions and at high humidity, we try to 
supply the high isolation resistance. We should note 
now that the residual leakage currents affects the 
uncorrected EAC value. The leakage currents scatters 
both for integrated chips that the implement as the 
polarity switch and their control electrodes circuit is 
not exceed ±20 % of the control electrode leakage 
current value [3-4]. For example, when the typical 
minimal value of the isolation resistance in the digital 
devices is upper than 40 MOhm, the control voltage 
value 15 V and the maximal resistance value of the 
connection line does not exceed 200 Ohm, the uncor-
rected AEC is not more than a few microvolts that  
satisfies preferably.  

We should stress that this technical proposed 
decisions to be based on some improvement of the 
integrated ADCs chip.  

Analysis of conversion technique has suggested 
that in the electric measurements means to support 
the standardized metrological characteristics the 
periodic calibration is made. To correct the 
multiplication error changes it is expediently to 

change the digital voltmeter structure by connection 
of precision code controlled voltage measure 
(CCVM) with input switch. As a result, we obtain a 
structure of a differential voltmeter, whose 
metrological opportunities can be controlled 
permanently at the exploitation place by periodic 
change of a set CCVM block on a metrological  
tested one.  

Evidently, we should manufacture CCVM as a 
separate integrated chip with the displaced means of 
some error component correction in the exploitation 
conditions after an additional measurement method 
and with removing of the destabilized factors 
influence after the development methods. 

It is possible to protect such a voltage measure 
from influence of the electric-magnetic fields and 
radio transmission with help of screening and from 
humidity as well as harmful activity of the aggressive 
chemical compounds by hermetization. If the code-
controlled voltage measure to be as a small-sized 
portable block the principal opportunities of remote 
metrological verification of the measurement 
instruments and of considerable increasing of 
metrological reliability to any apriority establishing 
level are created. 

It is reached by periodic metrological 
verifications of the portable CCVM blocks. Taking 
into account their particular parameters in the 
microprocessor block of measurement the device 
remote calibration can be realized. 

 
 

5. Conclusions 
 

1. The analysis of general and specific methods 
for the measurements accuracy improving suggests 
that the theoretical minimum value of corrected 
additive component error can be achieved if the input 
measuring circuit is almost unchanged for the 
measurement and correction channels. The input 
signal inverting method is able to provide it only 
through the input electronic switch application for 
measuring signals of two polarities. 

2. The corrected value of additive error 
component is determined by only dispersion 
parameters of pairs electronic keys of input polarity 
switch. Firstly it is defined by the resistance 
difference of both pairs of switch polarity closed 
keys and their reverse currents. To reduce error value 
is advisable determining the keys similar parameters 
impact. 

3. It is advisable to locate switches polarity as 
close as possible to the sensors, and to carry out 
galvanically isolated control and power circuits in 
order to correct in place the additive error component 
of measuring channels especially with spark and 
explosion protection. 
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1. Introduction and State of Problem 
 

Countries that have entered into 
"nanotechnological era," understand the urgency of 
advances in optical metrology. It is the exactness and 
reliability of measurements capable to stimulate the 
development of relevant industries and to serve as a 
deterrent. Especially in spectrum investigations [1] a 
challenge is to study current measurement techniques 
and standards, to meet the needs of next-generation 
advanced manufacturing, including CPSs.  

The most universal nanothermometry method, 
Raman method, apt for the direct temperature measu-
rement of micro- and nano-objects within the range 
100 nm – 100 µm as well as for row of other gauging 
methods, which in addition does not demand 
previous calibration.  

 
 

2. Shortcomings  
 

Increasing the opportunities of Raman 
thermometer in terms of researching the different 

objects (materials) and evolving the method itself 
require the elaboration of metrological reliability 
(error, uncertainty etc.) of measurements, their 
repeatability and reproducibility.  

Unfortunately the structure of spectrum lines of 
different substances is complicated [2], and these 
lines present themselves as totality of mutually 
imposed sublines. Therefore under processing of 
experimental results with the aim to find the true 
values of frequencies as well as beam’s intensity of 
specified wavelengths, the substantial uncertainty 
appears. Virtually, researchers can not estimate it 
without conducting extra experiments. 

 
 

3. Aim of Work 
 
Work’s goal is a following study of Raman 

method on example of a few substances 
investigations with its simultaneous elaboration by 
improving the modes of receiving and processing the 
spectral information at RSN increase. 

http://www.sensorsportal.com/HTML/DIGEST/P_2678.htm
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4. Experimental Studies  
 

Within Raman method the temperature measuring 
can be conducted in two ways: by the ratio of intensi-
ties of Stokes (Is) and anti-Stokes (Ias) components, or 
by the frequency shift in spectrum. By the first way 
there is distinct temperature dependence of ratio of 
intensities of Stokes (Is) and anti-Stokes (Ias)  
components of dispersion radiation which is 
determined through appropriate currents of photo 
transducer – іs, іas:  
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where c is the light velocity, h is the Plank constant, k 
is the Boltzmann constant, νі is the wavenumber of 
incident photons, cm-1; ν0 is the Raman shift 
frequency, cm-1 [1, 3, 4]. Experimental researches had 
been conducted on calibrated optical bench. Laser 
SL03/1 spectrum with wavelength 632 nm is 
registered by HS 102H camera in the regime of 
vertical binning and is recorded on digital storages 
with use of PCI-Line program. Obtained results 
recorded in special file due to internal means of the 
PCI-Line program are not good enough to process 
received information. To simplify the spectrum 
analysis (Fig. 1) the laser wavelengths (light source) 
were filtered by notch filter. However the last one 
was filtered only wavelength (632 nm) and side, 
useless signal remains in the spectrum [3-5]. 

 
 

 
 

Fig. 1. Raman spectrum obtained by water irradiation. 
 
  
To calculate integral values of the area of Stokes 

and anti-Stokes intensity in terms of complexity of 
the waveform, a number of modes of calculating of 
complex figures integral area were studied with the 
aim to select the most optimal mode for the object.   

Therefore computer processing is additionally 
performed by spectrum’s filtration within wavelength 
of the laser. Obtained result, transformed in 
frequency area, is shown in the Fig. 2. Filtration has 
been performed by means of ideal band-pass filter 
with automatically adjustment of bandwidth which is  
cut off.  

During the mathematical modeling process 
conducting in MatLab ambience the method of 
rectangles, method of trapezium, and Monte-Carlo 
methods were processed. Every modes uncertainty 

was calculated for modeled sine function and 
experimentally measured spectrum. Having 
conducted analysis of obtained results it was 
proposed to calculate the integral area of Stokes (Is) 
and anti-Stokes (Ias) components with help of 
trapezium method. This method is inherent in 
minimal uncertainty at high operation speed [3, 6]. 

It is necessary to consider separately methodology 
of determination of Raman shift wavelength. This 
methodology is considered to be acceptable to deter-
mine in several variants the main measured 
parameters.  

Firstly let’s consider the technique of the deter-
mination of Raman frequency shift by maximum 
value of peak intensity. Further all researches were 
conducted exceptionally for anti-Stokes component 
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of spectrum as Stokes component is equidistant to 
major frequency. To check correctness of any 
methods and modes the chain of measurements had 

been performed (100 measurements for concrete 
temperature point). The maximal value was 
determined for every measured spectrum.   

 
 

 
 

Fig. 2. Raman spectrum of water after filtering the major wavelength (632 nm) of laser SL03/1. 
 

 

Ten obtained spectra with corresponding values 
of maximums (the relative Raman shift frequency is 
calculated for every one) are shown in the Fig. 3. 
They are received at temperature 18.1 °С.  

 
 

 
 

Fig. 3. Determination of maxima and their averaged 
intensity of H2O anti-Stokes spectra components at 18.1 °C 

(632 nm). 
 

 

The uncertainty of temperature measuring 
through averaging values of Raman wavelength shift 
of anti-Stokes component, estimated by the 
maximum of the intensity, is determined in 1.27 %.   

Another mode of studying the Raman wavelength 
shift is the definition of averaged integral value of 

spectrum’s anti-Stokes component. Precondition of 
other modes’ involvement (except determination by 
maximal value) can be considered possible 
complication of obtained spectral signal, availability 
of several maxima and some beforehand unknown 
width of particular peaks.  

Therefore, we have investigated a series of 
materials with different types of spectra signals. For 
instance, in Fig. 4 are given 10 anti-Stokes 
wavelengths of ceramics spectrum (measurement is 
conducted at 19.68 °С) and corresponding values of 
their intensities.  Evidently, the Raman wavelengths 
shift determination by the intensity maximum can 
embody the error linked to the discreteness of 
Spectrum Analyzer of conducted measurements. 

 
 

 
 

Fig. 4. Determination of anti-Stokes intensity maxima  
of ceramics component at 19.68 °C and λ=632 nm. 

 
 

Testifying above mentioned peculiarities of 
spectral studies while analyzing the multimode 
spectral signal (Fig. 5), it was proposed to utilize 
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mode of Raman frequency shift determination by 
averaged integral value.  

The same mode is applied to determine Raman 
wavelengths shift of water spectra (Fig. 6). 

The uncertainty of temperature measuring 
through averaged values of anti-Stokes wavelengths 
shift is determined by averaged integral value and is 
equal to 1.63 %. Noise reduction in spectrum enables 
to estimate temperature measuring by Raman method 
with smaller uncertainty. Significantly valid seems to 
be the relative weight of informative signal.  

 
 

 
 

Fig. 5. Anti-Stokes spectrum of cyclohexane (sampling  
of 10 measurements at 20 °C and λ= 532 nm). 

 
 

 
 

Fig. 6. Definition of anti-Stokes frequency shift  
after averaged integral value of water spectrum at 18.1 °C  

and λ=632 nm. 

To realize this, the spectrum restrictions by the 
wavelengths and the following selections of anti-
Stokes components are introduced. Spectrum limita-
tion is performed by means of MatLab tools. Results 
of the filtration and determination of averaged value 
of Raman wavelengths shift are evidenced in Fig. 7.  

The uncertainty of temperature measuring in the 
case of restricting Raman wavelengths shift of anti-
Stokes component by MatLab tools, in accordance 
with described way of determination of averaged 
integral value, is equal to 0.97 %. The current mode 
of averaging the mean integral values and extracting 
the desired signal by the frequency has decreased the 
aforementioned uncertainty versus the mode of 
determination of Raman wavelengths shift by 
maximal value of the peak intensity. Therefore it is 
reasonable further to single out the desired signal 
from spectrum by filtration. 

 
 

 
 

Fig. 7. Filtered spectrum of anti-Stokes component  
of water at 18.1 °C and λ=632 nm. 

 

 
Having processed results of multiple 

measurements for every temperature points [4, 8], we 
define the dependence of anti-Stokes component 
averaged values of Raman wavelengths shift for 
water on temperature as:  
 
 CTBTAvvi +⋅+⋅=− 2

0
, (2) 

 
where А=-0.0152 cm-1, В=0.4839 cm-1, С=3309.6 
cm-1, Δv is the Raman wavelengths shift, cm-1 (Δv= vі 
- v0). From (2) the temperature value is obtained:  
 
 

C
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The Raman frequency shift curve, or more 

correctly the anti-Stokes wavelength shift curve  
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(Fig. 8), is built for water by applying this equation 
and experimentally measured values.  

 
 

5. Conclusions 
 

1. Methodology and algorithmic principles of 
improving the metrological specifications of Raman 
method are developed. 
 
 

 
 

Fig. 8. Anti-Stokes frequency shift for water. 
 
 

2. Method of determining the temperature by 
anti-Stokes frequency shift is elaborated. Just a 
number of modes for improving the accuracy and 
reducing the measurement uncertainty are studied. 
They include the modes of defining shift by: a) 
maximal value of the peak intensity; b) averaging the 

mean integral value of anti-Stokes component of 
spectra on the basis perfecting the hardware (notch-
filters) and software for minimizing the noise effects.  
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Abstract: An experimental investigation of metrological characteristics of designed Universal Sensors and 
Transducers Interface (USTI-MOB) integrated circuit working in the phase shift measuring mode is described in 
the article. The USTI-MOB uses the novel patented method for phase difference (phase shift) measurements 
between two harmonic (sine wave) or rectangular pulse signals. Experiments have confirmed the high 
metrological performance in low and inferable frequency ranges up to 0.25 Hz at low power consumption  
(0.35 mA current consumption at Vcc = 1.8 V). The optimal trade-off between accuracy, power consumption and 
communication speed has achieved. In order to decrease the absolute error in 4 times at least, the standard series 
of USTI IC is recommended for the usage. Due to the low power consumption, the USTI-MOB is very suitable 
for various portable measuring instruments, DAQ systems, smart sensor systems, etc. Copyright © 2015 IFSA 
Publishing, S. L. 
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1. Introduction 
 

A phase angle measurement between two 
harmonic (sine wave) or rectangular pulse signals is 
an important technical task in designing systems of 
non-destructive testing [1]; in determination of phase 
frequency characteristics of linear circuits or 
impedances in various four-terminal circuits [2]; in 
radio astronomy, radio physics, in measurement of 
vibrations and displacements, and many other 
applications areas [3-5]. In various systems of non-
destructive testing it is necessary to measure a phase 
difference of the input signals, the frequency of 
which is not more than some kHz with an absolute 
error of no more than a few tenths of a degree [1]. 

Existing technical realizations of various 
phasemeters have a complex realization from 
hardware point of view; they have a high power 

consumption and limited low frequency range  
(as usually, > 10 Hz).  

In order to eliminate the mentioned 
disadvantages, a single chip Universal Sensors and 
Transducers Interface (USTI-MOB) IC with the low 
power consumption (0.35 mA current consumption at 
Vcc = 1.8 V) and a wide functionality has been 
designer and introduced on the market by the authors 
[6, 7]. Like to the previously designed popular USTI 
IC [8, 9] the USTI-MOB can also to measure a phase 
angle between two harmonic (sine wave) or 
rectangular pulse signals. 

The article is organized as follow. In Section I the 
experimental set-up and method for phase difference 
measurements are described. The obtained 
experimental results for phase angle measurements 
are provided and discussed in Section II. The article 
is concluded in Section III. 

http://www.sensorsportal.com/HTML/DIGEST/P_2679.htm
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2. Method and Experimental Set-Up  
for Phase Measurements 
 

The aim of this research was to determine limited 
metrological characteristics of designed USTI-MOB 
(measuring ranges, absolute errors of measurements 
and resolution) working in phase measuring mode in 
order to determine the phase difference between  two 
harmonic (sine wave) or rectangular pulse signals of 
the same frequency. 

The USTI-MOB is using the modified, patented 
method for phase difference measurements: a direct 
digital method with an intermediate conversion of 
phase angle ϕx to time interval Δt and measurement 
during n periods. As it is known [10], the phase 
difference ϕx (or Δφ) is the difference of the initial 
phases φ1, φ2 of two harmonic signals of the same 
frequency: ϕx = φ1-φ2.  If φ1, φ2 are constant in time, 
then φx is independent of time. The phase difference 
can be expressed in terms of time difference t2 - t1, in 
which these signals have the same phase [10]: 

 

 ( )2 12
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t t

T

π
ϕ

−
=  (1) 

 

where T is the period of signals. 
The phase difference definition from the equation 

(2) can be also applied to two non-sinusoidal periodic 
signals, if at the moment of transition through zero 
fluctuations of voltage will have the same direction 
of change (for example, from negative to positive 
values). Often, instead of the "phase difference" or 
"phase angle" the term "phase shift" is used, which 
refers to the phase difference module [10]. 

The method's modification consist in the average 
time interval and average period determination 
during the conversion time, multiplied to the period 
of signals T. Due to this, the error by reason of non 
multiplicity of conversion time and period T is 
eliminated. Besides, the frequency range of signals is 
extended up to infralow frequencies, and accuracy 
has increased for these low and infralow ranges of 
frequencies. 

The phase shift is calculated according to the 
following equations: 
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The main component of error is the descritization 
error. The relative mean root square error can be 
calculated according to the following formula [1]: 

 2 20 360 ,
6x x

T

T
ϕσ ϕ= ± +   (4) 

 
where T0 is the period of reference frequency f0. For 
the USTI-MOB, f0=1/T0= 4 MHz, and T0= 250 ns. 

A prototype of the USTI-MOB development 
board is shown in Fig. 1. The diagram and photo of 
experimental measurement set-up for the phase 
measurements are shown in Fig. 2 and 3 respectively.  

 
 

 
 

Fig. 1. Prototype of the USTI-MOB development board. 
 
 

Two harmonic (sine wave) or square waveform 
pulse signals of the same frequency whose phase 
shift must be measured, were fed from two channels 
of Waveform Generator Agilent 33500B to inputs 
FX1, ST1 and FX2, ST2 (the 1st and 2nd channel of 
IC respectively) of the USTI-MOB. The Waveform 
Generator Agilent 33500B was used as an active 
phase difference reference, which generates two 
signals with known phase angle and various 
waveforms. 

The supply voltage of the evaluation board was 
+14 V dc, provided by the Promax FA-851 power 
supply. The phase shift of signals generated by the 
waveform generator were measured by: the USTI-
MOB, the Universal Frequency Counter/Timer 
Agilent 53220A with the ultra high oven stability 
internal time base, working in phase measurement 
mode and Precision Phasemeter 6620A (Krohn-Hite), 
which has the absolute error ± 0.050 for sinewave 
signal from 10 Hz to 50 kHz rage of frequencies, and 
typical absolute error in twice less for other 
waveforms. The Universal Frequency Counter has 
the absolute error ± 0.010. The Waveform Generator 
Agilent 33500B has the high-stability OCXO 
timebase (frequency reference ±0.1 ppm of setting 
±15 pHz) [12], and the Universal Frequency 
Counter/Timer Agilent 53220A-010 has the ultra 
high-stability OCXO timebase (±50 ppb) [13]. 

The two-channel digital oscilloscope Promax  
OD-591 monitored the signals waveforms. Before 
measurements, the USTI-MOB and phasemeter were 
calibrated manually in the working temperature 
range: +23.0 …+ 26.0 oC at 39-55 % RH. The 
measurands were sent from USTI-MOB to a PC via 
an RS232 interface implemented with the ST202D IC 
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on the development board. The user interface was 
realized with the help of terminal software Terminal 
V1.9b running under Windows XP or Windows 7 
operation systems.  

According to the Waveform Generator's indicator, 
the phase angles with the interval of 30 ° were set up, 
and after, the phase shift readings from the  

USTI-MOB have been taken. Every measurement 
was consisted of 100 values (sample size). The 
absolute measurement errors of USTI-MOB were 
evaluated by comparison with the phase shift 
readings of phasemeter and Universal Frequency 
Counter/Timer Agilent 53220A [11]. 

 
 

 
 

Fig. 1. Diagram of experimental measurement set-up for phase difference measurements. 
 
 

 
 

Fig. 2. Experimental measurement set-up. 
 
 

3. Experimental Results 
 

3.1. Phase Shift Measurements Between Two 
Rectangular Pulse Signals 

 

The rectangular and sine waveform input signals 
oscillograms are shown in Fig. 3 and Fig. 4 

respectively The phase angle measurements for 30, 
60, 90, 120, 150, 180, 210, 240, 270, 300 and  
330 degrees at 10 Hz, 100 Hz, 1 kHz and 4 kHz each 
have been performed and compared with the active 
reference. 

The frequency range at phase shift measurements 
for USTI-MOB is from 0.25 Hz to several kHz. The 
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absolute error for the phase shift measurement is 
dependent on the signal's frequency: the higher the 
frequency, the higher the error.  

 
 

 
 

Fig. 3. Rectangular waveform input signals  
(1200 phase shift, at 1 kHz). 

 
 
The experimental results of phase shift 

measurements are shown in Fig. 5-8. 
 
 

3.2. Phase Shift Measurements Between Two 
Harmonic Signals 

 

The phase angle measurements were performed 
for the same degrees at 100 Hz and 1 kHz 
frequencies, as for rectangular waveform signals. The 
experimental results of phase shift measurements are 
shown in Figs. 9-10. 

 
 

 
 

Fig. 4. Sine waveform input signals  
(900 phase shift, at 100 Hz). 

 
Δϕx , degree 
 

 
ϕx , degree 

 

  
Fig. 5. Phase shift measurement absolute error (10 Hz, rectangular waveform input signals).  

 
Δϕx , degree 

 

 
ϕx , degree 

 

  
Fig. 6. Phase shift measurement absolute error (100 Hz, rectangular waveform input signals). 
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Δϕx , degree 
 

 
ϕx , degree 

 

  
Fig. 7. Phase shift measurement absolute error (1 kHz, rectangular waveform input signals). 

  
Δϕx , degree 
 

ϕx , degree  

  
Fig. 8. Phase shift measurement absolute error (4 kHz, rectangular waveform input signals). 

 
Δϕx , degree 
 

 
ϕx , degree 

 

  
Fig. 9. Phase shift measurement absolute error (100 Hz, sine waveform input signals). 

  
Δϕx , degree 
 

 
ϕx , degree 

 

  
Fig. 10. Phase shift measurement absolute error (1 kHz, sine waveform input signals). 
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Maximum possible absolute errors for phase 
difference measurements between two sine and 
rectangular waveform signals at different frequencies 
are adduced in Table 1. 

 
 

Table. 1. Maximum absolute error. 
 

Waveform Frequency, Hz 
Max. absolute 

error, 0 

Sine 
100 ± 0.17 
1 000 ± 0.8 

Rectangular 

10  ± 0.008 
100  ± 0.06 
1 000 ± 0.7 
4 000 ± 2.3 

 
 
4. Communication Modes 

 
Similar to the standard USTI IC, the USTI-MOB 

IC can work in three communication modes: RS232, 
I2C and SPI, which can be selected by a circuitry 
configuration [8]. The commands for RS232, I2C and 
SPI communication modes at phase shift 
measurements are shown in Fig. 11 (a-c). 
 
 
M02  ; Select phase shift measurement mode 
S ; Start measurement 
C  ; Check result status: ‘r’ if ready or ‘b if busy  
R  ; Get result in BCD ASCII format 

(a) 
 
<06><02> ; Select phase shift measurement mode 
<09>  ;  Start measurement 
<03> ; Check result status: ‘0’ if ready or not ‘0' if busy 
<07> ; Get measurement result in BCD format 

(b) 
 
<06><02> ; Select phase shift measurement mode 
<09>          ; Start measurement 
<03><FF> ; Check result status: ‘0’ if ready or not ‘0' if busy 
<07><FF> ; Get measurement result in BCD format 

(c) 
 

Fig. 11. Commands for RS232 (a), I2C (b) and SPI (c) 
communication modes at phase shift measurements. 

 
 
In the phase shift measurement mode it is not 

necessary to set up the appropriate relative error by 
the 'A' command. It is selected automatically as 
minimum as possible for current measurement 
conditions. 

The command 'C' is strictly recommended 
especially in the case of low and infralow 
frequencies. The command for selection of 
measurement mode should be executed only once and 
to be outside of an algorithm's cycle. In addition to 
the BCD format, the USTI IC can also return the 
result of measurement in BINARY format for I2C 

and SPI interfaces, and in BCD HEX, BIN HEX and 
BIN for the RS232 interface. 

 
 

5. Conclusions 
 

The experimental investigation of the designed 
USTI-MOB integrated circuit working in the phase  
shift measuring mode confirms its high metrological 
characteristics in low and infralow frequency ranges 
at low power consumption (0.35 mA current 
consumption at Vcc = 1.8 V). The optimal trade-off 
between accuracy, power consumption and 
communication speed has achieved. It makes the 
USTI-MOB suitable not only for mobile devices but 
also for other low power consumption applications 
such as portable measuring instruments, etc. 

In case if a power consumption is not a critical 
parameter, it is recommended to use the standard 
Series of USTI [8, 9]. It lets to decrease the absolute 
error of phase shift measurements at least in four 
times (at < 9.5 mA current consumption and  
Vcc = 5 V) and significantly to extend the range of 
frequencies.   

The USTI-MOB IC will be introduced on the 
modern market in the current year by Technology 
Assistance BCNA 2010, S .L. (Excelera), Barcelona, 
Spain (http://www.excelera.io). 
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Abstract: A simple experimental method and improved analytical approach based on tilt measurements (output 
versus angle) is presented to determine the misalignment error in sensing axis direction of single, two or three-
axis accelerometer sensors. The approach is advantageous in resolving and measuring the error because the 
accuracy is enhanced by using identification that is based on differential and reciprocal differential data of the 
tilt measurements. Furthermore, the method does not require three accelerometers and there is no need for 
determination of matrix coefficients as is the practice presently followed in the literature. The method is 
validated on actual prototype sensors fabricated in our laboratory. The experimental results agree well with the 
theoretical predictions. The estimates obtained from the proposed method compares well with conventional 
analytical fit method that requires prior knowledge of sensitivity parameter. Copyright © 2015  
IFSA Publishing, S. L. 
 
Keywords: Accelerometer, MEMS sensors, IMU, Misalignment, Calibration, Sensing axis. 
 
 
 
1. Introduction 

 

MEMS based accelerometers are widely used in 
automotive, consumer and industrial markets. They 
have replaced established, expensive and high end 
fragile electromechanical devices. Further they offer 
same or better performance at lower cost, lower 
power consumption, smaller size and greater 
strength. They have already penetrated defense 
programs including navigation control. The major 
advantage of MEMS sensors being their reliability, 
accuracy and excellent price performance. 
Particularly for defense inertial navigational 
applications, they are preferred because of low cost 
due to batch process, rugged assembly, low weight 
and size and important of all because of their ability 
to satisfy high bias stability performance. 

There are many applications where these sensors 
(three for 3 axes) are used for attitude measurements 
(e.g., aircraft, satellites, UAVs, and underwater 
vehicles). The literature is rich with calibration 
solutions for determining the null shifts, scale factor 
errors, and cross coupling [1-2]. Most of these 
methods are based on static calibration in which we 
determine the matrix coefficients and zero bias of a 
linear modeled accelerometer. Conventionally, rotary 
table is used to calibrate an accelerometer. However a 
precision rotary table is usually expensive and the 
process is time-consuming [3, 4]. A lot of workers in 
the field suggested approaches which are mainly 
focussing on complete calibration of IMU that use 
three/tri-axial accelerometers and gyroscopes besides 
requiring solution of complex matametical equations 
or algorithims. For example, the method suggested by 

http://www.sensorsportal.com/HTML/DIGEST/P_2680.htm
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Tee etal [5] require solution of mathematical 
equations for identification of singularity by principal 
of matrix rank. Lötters [6] et al suggested procedure 
for in-use calibration of tri-axial accelerometers that 
uses the fact that the modulus of the acceleration 
vector measured with a tri-axial accelerometer equals 
1g under quasi-static conditions. WT Fong [7] et al 
presented methods for tri-axial accelerometers setups 
in a MEMS based inertial measurement unit (IMU) 
that depend on the Earth's gravity as a stable physical 
calibration standard. H Zhang et al [8] proposed 
improved multi-position calibration for IMUs that 
uses outputs of gyroscopes and accelerometers. 
Syed et al [9] proposed a new multi-position 
(compared to traditional calibration methods, e.g. six-
position and rate test calibration) method that does 
not require special aligned mounting and has been 
adapted to compensate for the primary sensor errors. 
Isaac and Peter [10] proposed a method for 
accelerometer and gyro that requires a rate table but 
does not require a mechanical platform for calibration 
and developed improved algorithm for low cost 
function for calibration. Nieminen et al [11] proposed 
an enhanced multi-position calibration method using 
a rate table that is enhanced to exploit also the 
centripetal accelerations caused by the rotation of the 
table resulting in significantly enhanced accuracy at 
the cost additional numerical calculations. Kim and 
Golnaraghi [12] presented a reliable calibration 
procedure of an inertial measurement unit using an 
optical position tracking system. Won, S.-h.P and 
Golnaraghi [13] presented a new triaxial 
accelerometer calibration method using a 
mathematical model of six calibration parameters that 
is applicable in extreme cases of high (1000 
V/(m/s2)) and low (0.001 V/(m/s2)) gain factors. 
Panahandeh et al [14] proposed a method for 
calibration of accelerometer cluster of an IMU that 
does not rely on using a mechanical calibration 
platform that rotates the IMU into different precisely 
controlled orientations using the maximum likelihood 
estimation method. The accuracy of the proposed 
calibration method was compared with the Cramer- ´ 
Rao bound for the considered calibration problem. 

Using all the above said methods are suited for 
complete IMU development and the cost of a 
mechanical platform and rate table can many times 
exceed the cost of developing a MEMS sensor based 
IMU besides requiring solution of complex 
mathematical equations/algorithms. 

Non-parallelisms in various sub components of 
accelerometers due to imperfect fabrication or 
machining processes are practical realities. These 
non-idealities yield to misalignment of sensing axis 
and hence needs to be controlled and characterized. It 
is generally true that the sensor suite is never 
perfectly aligned with the body axis including 
accelerometers mounted on packages which are in 
turn are mounted on matching sockets. These sockets 
are further mounted on evaluation PCB boards. 
Because of several planes or the joints sensors are 
misaligned due to imperfect fabrication or machining 

processes. All these non-idealities lead to 
misalignment of sensing axis. For simple initial 
laboratory characterization of a single axis 
accelerometer, we propose a simple low cost 
laboratory solution for measurement of misalignment 
error of sensing axis based on use of low cost 
inclinometers. The accuracy of the method is 
improved by analyzing the data in differential mode 
which enhances the slope changes compared to rate 
table tests. 

In this paper, we present a new analytical 
approach based on differential and reciprocal 
differential of data of tilt measurement for 
determining the axis misalignment error i.e. the 
extent to which the accelerometers true sensitive axis 
deviates from being perfectly orthogonal to the 
accelerometers reference mounting surface when 
mounted to flat surface. Majority of manufacturers 
term this specification as “input axis misalignment”. 

Section 2 presents the theoretical basis, Section 3 
describes the experimental details, Section 4 
discusses the results and finally Section 5 briefly 
summarizes the conclusions. 

 
 

2. Theoretical 
 

It is assumed that the accelerometer is a single 
axis and has the sensing axis along z-direction as 
shown in Fig. 1. The scale factors, misalignment 
angles and zero bias are assumed to be invariant to 
time. As shown in this figure if the sensor is mounted 
horizontally such that its sensing axis is facing 
vertically (Fig. 1 top right) upwards then the sensor 
will be under 1g or it face -1g if flipped upside down. 
However, if the sensor is tilted by 900 angle, then it 
faces 0g acceleration (Fig. 1 top center). Further it 
will face intermediate value between 1g and 0 g if 

tilted by an angle θ as shown in this figure (Fig. 1 top 
right). The output is expected to follow the sine-wave 

as a function of angle θ (Fig. 1 bottom). 
 
 

 
 

Fig. 1. The ideal output of accelerometer as a function  
of tilt angle θ following a sinewave. 
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V=A+B×Sin(θ)×g, (1) 
 

where V is the output in mV, A is the offset zero bias 
offset in Volts and B is the sensitivity in Volts/g. 

The problem however is that as mentioned above, 
there always will be some mounting error, which 
results in non-idealities in this measurement. Let the 
total mounting angle misalignment or input axis 
misalignment error be Err then the output is expected 
to follow: 
 

V=A+B×Sin(θ+Err)×g (2) 
 

Fig. 2 shows the ideal plot of this eqn. where A=2 
Volts and Err=00 and sensitivity B is 0.1 V/g with a 
variation of ±10 mV. In addition it also shows a plot 
for a small sensitivity of 0.025 V/g. It can be seen 
from this figure that output follows a sine wave and 
hence shows the expected peaks at ± 900

 of angle. It 
is argued here that this peak can be utilized to 
estimate the misalignment error Err. Fig 3a show the 
effect of misalignment error on peak position. Fig 3b 
shows the magnified view of Fig. 2 near the peak 
position at -900. It may be seen that one can clearly 
determine the horizontal shift of peak position e.g. -
50 and 20 in this figure. The shift in position of this 
peak from -900 (or from +900) is a measure of 
misalignment error. If the peak is sharp, then the 
identification of the peak is relatively easy. However, 
it may be seen from Fig. 2 that as the sensitivity 
decreases e.g. B=0.025 mV/g, this peak becomes 
shallow and its identification becomes difficult 
because the FWHM of this peak increases to 1380 
from 1170 when S=0.1V/g. For accurate 
determination it is desirable to have very small 
FWHM. The problem becomes pronounced 
particularly for accelerometers having a high g e.g. 
100 g or more because sensitivity is inversely 
proportional to g. For example, commercial MEMS 
accelerometer of Colibrys has sensitivity of 10 mV/g 
for 200 g compared to 2000 mV/g for 1g range [15]. 
 
 

 
 

Fig. 2. The ideal theoretical output of accelerometer  
as a function of θ for various values of sensitivity. It is 
assumed that misalignment error is zero in this case. 

 
 

Fig. 3a. The ideal theoretical output of accelerometer  
as a function of θ for various values of tilt angles. It is 

assumed that sensitivity is constant in this case. 
 
 

 
 
Fig. 3b. The magnified view of Fig. 3a showing the shifted 

position of minimas at +50, -20 along with 00 position. 

 
 

To enhance the detection of shallow peaks, it is 
proposed in this paper that one can exploit the data of 
peak position itself. Since at the peak position we 
have a maxima/minima and mathematically at this 
point we know that dV/dθ =0. Therefore, it is argued 
that one should take the differential of the data and 
locate the zero cross over point in the Y-axis. This  
X-coordinate of this cross over point will yield the 
misalignment error directly with improved accuracy 
because here we are working with differential of the 
data. Fig. 4a and 4b shows the theoretical plot of V 
vs. θ and corresponding dV/dθ vs. θ with 
misalignment of 00 and 50. One can clearly see from 
Fig. 4b that dV/dθ crosses the zero value at 50 away 
from +900

 or -900. Hence the zero cross over point of 
dV/dθ determines the misalignment error. The 
ultimate resolution will be limited by the small 
interval of angular step that is used in taking the data. 
This concept will be later tested on actual 
experimental data in Section 4. 
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Fig. 4a. The ideal theoretical output of accelerometer as a 
function of θ for two values of tilt angles viz. 00 and 50. It 

is assumed that sensitivity is constant in this case. 
 
 

 
 

Fig. 4b. The graph of differential of output  
of accelerometer as a function of θ for two values  

of misalignment viz. 00 and 50. It is assumed that sensitivity 
is constant in this case. 

 
 

For situations where the experimental data is 
corrupted by the noise and the accurate location of 
zero cross over point is difficult, we propose to use 
another derived parameter called reciprocal 
differential i.e. (dV/dθ)−1. Mathematically, there are 

vertical asymptotes at π/2 intervals in this function 
and the detection of such asymptotes are generally 
vivid in experimental data as will be shown here 
later. Midway intersection of asymptotes on the X-
axis is taken as the misalignment error. Figs. 5a and 
5b show such plots when error is 00 and 50. Clearly 
the plots show 50 shifts from -900 or +900. 

The added advantage of using proposed 
differential or reciprocal differential of the data is 
that one can improve the basic detection limit by 
extrapolating the data between the points where slope 
crosses sign from +ve to -ve or vice-versa. This will 
be shown later using actual experimental data. 
 

 
 

Fig. 5a. The graph of reciprocal differential of output  
of accelerometer as a function of θ for 00 misalignment 

error. It is assumed that sensitivity is constant in this case. 

 
 

 
 

Fig. 5b. The graph of reciprocal differential of output  
of accelerometer as a function of θ for 50 misalignment 

error. It is assumed that sensitivity is constant in this case. 

 
 

3. Experimental 
 

The crab type capacitive microaccelerometer 
structures were realized using a three mask dissolved 
wafer process (DWP). The structure consists of boron 
doped silicon inertial proof–mass suspended over a 
glass pit that was created in 7740 Pyrex glass 
substrate using wet etching. A bottom plate capacitor 
contact was made of Ti plus Gold. The depth of 
cavity is about 5-8 microns. Further, in the Silicon 
wafer deep boron diffusion was carried out at 1175 
ºC to achieve boron doping ~ 1×1020 atoms/cc over a 
depth of about 10-12 μm. This heavily boron doping 
will act as etch stop layer during the final stages of 
DWP process in chemical etchant. Brief details of the 
fabrication steps of the Microccelerometer structure 
are shown in Fig. 6(a), SEM picture of final 
fabricated device is shown in Fig. 6b and final 
prototype is shown in Fig. 6c. 
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Fig. 6a. Brief fabrication steps showing Si <100> wafer 
followed by p++ boron diffusion, DRIE of Crab Type, Glass 
cavity etching, Glass–Si anodic bonding and finally 
Dissolve Wafer Process (DWP) for release of structure. 

 
 

 
 

Fig. 6b. SEM pictures of crab type accelerometer structure. 
 
 

 
 
Fig. 6c. A photograph of prototype along with a shielding 

box of crab type accelerometer structure. 

Interface circuit for converting the variation in 
capacitance into voltage is implemented using a 
standard off the shelf ASIC, MS3110 from Irvine 
Sensors. MS3110 is a general purpose, ultra noise 
CMOS IC that requires only a single +5 V DC supply 
and some decoupling components. The ASIC is 
capable of sensing capacitance changes down to  
4aF/√Hz. It can interface with either a differential 
capacitor pair or a single capacitive sensor [16]. 

Further detailed behavior of accelerometer analog 
output voltage as a function of inclination angle θ 
was measured from -900 to +900 with an inclinometer 
from Boch & Lamb (model no. DWM 40L) having a 
resolution of 0.10 (Fig. 7). It displays the value of 
angle digitally. The measurements near -900 were 
extended up to -1100 so that the minima are located. 
Before starting the measurement, the platform was 
adjusted horizontally using an electronic spirit level 
(resolution, 0.10). It may be stressed here that the 
ultimate possible measurement resolution will be 
limited by the resolution of the equipment with which 
horizontal alignment of the table is done and finally 
by the resolution of the inclinometer used for taking 
V vs. θ measurement which again was 0.10 in our 
case. The results will be shown in next section. 

 
 

 
Fig. 7. Tilt measurement set up showing an inclinometer 
(Bosch make) in which accelerometer along with its 
evaluation board is mounted at its front end. The meter has 
a digital display of angle with resolution of 0.10. 
 
 

4. Results and Discussions 
 

About ten prototype micro accelerometers of the 
type as shown in Fig. 6c and with a sensitivity of  
100 mV/g were prepared. Out of these, three pieces 
having different zero bias offset and other 
characteristics were selected for further investigation. 
Selection of such three pieces (having appreciable 
variation in characteristics) was motivated by the fact 
that we want to check the applicability of our 
proposed method over a large range. Fig. 8 shows the 
V vs. θ plots for three sensors MA6, MA7 and MA8. 
It may be seen from this figure that corresponding 
zero bias offset is 2.09, 2.15 and 2.25 Volts 
respectively. Further, the measurement was taken 
beyond -900 to locate the minima that will be utilized 
to estimate the misalignment error. 
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Fig. 8. The output of three prototype accelerometers  
as a function of θ. 

 
 
Next, using the above mentioned zero bias offset 

values analytical fit to equation 2 was obtained 
wherein the measured value of B viz. 100 mV/g 
(from +/- 1g flip test) was used. The results are 
shown in Figs. 9a to 9c. This is method used by many 
workers in the field. The difficulty with this method 
is that it requires accurate knowledge of sensitivity 
from independent measurement. Otherwise it will not 
be unique fit because two parameters viz. B and Err 
are unknown. The values of misalignment error 
obtained by this method for MA6, MA7 and MA8 are 
0.570, 0.560 and 0.500 respectively. As stated earlier 
in section 3, our estimation is accurate to within 0.10 
only. One can further improve upon these numbers 
by using inclinometer with improved resolution or 
even rate table which generally has better resolution. 

 
 

 
 
Fig. 9a. The output of MA6 accelerometer along  

with its analytical fit to equation 2. 
 
 

As stated in Sections 1 and 2, we propose to 
exploit the minima and use the differential of the data 
for estimation of the misalignment parameter Err.  

Figs. 10a to 10c show the measured data along with 
the differential data i.e. dV/dθ vs. θ.  

 
 

 
 
Fig. 9b. The output of MA7 accelerometer along  

with its analytical fit to equation 2. 
 
 

 
 
Fig. 9c. The output of MA8 accelerometer along  

with its analytical fit to equation 2. 
 
 

 
  

Fig. 10a. The graph of differential and actual of output 
 of accelerometer MA6 as a function of θ. The data  

of differential output has further been fitted  
to smoothened data. 
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Fig. 10b. The graph of differential and actual of output  
of accelerometer MA7 as a function of θ. The data  

of differential output has further been fitted  
to smoothened data. 

 
 

 
 

Fig. 10c. The graph of differential and actual of output  
of accelerometer MA8 as a function of θ. The data  

of differential output has further been fitted  
to smoothened data. 

 
 

As expected, the differential of the basic data (a 
sine function) follows cosine function. It may be seen 
from these figs. that the added advantage of using 
differential data clearly shows the noise in original 
data. We have used smoothening algorithm of 
software Origin 8.0 for improving the quality of data. 
The smoothened curve has been overlapped on the 
differential curve. Next the zero cross over point is 
located in these figures that will be used for 
determining the Err parameters. The values obtained 
for MA6, MA7 and MA8 are -90.420, -90.860 and -
90.460 respectively. Deviation of these values from -
900 represents the Err. The absolute magnitudes of 
these three values in our case are 0.420, 0.740 and 
0.460 respectively. The added advantage of using the 
differential data instead of original data  
i.e. dV/dθ vs. θ is that there will be typically three 
positions on this curve at -900 , 00 and +900 where 
this deviation can be measured and all of them are 
expected to yield same information i.e. misalignment 
error. Depending upon the noise in the measured 
data, one can choose the best position. For example it 
may be seen from our measured data from Figs. 10a 

to 10c, -900 is the position having least noise. Using 
this measure, we estimate the absolute value of Err 
parameter for MA6, MA7 and MA8 as 0.420, 0.740 
and 0.460 respectively. These values agree reasonably 
well with estimates from analytical fit. 

Further, as discussed in Section 2, for situations 
where the experimental data is corrupted by the noise 
and the accurate location of zero cross over point is 
spread over large range, we propose to use another 
derived parameter called reciprocal differential i.e. 
(dV/dθ)−1. The advantages of working  with 
(dV/dθ)−1 vs. θ were already discussed in Section 2. 
Figs. 11a to 11c show these plots for MA6, MA7 and 
MA8. Procedure for obtaining the parameter Err is 
same as was discussed in Section 2. Using those 
procedures, we estimate the absolute value of Err 
parameter for MA6, MA7 and MA8 as 10, 10 and 10 

respectively. Basically, the asymptotes shown in  
Figs. 11a to 11c should be used to identify the peaks 
quickly. It may be seen from these values that 
disagreement between the estimate of Err parameter 
obtained from analytical fit and differential method is 
±13.1 %, ±16.0 %, and ±4.0 % for MA6, MA7 and 
MA8. Table 1 summarizes the results. 

 
 

Table 1a. Summary of estimated parameters  
using differential. 

 

Device 
No. 

Analytical 
FitErr 
(AErr) 

Diff @ -
90 

Abs(Err) 
w.r.t. 
Diff 

Disagree
-ment % 

 Degrees Degrees Degrees  
MA6 0.57 -90.42 0.42 ±13.1 % 
MA7 0.56 -90.74 0.74 ±16.0  %, 
MA8 0.50 -90.46 0.46 ±4.0 % 

 
 

Table 1b. Summary of estimated parameters using 
reciprocal differential. 

 
Device 

No. 
1/Diff 

+ve peak 
1/Diff -ve 

peak 
Avg of +ve 
& -ve peak 

Abs(Err) 

 Degrees Degrees Degrees Degrees 
MA6 -90.00 -92.00 -91.00 1.00 
MA7 -88.00 -90.00 -89.00 1.00 
MA8 -88.00 -90.00 -89.00 1.00 

 
 

 
 

Fig. 11a. The graph of reciprocal differential and actual  
of output of accelerometer MA6 as a function of θ.  
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Fig. 11b. The graph of reciprocal differential and actual  
of output of accelerometer MA7 as a function of θ.  

 
 

 
 
Fig. 11c. The graph of reciprocal differential and actual of 

output of accelerometer MA8 as a function of θ. 
 

 

Finally, we tried to compare these values to the 
estimate obtained from known misalignments of 
various layers/sub-components which contribute to 
prototypes fabrication. The known non-parallelism in 
various sub components/layers of accelerometers due 
to imperfect fabrication or machining processes is 
given in Table 2. 

Assuming all the misalignments add up in one 
direction only (Fig. 12) we can estimate the 
maximum possible misalignment error by using a 
simple formula (tanθ=Diff/Length using Table 2). 
The total misalignment by this estimate is 0.70850. 
However, in practice it is unlikely that all the layers 
will be misaligned in one direction only. Random 
misalignments are expected among the layers. 

 
 

 
 
Fig. 12. The schematic of various sub components used in 
the assembly of prototype fabrication. Non-parallelisms in 
various sub components of accelerometers due to imperfect 
fabrication or machining processes have been depicted 
assuming gradients in all layers are pointing in one 
direction. 

Table 2. Non-parallelisms in various sub components of accelerometers due to imperfect fabrication or machining processes. 
 

Item Shape Dimensions 
Thickness 

(min) 
Thickness 

(max) 
Diff (um) 

Angle 
(Degrees) 

  
Length 

(um) 
Width (um) microns microns microns Degrees 

Evaluation 
Board 

Rectangle 50200 50200 1575 1725 150.0000 0.1712 

Socket Rectangle 40132 22733 5400 5600 200.0000 0.2855 

Package base Rectangle 40132 22733 940 1092 152.0000 0.2170 

Epoxy Rectangle 40000 22000 45 55 10.0000 0.0143 

Glass 
substrate 

Rectangle 8400 6825 699 701 2.0000 0.0136 

Silicon  Rectangle 8400 6825 11 12 1.0000 0.0068 

Maximum 
Total             

0.7085 

 
 
For example, in our case, the variations in 
manufacturing thickness variations of surfaces of 
socket are contributing maximum to misalignments 
viz. 0.28550. If the direction of the gradient is in 
opposite direction i.e. -0.28550, the total error reduces 
to 0.13740 assuming all other components are 
positive. Similarly assuming evaluation board 

contributes -0.17120 and all other layers are 
contributing in positive direction, the total error 
reduces to 0.36600. Any misalignment in opposite 
direction will always reduce the total error. It will be 
safe to assume that mean of two limits (least 
contributor and maximum contributor) will be the 
number most likely. This in our case is 0.41610 
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(socket and Silicon). This number compares well 
with the estimates of two out of three accelerometers 
i.e. MA6 and MA8. The point we want to stress is 
that estimates obtained by differential method agree 
reasonably well with indirect estimates obtained from 
Table 2. The trend of above results was repeatable on 
4 set of other devices fabricated and measured in our 
laboratory. 

In short we have demonstrated that one can 
measure the misalignment error in sensing axis of 
accelerometer by using a differential (dV/dθ vs. θ)  
and reciprocal differential ((dV/dθ)−1 vs. θ) data of 
basic V vs. θ plot. The proposed method has many 
advantages and estimates from this method compare 
well with analytical and other indirect methods. 
 
 

5. Conclusions 
 

In brief, using the tilt measurement data, a new 
analytical approach based on differential and 
reciprocal differential of data is proposed which does 
not require prior knowledge of other parameters. The 
method is applicable to single, two or three-axis 
sensors. The estimates from this method compare 
well with conventional analytical fit method and 
indirect estimates obtained from sub-componets. The 
method utilizes the position of minima form the data 
of tilt measurements wherein the derivative is zero 
and reciprocal derivative that shows an asymptote at 
the angle matching with the value misalignment 
error. The method is validated on actual prototype 
sensors fabricated in our laboratory. 
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Abstract: High sensitive and rapid detection of cancer cells is important to diagnosis and treatment of cancer. 
This study presented a portable micro-electrochemical system for detection of cancer cells by measuring 
electrochemical behaviors of molecule probe. The relevant hardware was divided into three parts, i.e., MCU 
circuit module, current measuring circuit  module and potentiostatic circuit module. Information between 
modules exchanged through the system bus. The software was designed for generating and acquisition of 
signals, communication between master and slave, and data analysis. The performance of this portable micro-
electrochemical system was validated by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) of 
potassium hexacyanoferrate (III) solution at ITO electrode. Based on this portable instrumental system, a rapid 
detection of cancer cells was realized by using electrochemical probes.  This puts forward to the portable micro-
electrochemical system for rapid detection and diagnosis of cancers in clinical application. Copyright © 2015 
IFSA Publishing, S. L. 
 
Keywords: Portable micro-electrochemical system, Cancer cell detection, Hardware and software design,  
ITO electrode. 
 
 
1. Introduction 

 

Cancer is one of the most serious disease to 
human health, with high morbidity and mortality. 
Accurate detection and effective treatment of tumor 
has been the focus in biomedical field. Current 
classical clinic diagnosis methods, including biopsy, 
endoscopy, and molecular imaging, have been widely 
utilized for cancer detections. However, there still 
exist many disadvantages for the relevant cancer 
diagnostic strategies such as time-consuming, risk of 
radiation, pain bearing and high cost, etc [1, 2]. Thus, 
based on these observations, we have tried to 
establish some new analysis strategy and biosensors 
to explore the possibility for the ultrasensitive and 
rapid detection of cancer cells by using spectroscopy 
and micro-electrochemical system. [3-6].  

The kinetic reaction process between biological 
molecular probes and cells can be readily measured 
by some biosensors, which can be used to identify 
different types of cells [4, 5]. Electrochemical 
biosensors have been widely used in biomedical 
applications, such as analysis of bioactive molecules 
and cell detection. The current electrochemical 
biosensors, which were usually based on the 
expensive, large and un-portable electrochemical 
workstations, were inconvenient to clinical 
applications, especially bed-side diagnostics. In view 
of these considerations, in this study we have 
developed a portable micro-electrochemical system 
for detection of cancer cells with molecular probes 
and identification of leukemia cells and leukocytes 
from clinical samples [7]. 
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2. Hardware Design 
 
Initially, in hardware design for our portable 

micro-electrochemical system, we have established 
the detection system hardware mainly including 
MSP430 minimum system circuit, power circuit, 
potentiostatic circuit module, current detecting 
circuit, DAC circuit. TI embedded microcontroller 
MSP430F149 is chosen as low machine processor for 
the detection system [8]. The relevant system block 
diagram is shown in Fig. 1. 

 
 

 
 

Fig. 1. System block diagram. 
 
 
2.1. MCU Circuit Section 

 
The Texas Instruments MSP430 family of 

ultralow-power microcontrollers consists of several 

devices featuring different sets of peripherals targeted 
for various applications. We choose MSP430F149  
as sensor systems processor to generate signals, 
capture analog signals, convert them to digital values, 
and process and transmit the data to a host system. 
Generate signals need expand the 8bit DAC 
(TLV5636). Voltage acquisition of the reference 
electrode and current acquisition of the work 
electrode could be realized because of 8 channels  
12 bit AD port integrated. MSP430 support serial 
communication and do not need additional chip. 
Because of these advantages, MSP430 is convenient 
to meet the basic requirements of the portable and 
low power detection system and easy to extend with 
low cost. 

 
 

2.2. System Power Modules 
 
Various operational amplifiers which need 

positive and negative voltage (± 5 V) are applied in 
the potentiostatic circuit and the signal conditioning 
circuit, and the processor supply-voltage is 3.3 V. So 
three different Voltage (+5 V, -5 V, 3.3 V) stabilizing 
circuits need to design. Universal USB interface 
power is convenient supply positive voltage. TI 
tps60110, tps60400, TLV1117 combination with 
capacitor filter circuits meet the requirement of 
system power modules which supply voltage stability 
with small ripple (See Fig. 2). 

 
 

 
 

Fig. 2. System power modules block diagram. 
 
 
2.3. Potentiostat Module Circuit 

 

The classical electrochemical potentiostat module 
circuit diagram is shown in Fig. 3. Chip-selection 
will be in accordance with the requirements of the 

basic principles of electrochemistry, while OP1 
should choose small input bias current to match the 
requirements of the potentiostat module circuit. The 
output of OP2 need reach the upper limit detection 
requirements so that electrochemical current signal 
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can be measured when the current of signal less than 
the current of amplifiers output  

OP1 select ADI AD8663 chip, where input bias 
current is typically 0.3 pA with condition of  
25 degrees under Vs = 5V, Vcm = 2.5V [9]. OP2 
select ADI OP777. The output is stable with 

capacitive loads of over 500 pF. Supply current is 
less than 300 μA per amplifier at 5 V. 500 Ω series 
resistors protect the inputs. With the condition of  
25 degrees, Vs = 5 V, Vcm = 2.5 V, the typical value 
is ± 10 mA.  

 
 

 
 

Fig. 3. Electrochemical potentiostat circuit block diagram. 
 
 
2.4. Current Measuring Circuit 

 

Two channels ADI OPA4227 is used in circuit 
voltage current converter circuit, which measure the 
work electrode current. Changing conversion 
multiple by programmable switches (SN74LV4052) 
could achieve accommodate circuit detection range 

and sensitivity [10]. Deal with the adjustable current-
voltage conversion circuit and second-order filter 
circuit could facilitate to achieve the required signal-
to-noise ratio. Meanwhile, the filter circuit play 
signal conditioning in front of ADC, and finally the 
work electrode current data could be collected by 
MCU AD2 channel (See Fig. 4). 

 
 

 
 

Fig. 4. Current measuring circuit. 
 
 
3. Software Design 

 

With regards to the software design, it mainly 
involved the upper computer serial communication 
software, lower computer system software. Lower 
computer software including DA signal generation 
program, AD data collection procedures, and serial 
communication. DA signal generation process is 

mainly according to the initial conditions to produce 
the corresponding output which excite 
electrochemical measurements. The AD data 
acquisition program is mainly based on the 
parameters of PC transfer to set the sampling 
frequency, which need set initial potential, high level, 
low level, scanning speed, direction, scanning, 
standing time and other parameters of experimental 
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techniques of cyclic voltammetry. These parameters 
can be set in the PC software, providing the basis for 
each parameter of the MSP430 resource initialization 
through the serial port. 

Meanwhile, the MSP430 initialization of system 
includes the system power and restart the allocation 
for each interrupt mode and the clock. When the 
interrupt module starts initialization, MSP430 
initialization and finish work in low power mode 3, 
the serial port to receive interrupt program for PC 
transmit data. Moreover, when the data transmission 
to the lower machine, the system wake up from low 
power mode 3, receive parameters and determine 
whether start command, if not to suspend or stop the 
corresponding to receive the corresponding 
parameters, finish DAC, ADC initialization, then 
start signal generation according to electrochemical 
techniques and data collection, and sends the data to 
the PC terminal. 

Besides, the relevant system uses VC++6.0 and 
MFC design upper computer software interface 
program, and the program write and read data 
through the serial port, real-time rendering curve, 
saving and checking the data and other basic 
functions. The design of communication interface of 
upper computer is compiled with VC6.0. 
Communication program realize the serial 
communication by MFC MSCOMM. 
Communication protocol setting could be readily 
realized by the user in accordance with their own 
computer serial port number, baud rate 9600, 1 parity 
bit, 8 data bits, 1 stop bit, and seizure of data format 
can be selected through 16 hexadecimal and character 
format.  

 
 

4. Experimental Section 
 
4.1. Instruments and Reagents 

 
All tests were carried out in the relevant home-

made electrochemical system described above. 
Potassium hexacyanoferrate(III), sodium dihydrogen 
phosphate and disodium hydrogen phosphate were 
purchased from Sinopharm Group Co., Ltd. 
(Shanghai, China). All reagents were analytical grade 
and used without any further purification. ITO glass 
was bought from CSG Holding Co., Ltd. (Shenzhen, 
China). Before electrochemical measurements, ITO 
electrodes were washed with acetone, alcohol and 
deionized water for 10 minutes with ultrasound, 
rinsed by deionized water and dried with N2 gas. 

 
 

4.2. Cell Culture and Isolation from Clinical 
Samples 

 
The K562 cells were cultured in RPMI  

1640 medium (GIBCO) with 10 % fetal calf serum 
(Sigma, USA), 100 mU/mL penicillin (Sigma, USA), 
and 100 mU/mL streptomycin (Sigma, USA) at  

37 °C with 5 % CO2. The drug resistant KA cells 
were maintained with 1 μg/mL Adriamycin (Sigma, 
USA). HepG2 cells were cultured in DMEM (Gibco) 
medium with 10 % fetal bovine serum, 100 U/mL 
penicillin, and 100 mg/mL streptomycin at 37 °C 
with 5 % CO2. 

This study was approved by Ethics Committee of 
Southeast University and adhered to Declaration of 
Helsinki. With regards to the relevant detection of 
clinic samples, Leucocytes and other cells were 
isolated from whole blood as previous reported  
[11, 12] by using Lymphocyte separation medium 
(Sinopharm Chemical Reagent Co., Ltd., China). 

 
 

4.3. System Performance Testing 
 
Multiple measurements of the CV and DPV were 

performed to validate the stability of the home-made 
electrochemical system. Experiments were carried 
out in potassium hexacyanoferrate (III) solution with 
a three electrode system, i.e. ITO as working 
electrode (WE), a platinum wire as the counter 
electrode (CE), and a silver electrode as reference 
electrode (RE).  

 
 

 
 

Fig. 5. Multiple measurements of cyclic voltammetry (CV) 
on portable micro-electrochemical system. CV study was 

carried out with a 100 mV/s scanning speed  
and a 1 mV sampling interval. 

 
 
4.4. Detection of Cancer Cells by Using this 

Portable Micro-electrochemical System 
 
The electrochemical behaviors of potassium 

hexacyanoferrate (III) (0.01 mM) with/without 
cancer cells were performed on the portable micro-
electrochemical system with DPV technique at ITO 
electrodes [13, 14]. A drop of suspension of cells 
mixed with potassium hexacyanoferrate (III) (10 μL) 
was placed onto the surface of ITO electrode, and 
then the CE and RE were immersed into the droplet. 
The experimental parameters for DPV were the same 
as described above. 
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As illustrated in Fig. 6, when a droplet of 
potassium hexacyanoferrate (III) solution mixed with 
different cancer cells, including Hela cells, HepG2 
cells, drug sensitive leukemia cells (K562) and drug 
resistance leukemia cells (KA) and so on, the relevant 
electrochemical behaviors were different from each 
other, accompanying with apparent peak potential 
shifts. It is evident that the peak potential for 
potassium hexacyanoferrate (III) itself is 0.135 V. 
There were positive shifts in peak potentials after 
suspended with cancer cells. In addition, the 
corresponding potential shifts varied from each other 
for different kinds of disease cells. The peak potential 
was 0.177, 0.188, 0.170 and 0.156 V for Hela, 
HepG2, K562 and KA cells, respectively, i.e., about 
42, 53, 35 and 21 mV shifts for each other when 
compared with potassium hexacyanoferrate (III) 
itself. On the basis of these observations, it is 
possible to utilize this system to detect different types 
of cancer cells through corresponding peak potential 
shifts. Most importantly, it can be used to readily 
identify the drug sensitive K562 leukemia cells and 
drug resistant KA leukemia cells.  

 
 

 
 
Fig. 6. (A) The differential pulse voltammograms (DPV) of 
behaviors of potassium hexacyanoferrate (III) (0.01 mM) 
with/without cancer cells, including Hela cells, HepG2 
cells, K562 cells, and KA cells. (B) Box plots of peak 
potentials for potassium hexacyanoferrate (III) (0.01 mM) 
with/without cells. DPV was measured in a 4 mV potential 
increment and a 0.2 s pulse period. 

The electrochemical recognition of leukemia cells 
from healthy individuals and leukemia patients have 
been also investigated in this study. The relevant 
peak potential of potassium hexacyanoferrate (III) 
resulted from interaction with leukemia cells were 
more positively shifted than that with leukocytes 
from blood of healthy individuals (Fig. 7). There 
were ca. 40 and 11 mV shifts for leukemia cells and 
leukocytes when compared with potassium 
hexacyanoferrate (III) alone. 

 
 

 
 

Fig. 7. (A) The differential pulse voltammograms (DPV) 
and (B) box plots of potassium hexacyanoferrate (III)  

(0.01 mM) with samples from leukemia patients  
and from normal blood samples. 

 
 
7. Conclusions 

 
In summary, in this contribution we have 

designed and manufactured a portable micro-
electrochemical system for identification of cancer 
cells based on the different electrochemical behaviors 
of molecular probes. The performance of the portable 
micro-electrochemical system was validated through 
multiple CV and DPV experiments. Additionally, the 
portable micro-electrochemical system could be 
readily utilized for the rapid detection of different 
types of cancer cells. There was significant difference 
in the peak potential shifts for different kinds of 
cancer cells. In addition, the portable micro-
electrochemical system has been applied in the 
identification of leukemia cells and leukocytes from 
clinical samples. In the future study, the portable 
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micro-electrochemical system can be extended with 
more electrochemical functions and advanced 
software for data analysis and has great possibility in 
clinical applications. 
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Abstract: In relation to hydrogen (H2) economy in general and gas sensing in particular, an extensive set of one 
dimensional (1-D) nano-scaled oxide materials are being investigated as ideal candidates for potential gas 
sensing applications. This is correlated to their set of singular surface characteristics, shape anisotropy and 
readiness for integrated devices. Nanostructures of well-established gas sensing materials such as Tin Oxide 
(SnO2), Zinc Oxide (ZnO), Indium (III) Oxide (In2O3), and Tungsten Trioxide (WO3) have shown higher 
sensitivity and gas selectivity, quicker response, faster time recovery, as well as an enhanced capability to detect 
gases at low concentrations. While the overall sensing characteristics of these so called 1-D nanomaterials are 
superior, they are efficient at high temperature; generally above 200 °C. This operational impediment results in 
device complexities in integration that limit their technological applications, specifically in their miniaturized 
arrangements. Unfortunately, for room temperature applications, there is a necessity to dope the above 
mentioned nano-scaled oxides with noble metals such as Platinum (Pt), Palladium (Pd), Gold (Au), Ruthenium 
(Ru). This comes at a cost. This communication reports, for the first time, on the room temperature enhanced H2 
sensing properties of a specific phase of pure Vanadium Dioxide (VO2) phase A in their nanobelt form. The 
relatively observed large H2 room temperature sensing in this Mott type specific oxide seems to reach values as 
low as 14 ppm H2 which makes it an ideal gas sensing in H2 fuelled systems. 
Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Vanadium dioxide, Room temperature, Hydrogen gas, Sensors, Depletion layer, Selectivity. 
 
 
 
1. Introduction 
 

Gas sensors are highly demanded for innovations 
towards better sensing performances, lower power 
consumption and more compact device structures. In 
this case, semi-conductors are considered the best 
suited materials because they present advantageous 
features such as simplicity in device structure, 
circuitry, high sensitivity, versatility and robustness.  

Adsorption and/or reactions of gases generally 
take place in order to capture or release electrons 

while a redistribution of electrons take place inside to 
attain the electrostatic equilibrium. In the case of 
small crystals, depletion extends to cover the whole 
material and the Poisson equation becomes 
dependent on the shape of the crystal [1]. Common 
materials used as chemoresistor gas sensors are 
semiconducting metal oxides generally n-type which 
are in use worldwide to detect traces of elements in 
the air. For example we have leak detection in gas 
pipelines, indication of petrol vapor in filling stations, 
or for alcohols test in exhaled air [2]. However the 
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well-established gas sensors polycrystalline materials 
such as SnO2 [3], ZnO [4], or WO3 [5], having shown 
high selectivity and sensitivity are efficient at high 
temperature generally above 200 °C. This results in 
significant power consumption, in addition to 
complexities in device integration, which limits their 
technological applications. Consequentially, there is 
still space and need to develop nanomaterials for gas 
sensors that have very good sensing performance at 
room temperature i.e. without the need of elevated 
temperatures. 

In addition to standard nano-powders/thin film 
structures, extensive set of novel nano-scaled oxide 
materials such as nanowires, nanotubes, nanorods, 
and nanobelts based systems are being investigated as 
ideal candidates for gas sensing applications. This is 
due to their set of singular surface characteristics, 
shape anisotropy and readiness for integrated devices 
[6]. This latter component includes their large 
surface/volume ratio, single crystalline structure due 
to their preferential growth, and great availability of 
surface-bound chemical active sites [7].  

VO2 is well known as a semiconductor oxide 
which presents drastic changes of electrical and 
optical properties at a transition temperature  
Tc ~ 68 °C. Various vanadium oxides were studied 
and proved to be good candidate for sensing 
applications. Baik et al. [8] produced Pd 
nanoparticles-decorated single VO2 nanowires and 
studied the sensitivity under H2 close to the metal 
insulator transition temperature. Manno et al. [9] 
investigated the influence of the NO2 gas on the 
conductance of vanadium oxides films sputtered at 
different concentrations of O2. They realized that 
pure stoichiometric VO2 and V2O5 have lowest 
response between 200 °C and 300 °C while V3O7 and 
V4O9 had the best sensitivity to 100 ppm NO2. Hence 
the crystallographic phases play an important if not a 
critical role in gas sensing at least in such a system. 
Raible et al. [10] showed high sensitivity and 
selectivity in nanofibers of V2O5 based sensors 
capable of detecting organic amines at room 
temperature. They showed that the material 
undergoes a large downward shift in the insulator to 
metal transition temperature following the adsorption 
and incorporation of atomic hydrogen produced by 
the dissociative chemisorption of H2 on Pd in VO2. 

Recently Yin et al. [11] studied the sensitivity of 
VO2 (B) and VO2 (M) in moist environment 
demonstrating that they exhibit good stability, fast 
response and good recovery detection in low relative 
humidity (11.5 % RH) and high relative humidity 
(97.2 % RH) respectively. However, and to the best 
of our knowledge, no report has been published on 
room temperature sensitivity to H2 gas of synthesized 
VO2 (A) nanostructures in general and their nanobelt 
form especially.  

In this paper we report the successful synthesis 
and annealing treatment of the nanobelts vanadium 
dioxide and the outstanding room temperature H2 
sensor based Vanadium Dioxide-VO2 (A) nanobelts 
which present limit detection below 0.17 ppm and a 

characteristic Mott-Type oxide described by its 
ultrafast spectroscopy investigations showing the 
competitive phases between monoclinic and 
tetragonal structure. 
 
 
2. Experiments and Results 

 
VO2 (A) nanobelts were synthesized using a 

hydrothermal procedure. The starting precursor V2O5 
(2.25 g Alfa Aesar) was used as the source of 
vanadium and was completely hydrolysed and 
condensed upon addition of 50 ml of distilled water. 
Upon heating at 95 ºC and stirring thoroughly,  
3.75 ml of sulphuric acid (H2SO4) was added into the 
aqueous suspension as an acid catalyst in order to 
convert the metalalkoxide. Then 1.25 ml of 98 % of 
hydrazine hydrate was added to the solution, as a 
foaming agent for the creation of a three dimensional 
network polymer with enhancement of the stability of 
the colloidal by its decomposition at high 
temperature. Finally, we precipitated the 
nanoparticles by addition of a strong chemical base 
dilute Sodium Hydroxide NaOH and the 
nanoparticles were collected by filtration and 
washing with distilled water and ethanol. The final 
product was redispersed in suitable apolar solvent 
(water) forming stable colloidal suspensions. The 
hydrothermal synthesis was carried out in a Teflon-
lined autoclave at ~230 °C for about 48 h. Then the 
content was air-cooled to room temperature followed 
by a filtration step of the formed precipitates. To 
confirm the VO2 (A) crystallographic nature of the 
synthesized nano-powder, X-Rays Diffraction 
(XRD), High Resolution Electron Microscopy 
(HRTEM), as well as sensing measurements was 
conducted. Fig. 1 reports a typical room temperature 
X-ray diffraction of the filtered powder. The majority 
of the peaks are indexed as VO2 (A) according to the 
JCPDS card referenced as 00-042-0876 with a 
preferential orientation along (110) and lattice 
parameters a and c which are 8.45000 Å and   
7.68600 Å respectively and Z=16, with the space 
group of  P42/nmc. It was demonstrated that a 
thermal treatment of the VO2 (A)  
nanobelts irreversibly transform to the VO2 (M) 
nanostructures   with lattice parameters  a= 5.75290 
Ǻ, b= 4.5263 Ǻ, and c = 5.38250 Ǻ with β= 122.60 ° 
[12]. See Fig. 2.  

The electron transmission microscopy of the 
filtered synthesized powder is presented in Fig. 3. 
The nano-particles exhibit crystal-clear shape 
anisotropy: a nanobelt-like morphology. A statistical 
imaging study shows that they have an average size 
of 20-150 nm in the transverse direction and a length 
>20 μm with a thickness less than 10 nm.  
The high resolution electron microscopy analysis of 
the bulk of individual nanobelts indicates a 
significant crystallinity of the VO2 (A) with an 
interspacing corresponding to the (011) reticular 
plane orientation. 
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Fig. 1. XRD pattern of VO2 (A) as-synthesized without 
thermal treatment with a preferential orientation  

along (110). 
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Fig. 2. Annealing treatment under Argon at 500 °C 
conversion of VO2 (A) to VO2 (M). 

 
 

 
 

Fig. 3. Electron transmission microscopy of the filtered 
synthesized powder of VO2 (A) nanobelts. 

 
 

The elemental composition of the material 
acquired from the X-rays emitted as shown in Fig. 4 
shows that the elemental composition is only 
constitute of vanadium atoms and oxygen with high 
intensity showing the nucleation of grains and 
crystallization of the particles. It was demonstrated 
that high temperature stimulates the migration of 
grain boundaries and causes the coalescence of more 
grains during the annealing process. Additionally the 
grain growth observed induce diffusion and 

occupation of the correct site in the crystal lattice 
where grains with low surface energies grow larger, 
which contributes to increase of the surface 
roughness and larger microcracks corresponding to 
VO2 (M) [13]. 

A typical characterization of VO2 (M) crystal 
structure is the presence of the dimerized vanadium 
atoms which have alternate V-V distances of 0.2619 
and 0.312 nm. Such an ability to undergo a reversible 
structural distortion as a function of temperature is 
accompanied by reversible semiconductor/insulator-
to metal transition. From theoretical point of view, 
this phase transition has been initially interpreted in 
terms of Mott-Hubbard like transition [14] or 
electron trapping in a homopolar bond. Fig. 5 
presents the description of the crystalline structure 
followed by XRD analysis at different temperatures 
showing the Mott-Hubbard phenomenon to a 
transition of structure at around 64.65 °C where both 
phases coexist. The area under the monoclinic peak 
decreases as the tetragonal fraction grows. The  
VO2 (M) nano-crystals are entirely tetragonal at 
around 70 °C. 
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Fig. 4. EDS spectra of VO2 nanobelts as-synthesized  
and annealed. 
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Fig. 5. Thermal evolution of the intensity  
of the 37.1 Bragg peak reflection with transition 

temperature at around 64.65 °C. 
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High-resolution XPS measurements were 
performed with a PHI 5000 Versaprobe–Scanning 
ESCA Microprobe spectrometer employing 100 µm 
25 W 15 kV Al monochromatic x-ray beam. See  
Fig. 6 (a). The resolution of the instrument has been 
determined to be 0.1eV after 30 cycles. The 
specimens were nanostructures VO2 (M) single 
crystals sputter for 2 min under Ar ion gun in the 
spectrometer vacuum of 10-7 Torr. It is well known 
that under typical XPS experiment, measuring 
conditions insulating and semiconducting samples 
become charged and the resulting peaks are shifted 
and broadened. Charging effects broadened the 
spectra to such an extent that no direct evidence of 
multiplet splitting could be obtained. The 2P1/2 and 
2P3/2 peaks are separated by 3/2 ξ2p where ξ2p is the 
spin-orbit coupling constant. It was observed that the 
material is composed of vanadium valence V+4 and 
V+5 states respectively at 515.15 eV (2p 3/2), 522.64 
(2p 1/2) and 516.74 (2p 3/2), 524.92 (2p 1/2) [15-16]. 
The simulation was done through XPS peak fit 
software to determine the differents energy band of 
vanadium valence and oxygen. See Fig. 6 (b).  
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Fig 6 (a). Wide XPS scan spectra of VO2 (M) nanocrystals. 
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Fig. (b). Simulation analysis of the different XPS energy 
bands corresponding to Vanadium and Oxygen. 

3. Sensing Experiments 
 

A standard in-situ 2 contact points-based system 
was used. The cold pressed VO2 (A) nanobelt pellet 
was squeezed between two Al electrodes and a Si 
substrate wafer while the whole was interfaced to a 
heating stage (25-300 °C). More precisely, the 
readings of the current and voltage during the heating 
and cooling stages were measured according to the 
set-up of Fig. 7 comprising a digital meter, an analog 
meter, a graphical recorder and a data logger. The 
isothermal responses of the pressed VO2 (A) powders 
at different concentrations were measured upon 
injection of H2 balanced with N2 as a gas carrier and 
refluxing with pure N2. 

 
 

 
 

Fig. 7. Polycrystalline gas sensor with associated 
measuring circuit [2]. 

 
 

The conductometric sensing signal at different H2 
concentrations follows the pattern of any reducing 
gases such as methane, ethanol vapour, hydrogen 
sulphide and carbon monoxide. The grains of the 
sintered body are covered by adsorbed oxygen which 
removes electrons causing the formation of ionic 
oxygen at the surface. Consequently, the charge 
carrier concentration in the grain volume decreases 
and a potential barrier is formed at the grain 
boundaries (double Schottky barrier). See Fig. 8. In 
this case, the electric conductance of the material is 
decreased by the extent of oxygen adsorption. In the 
presence of reducing gas, the molecules interact with 
the adsorbed oxygen, thus decreasing the potential 
barrier and increasing the conductivity of the sensor. 
This conductance change is reversible at the working 
temperature (room temperature). The electrons can 
also be transported by tunneling through a small gap 
between oxide grains even when grain boundaries 
are not effectively formed throughout the sensing 
body [17] Most of the chemoresistive sensors 
materials operate at high temperature, generally 
above 200 °C, resulting in significant power 
consumption, and in addition to complexities in 
device integration, which limits their technological 
applications. Consequentially, there is still space and 
need to develop 1-D nanomaterials for gas sensors 
that have very good sensing performance but at room 

Pellet
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temperature. Upon injection of H2, the initial 
resistance is 1.2×107 Ω and for various 
concentrations of H2 flow (140, 90, 50, and 14 ppm),  
H2 reactions mechanism is similar to CO reduction: 
this mechanism describes ambient oxygen adsorbs on 
the surface of the grains and form negative oxygen 
ions with combination of intrinsic electrons from the 
n-type VO2 semiconductor. See Fig. 9. This explains 
the presence of a strong electric field pointing 
outward from the oxide surface. The separation of 
charges into cations and anions gives strongly 
modulated electronic potential on the oxide surface. 
Hydrogen atoms are dissociatively adsorbed in 
opposite charges which represent different 
reactivities. 
 
 

 
 

Fig. 8. Charge distribution following adsorption of oxygen 
at surface of n-type oxidic semiconductors and resulting 

potential distribution across grain boundary [2]. 
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Fig. 9. Room temperature variation of the conductometric 
sensing signal for the considered H2 relative concentrations 

i.e. 140, 90, 50, 14 ppm. 
 
 

Another description to the high sensing response 
between H2 and the nanobelts is the presence of 

defects on the nanomaterial quantified through the 
lattice interspacing distance due to oxygen vacancies 
which act as adsorption sites for gas species. The 
interaction of Hydrogen with surface defects can be 
modeled as [18]: 
 

. `
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i o
OO O eH H+ → + +  (1) 
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x

o o
OV e OH H+ + → +  (2) 

 

( )` `x x

V o VO
H OHV O V+ + → +  (3) 

 

where x

oO , .

oV  and 
`

e  is a neutral oxygen in an 

oxygen site, a positively charged vacancy and a 
negatively charged electron according to Kroger-
Vink notation respectively. This shows that the 
hydrogen molecules are strongly correlated to the 
oxygen vacancies of the nanosensor material. In the 
case of vanadium dioxide, the hydrogen radicals are 
donor forming a direct hydrogenation of the material. 
The Coulombic interaction is a long range process 
and the surface interaction is not only dependent on 
the cation/anion at the vicinity of the surface but also 
on the ionicity of the matrix oxide of the solid 
solution which affects the activity energy of catalytic 
reactions where the rate involves the electron charge 
transfer between the oxide and intermediate surface.  

 
 
 
 

The sensor response S of the nanobelts VO2 powders 
is defined as: 
 

0

0

g
S

R R
R
−

= , (4) 

 
 
where R0 and Rg are the resistance of the nanobelts 
in the absence and presence of the hydrogen gas 
respectively. It can be seen that the gas sensing 
response increases as the concentration of the 
injected gas increases up to 90 ppm and then 
decreases for higher concentrations. (See Fig. 10). 
One major advantage of VO2 nanobelts is that the 
sensor can be used at room temperature detecting 
high concentrations of H2 as well as having a 
detection limit below 14 ppm. Concerning the 
response and recovery time, the sensor exhibits 
approximately 850-1000 s / 450-700 s response and 
recovery time respectively as shown in Fig. 11 which 
seems to be more appreciable comparing to TiO2 

nanotubes and nanorods as reported in [19]. 
Finally, to shed light on the sensing selectivity of 

the VO2 (A) nanobelts, further experiments were 
carried with other standard gases such as CO and 
CO2. Their corresponding sensing characteristics 
seemed to be very weak at room temperature under 
identical sensing conditions. 
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Fig. 10. Room temperature sensitivity of the nanobelts  
for considered H2 relative concentrations  

of 140, 90, 50, 14 ppm. 
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Fig. 11. Response time (90 ppm) and recovery  
time (140 ppm) to H2 at room temperature  

forVO2-based devices. 
 
 

One cycle conductometric sensor signal for CO 
and CO2 gases (200 ppm) was measured only at high 
temperature (170 °C). At it can be noticed, the 
sensing signal is at the background level. See Fig. 12. 
Consequentially, it could be deduced that the VO2 
(A) nanobelts present a noteworthy gas sensing 
selectivity towards H2. These VO2 nanobelts based 
H2 sensor is strongly correlated to the electronic 
properties of the material itself (transport 
measurements, n-type semiconductor) as well as to 
its nanoscale morphology 1-D structure. What is 
important to note here is that the performance of the 
sensor material rely on the nature and the structure of 
the sensing material and on the nanoscale 
morphology of the layer and the grain size of the 
metal oxide.  

Although this paper demonstrated the H2 sensing 
efficiency of VO2 (A) nanobelts at room temperature 
relatively to corresponding 1-D oxides in general, 

various issues are still to be addressed. Among these, 
one should mention the following: the sensing 
properties below and above the vicinity of the 
semiconductor-metal transition, sensitivity to 
humidity at different temperature and the need to 
enlarge the sensor’s selectivity for H2S, NH3, and 
C2H5OH gases. Further investigations would address 
all these challenges. 
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Fig. 12. Conductometric sensing signal for CO  
and CO2 at threshold levels. 

 
 

4. Conclusions 
 

Metal oxide VO2 nanobelts were successfully 
synthesized by hydrothermal sol-gel process. They 
present good sensing response and good selectivity at 
low temperature to H2 gas comparing to CO and CO2. 
The high sensing response is due to the large surface 
to volume ratio of the nanobelts and thus great active 
sites and surface states with chemical reducibility due 
to the simplicity in the device structure and 
adaptability to a wide variety of reductive or 
oxidative gases. The low power consumption should 
be useful for developing high performance H2 gas 
sensors. To our best knowledge, this is the first report 
on nanobelts VO2 hydrogen sensors. 
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Abstract: An innovative design of a water level sensor is reported in this paper. The proposed design is suitable 
for high precision measurements usually required in sensing the water level of dams, tanks & reservoirs. This 
paper employs a reflected float mechanism in the presented design which helps in sensing the level to be 
measured. The proposed sensor design has a simple, reliable and low cost design concept and ease of 
installation. For precise measurement, the presented design has been calibrated and tested for level measurement 
up to 225 cm and corresponding error have been considered. The error is under acceptable limits i.e. within  
± 2 % of the measured value. The improvement in the precision value has been also reported in the paper. The 
design is suitable for measuring level in the range of 0.1 cm and it can be improved further as per the 
requirement, by simply varying the circuit parameters. Steps utilized to develop the presented design have been 
also mentioned to clearly present the design concept and required setup. Copyright © 2015 IFSA  
Publishing, S. L. 
 
Keywords: Level sensor, Measurement, Sensor design, Water level measurement. 
 
 
 
1. Introduction 
 

With the advent in the technology, various types 
of precise sensors have been already reported in the 
literature. However, these designs require 
modification in their design concepts to meet the 
current technology requirements. Dams are artificial 
barrier which have high potential risk of eventual 
collapse causing catastrophic consequences to the 
environment and especially to humans. Dam water 
level is generally measured manually, which adds 
manual measurement errors. Manual measurement is 
also not effective due to various problems such as 
difficulties in reaching the measurement site, human 
error, low resolution of the measuring instrument, 
etc. In the view of above, many automatic water level 
measurement systems using mechanical sensors such 
as resistive [1, 2], capacitive [2] or magnetic sensor 

[3], have been already reported in literature. Still, 
these sensors have to do direct contact with water that 
makes their life span shorter due to chemical and 
physical constraints such as corrosion, pressure under 
water and so on. Sensors like resistive and magnetic 
sensors can measure only the water level at some 
points while capacitive sensor can measure the water 
level at all points. However, capacitive sensor is 
affected by water composition and can affect the 
measurement result. From the above discussion it can 
be concluded that an effective and highly precise 
design of sensor is required that is capable of 
surviving in the adverse water level measurement 
environment. In the view of above requirements, this 
paper makes following contributions:  

1) An efficient and highly precise sensor design 
for water level measurement is presented. 

http://www.sensorsportal.com/HTML/DIGEST/P_2683.htm
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2) Design offers various improvements in the 
performance parameters while taking measurement of 
the water level, without direct contact with water, 
which also increases its life time. 

3) Further, the microcontroller is used as a data 
processor and controller to other electronic 
components utilized in the design presented. 

Rest of the paper is organized as follows. Section 
III presents the study of conventional sensor design 
already available in the literature. The proposed 
sensor design is reported in Section II. The 
simulation results and discussions are mentioned in 
Section IV. Finally, concluding remarks are provided 
in Section V. 

 
 

2. Literature Review on Conventional 
Designs 
 

Various designs for monitoring water level of 
dams, reservoirs and other water storage such as 
tanks, have been already reported in the literature. 
This section presents a brief review of these designs 
that include pressure type, encode mechanical type, 
ultrasonic type and radar type, and so on. These 
designs find their applications in measuring water 
level in varying situations, which basically depend 

upon the measurement requirements and desired 
performance characteristics [13-22]. Table 1 
summarizes the comparative study of various water-
level measurement techniques already available in 
literature.  

Apart from these, optical fiber based sensors for 
liquid level measurement are also available. For 
example, Nathet al. [23] presented a simple intensity-
modulated fiber optic sensor, which is based on 
frustrated total internal reflection effect caused by 
refractive index change of a medium surrounding an 
optical fiber. Khaliqet al. [24] proposed and 
demonstrated a liquid-level sensor based on the 
refractive-index sensitivity of long-period fiber-optic 
gratings. Shenget al. [25] developed a temperature-
independent differential pressure sensor based on two 
FBGs. These studies state that the sensor are capable 
of providing simultaneous measurements of both the 
temperature and the differential pressure, and are 
suitable for applications involving liquid level, liquid 
density or specific gravity measurement. However, in 
the sensors reported above, the liquid level can only 
be obtained if the specific gravity of the liquid is 
known in advance. However, in most of the general 
cases, this specific gravity (depends upon the liquid 
characteristic) is not always available which limits 
the operation of above mentioned sensing schemes. 

 
 

Table 1. Comparison of Different Types of Water Gauges. 
 

 Pressure Type Encoders/Floats Type Ultrasonic Type Radar Type 

Advantage 

• Extensive range of 
measurement 

• Convenient 
installation 

• Wide Adaptability to 
water quality 

• Low power 
consumption 

• Non-contact 
measurement 

• High measuring 
accuracy 

• Non-contact 
measurement is 
possible 

• accuracy in 
measurement 

• wide range 

Drawback 
The precision is 
affected by the 
density of water 

Big cumulative 
measurement errors 
needs re-calibrated 
frequently 

The ultrasound speed 
is affected by 
temperature and 
humidity of the 
transmission medium; 
Small measured range 

Expensive; Measured 
procedure is affected 
by raindrop and snow-
flake 

Precision 
+0.1~0.3 % of full 
scale  

+ 0.2~0.3 % of full scale + 0.15 % of full scale + 3 ~10 mm 

Suitable 
Range 

< 100 m < 40 m < 0.25 ~12 m < 90 m 

Absolute 
Error 

< 2 cm @ measured  
range < 20 m; 
>2 cm @ measured 
range > 20 m 

< 2 cm @ measured  
range < 10 m; 
>2 cm @ measured range 
> 10 m 

< 2 cm @ measured  
range < 13 m; 
>2 cm @ measured 
range > 14 m 

 
+3 mm ~ 10 mm 

Cumulative 
Error 

>2 cm monthly 
 

>2 cm daily NA NA 

 
 

3. Proposed Sensor Design 
 

This paper proposes a simple and reliable design 
of water level sensor. The design is developed by 
utilizing a light emitting diode (LED) torch as a 
source (S) and light depending resistor (LDR) as 
detector (D) to measure the water level without 

making a direct contact with water. A microcontroller 
has been also employed in the design to act as a data 
processor and controller to other electronic 
components such as display, alarms and so on. 
Microcontroller based automated water level sensing 
systems have been already developed for monitoring 
of liquid levels in reservoirs, tanks, and dams etc. 
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Usually, these kinds of systems are utilized to 
monitor multilevel as well as continuous liquid levels 
but the sensor designs are not suitable for providing 
accurate measurements. In the view of above, an 
innovative design is presented in this paper for both 
continuous and multilevel measurements using 
microcontroller by incorporating audio visual alarm 
at desired levels and automatic control of dam 
outlets. The proposed design mitigates several design 
issues of these systems by employing an indirect 
mechanism to measure the liquid level. Further, to 
understand the design concept, main components and 
how they have been accommodated in the developed 
design have been reported in following section.  
 

3.1. Sensing Principle and Sensor Modeling 
 

The block diagram of the design concept of the 
proposed sensor is demonstrated in the Fig. 1. From 
the figure it can be observed that float is placed at the 
water surface inside a float guide pipe. The float 
guide pipe prevents it from floating off out of the 
sensor’s detection range. The bottom of the pipe is 
partially closed to make the float stable while taking 
measurements. Holes are made in the pipe, so that 
maximum amount of water can enter inside the float 
guide pipe. The length of the float guide pipe can be 
varied according to the dimension of the tank and 
measurement range.  

 

 
 

Fig. 1. Block diagram representation of the proposed water level sensor design. 
 
 
Now, the LED source generates input rays which 

fall on the float surface. The surface of the float is 
made up of reflecting material (mirror is utilized in 
this work to reflect the incidence rays). The reflected 
ray from the float surface is detected by LDRs 
connected in series. LDRs have been included in the 
design because of its simplicity, reliability and low 
cost. Thus, the sensor network incorporated in the 
design helps in measuring the time taken by the 
signal generated by the source (LED) to reach the 
detection point. The measurement obtained from the 
sensor network undergoes through signal conditioner. 
Signal conditioning has been introduced in the design 
to obtain proper signal in terms of strength, which 
can be processed further. Further, analog-to- digital 
converter (ADC) is incorporated in the design to 
provide proper interfacing with the microcontroller in 
the system. The proposed design is calibrated 
according to the requirements. Auto-calibration can 
also be achieved through software. Visual alarms and 
liquid crystal display (LCD) have been introduced in 
the system to monitor the water level. The 
microcontroller is programmed according to the 
requirement i.e. multilevel or continuous 
measurement of the water level. 

3.2. Design of the Sensor Network 
 

Sensor network shown in Fig. 1 consists of source 
(LED) and detector (LDR) circuit. Source produces 
signals that are incident on the float reflective 
surface. Based upon the position of float surface 
inside float guide pipe, variation in the time scale i.e. 
duration after which the reflected signals are detected 
by the LDRs, is obtained. The variation in time scale 
is achieved because of the difference in position of 
float surface which finally depends upon the water 
level to be measured. In general, the path difference 
covered by the signal generated by the source is 
utilized here to determine the level of water.  

The proposed design is firstly calibrated for any 
position of float inside the float guide pipe and then 
respective path difference is obtained to determine 
the water level. For the design presented, the path 
difference i.e. difference in distance covered by the 
reference signal and signal to be measured, generated 
by the source (LED), is determined as 

 
REF MeasuredPD t t= − , (1) 

 



Sensors & Transducers, Vol. 189, Issue 6, June 2015, pp. 150-156 

 153

where PD is the path difference, tREF and tMeasured 
represents the time taken by the reference signal and 
measured signal, respectively. The variation in 
voltage obtained across the LDRs determines the path 
difference in the proposed design. 

 
 

4. Laboratory Setup and Testing 
 

The sensor design presented in this paper has 
been experimentally validated in the laboratory. 
Measurement of various multilevel and continuous 
has been performed in both increasing and decreasing 
water level. This section briefly summarizes the 
experimental setup and testing of the proposed sensor 
design. 

 
 

4.1. Experimental Procedures in Laboratory 
 
Five series connected light dependent registers 

(LDR1 - LDR5) are soldered in the general purpose 
printed circuit board (PCB), to act as a detector 
circuit. A low resistance of value 100 Ω is soldered in 
series with the series connected LDRs (LDR1 - 
LDR5) to act a load. Further, a 5 V power supply is 
provided to the circuit. The whole circuit 
arrangement is implemented in a PCB as shown in 
Fig. 2. 

Now to check the performance of the proposed 
circuit, a light emitting diode (LED) based torch light 
is incident over the series connected LDRs (LDR1 – 
LDR5). A reflecting surface (mirror is utilized as a 
reflecting surface) is kept opposite to the soldered 
PCB. The reflected ray is exposed to the series 
connected LDRs (LDR1 – LDR5). Output voltage 
across low resistance of value 100 Ω is measured 
through the multimeter. Change in voltage is 
obtained with change in distance between reflector 
and series connected LDRs. For the verification of 

the circuit shown in Fig. 2, various sensing points 
have been marked up to range of 225 cm. A 
multimeter has been utilized to obtain readings across 
the points A and B marked in Fig. 2. Sensor has been 
characterized in the terms of voltage as a function of 
distance. The laboratory set of the above mentioned 
design is shown in Fig. 3. 

 
 

 
 

Fig. 2. Series connected LDRs and other components 
accommodated in a PCB. 

 
 

4.2. Testing 
 
To verify the design of the proposed sensor in the 

laboratory, various readings have been obtained by 
the sensing mechanism reported above. Both in the 
case of increasing and decreasing levels, readings 
have been taken. Same setup has been further utilized 
in a water tank filled with water up to the 225 cm. 
Both the laboratory setup measurements and the on-
site water level measurements have been carried out 
to validate the proposed design. The error in the 
measured values have been also tabulated in the table 
to clearly illustrate the difference in the measured 
value occurred due to hysteresis. 

 
 

 
 

Fig. 3. Experimental set-up of the proposed sensor in laboratory. 
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5. Results and Discussion 
 

It can be observed from the Table 2 that the 
output voltage reduces to a very small value with the 
increment in the distance. This is due to the fact that 
the light rays generated form the source are dispersed 
with the increase in distance between the source and 
detector. For this purpose, an instrumentation 
amplifier is utilized to act as a signal conditioner in 
the proposed design. An instrumentation amplifier of 
gain 2.5 has been incorporated in the design to set the 
output voltage within 0-5 V. To achieving gain of  
2.5 from the instrumentation amplifier shown in  
Fig. 4, resistance values utilized in the design are  the 
following: R1 = 1.5 kΩ, Rg = 2 kΩ, R2 = 10 kΩ and 
R3 = 10 kΩ. Further, this work also utilizes a 
logarithmic amplifier to make the sensor response 
linear. Logarithmic amplifier circuit is demonstrated  
in Fig. 4. 

 
 

 
 

Fig. 4. Circuit level model of the signal conditioner 
(instrumentation amplifier) along with the log amplifier. 

 
 

Sensor output voltage is measured across 100 Ω 
resistance connected in series with the LDRs (LDR1 
– LDR5) i.e. between terminals A and B as shown in 
Fig. 2. These measurements are taken with the help 
of a multimeter. Light intensity decreases at large 
distance which causes very low output voltage. Thus, 
the output is passed through the signal conditioner 
and the logarithmic amplifier to obtain the analog 
signal in the measurable range. The ADC employed 
in the design further processes the output of the 
signal conditioner to the microcontroller. The 
alarming system is introduced in the design which is 
controlled by microcontroller, to alarm if the water 
level rises above the set level. The LCD connected 
with the microcontroller is used to display the water 
level in terms of voltage. However, the corresponding 
water level measurements can be obtained with the 
help of calibration. 

Various measurements carried out during testing 
process have been tabulated in table II and its 
corresponding plots have been demonstrated in  
Fig. 5. It depicts the sensor response as a graph 
between distance (cm) and output voltage (mV). The 
output voltage is taken for both increasing and 
decreasing levels. Hysteresis is seen almost 
negligible in the sensor response. 

Table 2. Sensor output voltage. 
 

Distance, 
cm 

Increasing 
Level 

voltage, 
mV 

Decreasing 
Level 

voltage, 
mV 

Error 

5 1989 1979 10 
10 1971 1971 00 
15 1897 1895 02 
20 1810 1850 -40 
25 1751 1743 08 
30 1652 1645 07 
35 1524 1547 -23 
40 1375 1379 -04 
45 1248 1240 08 
50 1109 1121 -12 
55 1049 1073 -42 
60 903 903 00 
65 798 792 06 
70 681 691 -10 
75 575 575 00 
80 533 532 01 
85 490 499 -09 
90 477 481 -04 
95 460 458 02 

100 438 443 -05 
105 418 408 10 
110 384 383 01 
115 332 331 01 
120 285 290 -05 
125 278 272 06 
130 242 240 02 
135 230 232 -02 
140 217 212 05 
145 206 208 -02 
150 199 201 -02 
155 182 188 -06 
160 174 176 -02 
165 159 160 -01 
170 147 146 01 
175 122 126 -04 
180 114 111 03 
185 104 101 03 
190 91 97 -06 
195 86 85 01 
200 76 82 -06 
205 72 69 03 
210 66 65 01 
215 58 54 04 
220 48 44 04 
225 42 40 02 

 
 
This paper presents a very simple design concept 

of a sensor for water level measurements. The 
components can be easily assembled in PCB and the 
setup can be arranged as demonstrated above to 
develop the presented design. However, the 
programming of microcontroller can vary according 
to the user requirements. Certain level of water in any 
water tanks, dams and so on, can be set to alarm. 
Further, the output level in the form of voltage is also 
obtained in the LCD display. 
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Fig. 5. Plot of the measured value ranging  

from 5 to 225 cm. 
 
 

7. Conclusions 
 

In this paper a simple and reliable design of a 
water level sensor is presented. The low cost design 
is very useful for both industrial applications as well 
as onsite measurements such as dams, tanks, 
reservoir and so on. The proposed sensor design has 
been presented basically for low cost water level 
measurement applications. The sensor design utilizes 
LED based torch as source and LDR as detector for 
experimental measurements. The microcontroller 
used in the system facilitates auto-calibration of the 
sensor. Alarm feature allows indication for opening 
of dam gate outlets. Liquid Crystal Display has been 
included in the system for measured water level 
display. It can measure the water level up to 225 cm 
or more, choosing the appropriate source. The paper 
describes development of the sensor and the results 
of the laboratory test and onsite measurements. The 
ease of installation and low cost of the design 
presented makes the design fit for various water level 
measurements. 
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Abstract: This paper shows the improved performance in measurement of near surface soil resistivity through 
nonlinear data fitting criteria. The soil electric sensors use apparent resistivity to get near surface soil properties 
and profiles through in field investigations. To estimate the near surface soil characteristics based on soil 
apparent resistivity is erroneous because of the empirical relationship between probe distances and depth of soil 
profile. Iteration of data fitting is used until determination of coefficient, R2 becomes to be 1 or nearby 1.  The 
performance of obtaining reliable soil apparent resistivity is shown through the experiment with Matlab 2009. 
The nobility of our research is to obtain reliable soil characteristics for a wide range of applications in 
geotechnical investigations. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Electrical conductivity, Soil resistivity, Noise reduction, Data fitting. 
 
 
 
1. Introduction 
 

Accurate soil electrical resistivity measurements are 
very important for determining the specific soil 
properties in geotechnical characteristics. Soil 
electric resistivity is used for hydrological 
applications [3] and agricultural applications [2, 10]. 
Soil electrical resistivity is also used to determine the 
dry density of soil, salinity and porosity [4, 11, 15], 
chemical contamination of soil [1, 6] in geotechnical 
investigations. The particle shape of soils, soil water 
contents, temperature or salt contents influence 
important transport properties such as electrical 
conductivity of soil [12]. The basic principle of the 
soil electrical resistivity measurements is that when a 
constant voltage is applied to one of the two probes 

placed in the soil the current that flows between the 
probes is inversely proportional to the resistance of 
the soil [7].  

Using soil apparent resistivity is crucial in 
geotechnical characterizations because it is easy to 
set up in field [11]. To determine the near surface soil 
properties, resistivity of soil is observed and 
measured through electrical probes penetrated in near 
surface soil shown as Fig. 1. The conventional soil 
resistivity measurements are erroneous for including 
empirical relationship in surface soil profile. 
Moisture contents of soil also affect the soil 
resistivity measurements and can change 
interpretation of soil properties through apparent 
resistivity. However, very limited work has been 
done on the technologies to be used to obtain 

http://www.sensorsportal.com/HTML/DIGEST/P_2683.htm
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accurate soil characteristics. Takahashi and Kawase 
[14] also uses measuring gauge conception in 
multilayer earth structure to obtain the matching of 
apparent resistivity data. Though there is 
consideration of multilayer soil structure, this 
criterion is used for matching of nonlinear apparent 
resistivity data. The limitation of this method is that 
the precision of the method is not very high due to 
the difficulties to cover all the situations by the 
gauges. 
 
 

 

 
                              3rd  layer  

 
                              2nd  layer  

 
                              U1st  layer  

I 

v 

z 

h 

a 

 
 

Fig. 1. Soil resistivity measurements using  
four points probe. 

 
 

There is also previous study to match apparent 
resistivity data including matching of kernel function 
and nonlinear multivariable equation [8, 16].   This is 
far complex to use this above criteria for matching of 
apparent resistivity data based on nonlinear 
multivariable equation. The advancement in 
numerical analysis is very significant due to obtain 
reliable outcomes of soil resistivity measurements.  
Incorporating nonlinear data fitting criteria with soil 
resistivity measurements are important to obtain 
reliable outcomes in soil site investigations. 
Levenberg Marquardt method is included as fitting 
criteria of nonlinear apparent resistivity data. 
Experiments are carried out through data fitting in 
Matlab programming.  Initially, matching of dataset 
is performed and R2 is obtained. The programming 
iteration is stopped where R2 is 1 or close to 1.  
Collecting soil apparent resistivity data is used in 
experiment of data fitting programming with Matlab 
2009. Performance is observed as comparing R2 
value in fitting criteria. 
 
 
2. Methodology 
 

The research study on soil apparent resistivity is 
carried out at University Kebangsaan Malaysia 
(UKM) with the cooperation of Ministry of Science, 

Technology and Innovation of Malaysia. The study 
of soil characterization through electrical resistivity 
and the analysis is performed using MATLAB 2009. 

The concept of soil properties measurement 
through electrical signal is developed based on the 
research of Friedman [5] and Islam & Chik [17]. 
According to fundamental Electrical equation 

 

E gradψ= −  (1) 

 
From the continuity condition of current, we get 
 

0div J =  (2) 

 
2 2 2

2 2 2

1
0

x y z x x y y z z

ψ ψ ψ ψ σ ψ σ ψ σ
σ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + + + = ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

 (3) 

 
By introducing cylindrical coordinates (r,z), we 

obtain 
 

2 2

2 2

1 1
0

r r r z z z

ψ ψ ψ ψ σ
σ

∂ ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂ ∂

 (4) 

 
A general solution on scalar potential can be 

written as 
 

( )
0

( ) , ( , )F R r Z z dψ λ λ λ λ
∞

=   (5) 

 
This potentiality is implemented in obtaining soil 

resistivity through potential gradient as 
 

E
J

ρ
=  (6) 

 
This is the Ohm’s law where j is the current density, 
E is the potential gradient and ρ is the resistivity of 

the medium. 
For two layer model, the resistivity corresponding 

to probe distance is considered as apparent resistivity. 
Fluke 1625 is used in our research as four probes 
Wenner method to obtain apparent resistivity of near 
surface soil shown as Fig. 2. There are the nonlinear 
fitting criteria implemented on soil apparent 
resistivity data. Consideration of Levenberg-

Marquardt (LM) method as 
,

arg min T

a b
d d  shows 

the fitting of nonlinear apparent resistivity data.  
Here  

 
  dT=[d1,d2,…….dn]T   (7) 

 
and  
 

[ ( ; , )]i i id y f x a b= −  (8) 
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The LM algorithm requires the Jacobian matrix of 
the vector d. The Jacobian matrix of the vector d is 
given as 

 

1 1

2 2

n n

d d

a b
d d

J a b

d d

a b

∂ ∂ 
 ∂ ∂ 
∂ ∂ 
 = ∂ ∂
 
 
 ∂ ∂
 ∂ ∂ 

 

 
(9) 

 
 

 

Fluke earth 
ground tester, 
model 1625 

Probes 

 
 

Fig. 2. Soil apparent resistivity measurements in UKM. 
 

Figure shows the data fitting of nonlinear data of 
soil apparent resistivity. This apparent resistivity data 
is plotted corresponding to depth where depth 
parameter is obtained from probes distances 
considering empirical relationship. Statistical analysis 
based on determination of coefficient, R2 is also 
considered to get more reliability in setting of depth 
corresponding soil apparent resistivity profile.  This 
analysis is carried out using programming of Matlab 
2009.  
 
 
3. Results and Discussions 
 

Recent advancements in electrical and numerical 
study have improved the ability to collect, process, 
and analyze data to manifest reliable subsurface soil 
properties of near surface soil profile. Soil resistivity 
measurements are an important parameter for soil 
monitoring system in geotechnical investigations. 
Though researchers show soil apparent resistivity for 
multilayer soil structure, soil apparent resistivity is 
obtained up to now through two layer model in 
practical. Usually, the spacing between two adjacent 
probes is increased successively along a linear survey 
line to obtain soil apparent resistivity as shown in 
Fig. 3. Acquired multiple records are processed to 
produce a 1-D soil resistivity profile in soil 
investigations. Obtaining soil apparent resistivity is 
not more reliable for including empirical relationship 
between probe distances and depth in soil 
characterizations. 

 
 

 
 

Fig. 3. Soil characterization with apparent resistivity using two-layer model. 
 
 

In the geotechnical investigations, soil resistivity 
is used to get near surface soil characteristics [4, 9]. 
Table 1 shows the typical soil resistivity range to 
show the resistivity values for several types of soil. 
To maximize the effectiveness of soil site 
investigations, the depth, thickness of layer, soil type 

of different layer across the field have to be obtained 
consistently in geotechnical characterizations. 

The unreliable outcomes are observed clearly at 
very near surface soil in graph of soil resistivity 
measurements shown by dot symbol in Fig. 4. Using 
Levenberg- Marquardt method fits nonlinear data of 
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soil resistivity measurements. The method of non-
linear data fitting is performed through the best-fit 
curve shown in Fig. 4. The processed data is used in 
soil profile that has the minimal sum of the deviations 
squared (least square error) from the given set  
of data. 

Apparent resistivity data is taken as true 
resistivity data and set according to depth in soil 
profile. Fig. 4 shows the setting of apparent 
resistivity data corresponding to depth. Minimization 
of root mean square error (RMSE) is crucial in this 
data fitting criteria.  
 
 

Table 1. Resistivity values for several types  
of soils and water. 

 

Types of Soil 
Typical Resistivity 

(Ohm-m ) 

Usual 
Limit 

(Ohm-m) 
Clay  50 10~ 70 
Clay & sand 
mixtures  

100 50 ~150 

Shale, slates, 
sandstone  

120 80~120 

Peat, loam & 
mud  

150 100~250 

Sand  400 300~1000 
Gritstone 1000 800~2000 
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Fig. 4. Setting of apparent resistivity data corresponding  
to depth. 

 
 

Determination of coefficient, R2 is also significant 
to fit this nonlinear data. Iteration of this fitting is 
also used in this study to get the best fit of soil 
apparent resistivity data. Fig. 5 shows the several 
fittings to obtain best fit in soil resistivity profile. 
Parameter of RMSE and R2 are considered in 
comparison to select which data setting is closer to 
measured resistivity profile in the iteration. Table 2 
shows the RMSE and R2 value for the data fitting 
criteria of Fig. 5. 

In this iteration, 1st data fitting shows RMSE as 
74.8514 and R2 as 0.79 which is very closer to the 2nd 
fitting of apparent resistivity data. 3rd fitting shows 
the improvement of data fitting where the R2 is as 

0.80. In this analysis, final fitting shows R2 as 0.82 
which is obtained as best fit of data in the iteration. 

Setting of this apparent resistivity profile is useful 
to fit nonlinear data corresponding to depth with 
maximum determination of coefficient. This fitting 
criterion improves the performance with reduction of 
the feasibility of erroneous outcomes in soil apparent 
resistivity profile. Seedher and Arora [13] shows two 
layer resistivity model using four-probe Wenner 
method for obtaining near surface soil.  Though this 
apparent resistivity can be used to get soil properties, 
these are limited to obtain accurate results when the 
initial values were radically different from those 
obtained by actual convergence. Therefore, it may be 
necessary to have more than one trial with different 
sets of initial values.  
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Fig. 5. Iteration of fitting of soil apparent resistivity profile. 
 
 

Table 2. Performance evaluation of different  
fitting criteria. 

 
Experiments MSE RMSE R2 value 

1st fitting 5.6027e+003 74.8514 0.79 
2nd fitting 5.5886e+003 74.7567 0.794 
3rd fitting 5.3619e+003 73.2250 0.80 

Final fitting 4.8126e+003 69.3733 0.82 

 
 

Zou et al. [16] shows the better results in 
obtaining soil apparent resistivity considering the 
matching the apparent resistivity profile at various 
depth. This is also time consuming for consideration 
of several apparent resistivity profiles. This criterion 
is also complex for iteration of kernel function 
matching. In our study simple nonlinear data fitting 
criteria is included according to depth. Statistical 
parameters are included for comparison to get best fit 
in soil apparent resistivity profile.  
 
 

4. Conclusions 
 

Nonlinear data fitting criteria is included to obtain 
reliable apparent resistivity profile for geotechnical 
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investigations. This fitting criteria is much simpler 
compared to other model. Nonlinear data fitting 
criteria with LM is also described in this study. Best 
fitting of apparent resistivity profile is obtained 
though highest coefficient of determination, R2.  This 
method would be enhanced in future study including 
more statistical parameters in data fitting criteria. 
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Abstract: We present a density functional theory (DFT) study of ultra-thin finite hydrogen and halogen 
passivated germanium nanowires implies that surface effects significantly influence their structural, cohesive 
and electronic properties, which plays important role in the fabrication of nanodevices such as field effect 
transistors and sensors. We show that full coverage of halogen passivations i.e. with fluorine (F), chlorine (Cl) 
and bromine (Br) in particular, reduces the band gap of the [1 1 0] GeNWs drastically. Moreover, we find that, 
Halide-terminated especially chlorine and bromine terminated Ge nanowires show greater ambient stability with 
increasing molecular weight of the halogen species. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Germanium nanowires, Surface passivants, Structural stability, Density functional theory (DFT), 
Halogen passivation, Cohesive energy, Binding energy. 
 
 
 
1. Introduction 
 

Silicon has become the material of choice for 
group IV semiconductor nanowire based devices, Ge 
remains a potentially attractive alternate for 
nanoscale electronic applications due to its higher 
electron, hole mobilities and larger exciton Bohr 
radius [1 - 3]. Based on the magnetic, electrical, and 
electrochemical properties, GeNWs have numerous 
potential applications such as spintronics [4], solar 
cells with enhanced efficiency [5], Li-ion batteries 
[6], photodetectors in the visible range [7], flexible 
chemical sensors [8]. 

In order to implement GeNWs in electronics 
applications, doping is one of the process to increase 
its conductivity and efficiency of devices. Several 
research groups fabricated the high-performance 

GeNW field effect transistors (FETs) with both n- 
and p-doped GeNWs [9, 10]. However, as the 
nanowire diameter decreases, the doping process 
becomes harder and less reliable. One of the 
alternative ways to control the electronic properties 
and avoid doping process is by applying strain to the 
germanium nanowire [11]. Chemical passivation is 
another efficient way of tuning the electronic 
properties of GeNWs. In this approach only the 
nanowire surface is modified while the core of the 
nanowire remains intact as compared to the doping 
technique where both the surface and the core are 
taken into account. For GeNWs, surface 
modifications with hydrogen, halogen and organic 
chemicals have been studied in experiments and 
theory [12-21]. In this work, we present the 
structural, cohesive and electronic properties of [1 1 
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0] GeNWs. We study the effect of surface passivation 
using hydrogen (H), fluorine (F), chlorine (Cl) and 
bromine (Br). 

 
 

2. Technical Details of Calculations 
 

We have performed structural optimizations, 
using density functional theory (DFT) method, for 
ultra thin hydrogen, fluorine, chlorine and bromine 
passivated GeNWs (i.e. H-GeNWs, F-GeNWs, Cl-
GeNWs,  
Br-GeNWs) grown along the [1 1 0] bulk direction. 
The cross sections of optimized X-GeNWs (X = H, 
F, Cl, Br) are shown in Fig. 1. For all calculations the 
gradient corrected functional of Perdew, Burke and 
Ernzerhof (PBE) [22] was employed using the SVP 
basis set [23]. Tight convergence criteria were placed 
for the maximum norm of the Cartesian gradient (up 
to 10-4 a.u.). Fine convergence criteria were placed 
for the SCF energy (up to 10-6 H) as well as the one 
electron density (rms of the density matrix less than 
10-6). All of the DFT calculations were performed 
with the ORCA program package [24]. 
 
 

3. Results and Discussion 
 

3.1. Structural Properties 
 

In this work, the germanium nanowires are finite 
and ultrathin with diameters ranging from 0.98 to  
1.30 nm i.e. X-GeNW-I and X-GeNW-II, (in fact 
these are approximate and average values of diameter 
of passivated nanowires). The growth direction for 
this work is [1 1 0] of bulk germanium. Table 1 
shows detail of cohesive energy per atom, binding 
energy per atom and HL-gap for all nanowires under 
discussion. 

 
 

Table 1. Details of cohesive energy per atom, binding 
energy per atom and HL-gap for X-GeNWs  

(X = H, F, Cl, Br). 
 

Diameter 
Size 

X-
GeNWs 

Cohesive 
Energy 

(eV/atom) 

Binding 
Energy 

(eV/atom) 

H-L 

Gap 
(eV) 

X-GeNW-
I 

(0.98 nm) 

H-GeNW 2.86 5.98 2.86 
F-GeNW 2.80 7.90 1.85 
Cl-GeNW 2.90 6.57 1.75 
Br-GeNW 2.93 6.11 1.42 

X-GeNW-
II 

(1.3 nm) 

H-GeNW 3.02 5.69 2.52 
F-GeNW 2.98 7.36 1.81 
Cl-GeNW 3.05 6.21 1.64 
Br-GeNW 3.07 5.80 1.32 

 
 

Fig. 2 shows Ge - Ge bond length distribution of 
X-GeNWs-I. The variation, in bond length is clear 
from the figure, depending upon the type of 
passivant. The average value of Ge-Ge bond length 
increases with increasing molecular weight of the 
halogen species except fluorine. For example, the 
value of Ge - Ge bond length in Br terminated GeNW 

is 2.51 Å which is large in comparison with other 
species and obvious.   

 
 

 
 

Fig. 1. The cross section of optimized geometries  
for (a, a’) H-GeNWs  (b, b’) F-GeNWs (c, c’) Cl-GeNWs 

and (d, d’) Br-GeNWs of two different diameters  
i.e. 0.98 and 1.3 nm. 

 
 

 
 

Fig. 2. Ge-Ge bond length distribution diagrams for 
hydrogen (dashed red line), fluorine (solid green line), 

chlorine (dashed dot dot blue line) and bromine (dashed dot 
magenta line) X-GeNWs-I. 
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3.2. Cohesive Properties 
 

The binding energy [25] of X-GeNWs is  
defined as: 

 = + −[ ], (1) 

 
where  and  represents total number of 
germanium and hydrogen/halide atoms respectively 
within germanium nanowire,  and  are the 
energies of single germanium and hydrogen/halide 
atom respectively and [ ] represents 
total energy of the nanowire. 

Fig. 3 represents binding energy per germanium 
atom with respect to their size (in terms of number of 
germanium atoms). The comparison shows that F 
passivated GeNW has higher binding energy value 
compared to the other passivants which is 
contradicting experimental evidences [13, 26]. 

 
 

 
 

Fig. 3. Binding Energies per germanium atom  
of hydrogen (solid black line), fluorine (dashed red line), 

chlorine (dashed dot blue line) and bromine (dashed dot dot 
dark cyan) passivated germanium nanowires. 

 
 

Instead of, binding energies of nanowires, we 
introduce a comparison of cohesive energy for all X-
GeNWs in Fig. 4. As was shown in our previous 
work [27, 28], cohesive energy is better way of 
understanding the stability of a system.  

Hence cohesive energy is defined as: 
 

 , = [ + ], (2) 
 

where  is the binding energy of nanowire,  is 
the chemical potential of hydrogen/halide and  is 
the total number of hydrogen/halide atoms in 
nanowire. 

It is clear from the figure that the cohesive energy 
increases with size of GeNW. Also, the cohesive 
energy increases with increasing molecular weight of 
the halogen species (again H is exception here) which 
is in a perfect agreement with experimental data  
[13, 26]. 

 
 

Fig. 4. Cohesive Energies per germanium atom  
of hydrogen (solid black line), fluorine (dashed red line), 

chlorine (dashed dot blue line) and bromine (dashed dot dot 
dark cyan) passivated germanium nanowires. 

 
 
3.3. Electronic Properties 

 
We investigate electronic properties for all  

X-GeNWs. Fig. 5 shows HOMO-LUMO gap energy 
with respect to the diameter of X-GeNWs. The gap 
energy decreases drastically with increasing 
molecular weight of halide elements which is in full 
agreement with Sk et al [29]. 

 
 

 
 

Fig. 5. HOMO-LUMO Gap versus diameter of hydrogen 
(solid black line), fluorine (dashed red line), chlorine 

(dashed dot blue line) and bromine (dashed dot dot dark 
cyan) passivated germanium nanowires. 

 
 
Furthermore, Fig 6, represents partial density of 

states for X-GeNW-I. It is clear from figure that the 
%age contribution of Br atoms (d) near HOMO 
region is significant compared to the other species. 
The representation also strengthens our previous 
illustration that the molecular weight of halogen 
species is responsible of variation in band gap.  
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Fig. 6. Partial density of states of the 0.98 nm (a) H-
GeNWs  (b) F-GeNWs (c) Cl-GeNWs and (d) Br-GeNWs. 

 
 

4. Conclusions 
 
In conclusion, we present a density functional 

theory (DFT) study of ultra-thin finite hydrogen and 
halogen passivated germanium nanowires grown 
along [1 1 0] direction. The surface effects 
significantly influence their structural, cohesive and 
electronic properties. Our results show that the 
structural stability of Br-GeNWs is greater in 
comparison hence we agree with experiment data. 
Furthermore, the gap energy is also influenced by the 
molecular weight of halide elements. In addition to 
the surface passivation, our group is also working on 
functionalization of small and large GeNWs, which is 
in progress. 
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Abstract: Employing conventional III-V junctions we report a classical calculation of conduction and valence 
band edge and the electron and hole densities. It is shown that the optimum performance can be achieved by 
employing AlGaAs /AlGaAs/InGaAs monolithic cascade solar cells, we have established these calculations by 
solving the Poisson equation within the framework of the Nextnano. Copyright © 2015 IFSA Publishing, S. L. 
 
Keywords: Solar cell, Nextnano3d, AlGaAs /AlGaAs/InGaAs, Photovoltaic, III-V semiconductor. 
 
 
 
1. Introduction 
 

The advantage of solar cells fabricated by 
forming a monolithic crystalline stack of materials 
with the desired bandgaps is the simplicity in 
processing. The disadvantage is that there are a 
limited number of materials combinations which can 
be epitaxially grown in device quality form. The p-n 
junction of the one junction solar cell can only 
achieve high power conversion efficiencies for a 
limited range of photon energies lying close to the 
energy gap between the valence and conduction 
bands. In contrast, multijunction solar cells or a 
monolithic cascade cell are composed of tandem p-
njunctions, where the bandgap of each subcell is 
tailored to a different range of photon energies for 
which much wider spectral range is obtained by 
multijunction solar cells. 

The experimentally-measured conversion 
efficiencies are up to 40.7 % [1, 2] and 40.8 % [3]. 
The monolithic, series interconnected multi-junction 
(MJ) solar cells based on group III-V semiconductor 
material system are proven to be very attractive for 
many space and terrestrial applications [4, 5]. 

 

The cascade solar cells are monolithically 
integrated into a multi-layered device in order to 
conduct current between the subcells; basically is 
comprised of at least three layers. The layer with the 
largest bandgap is placed on the top and other layers  
are placed in the order of decreasing bandgaps, such 
that each layer  absorbs and converts the photons 
with energies between its own bandgap and that of 
the previous layer . The tunnel layers are always 
more heavily–doped than the cell layers with doping 
concentrations typically greater than 1019 cm-3.The 
tunnel layer  is introduced to  connect the p terminal 
of one subcell to the terminal of an adjacent subcell. 
The tunnel junction must be transparent to the 
wavelengths absorbed in the subsequent subcells, and 
it must form a low-resistance contact to ensure a 
minimal voltage drop. 

One such standard is the Air Mass 1.5 Global 
(1000W/m2, AM1.5G) solar spectrum [6, 7]. 
Although it is usually given as spectral irradiance (in 
units of W m-2nm-1), it can easily be converted to 
spectral photon flux density (in units of photons  
m-2 s-1nm-1 ). Thus far, practical PV devices, when 
operated in an energy production mode, can produce 
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only one electron in an external circuit for every 
incoming photon. 

Due to the importance of the tunnel junction on 
the overall conversion efficiency,the relationship 
between the quality of a tunnel junction and the 
semiconductor parameters used to design its structure 
is identified byenergy band diagram and densities 
characteristics. This paper presents the comparison of 
the energy band diagram and densities characteristics 
for the AlGaAs/InGaAs with homojunction Al0.141 

Ga0.859 As tunnel junction and AlGaAs 
/AlGaAs/InGaAs with two homojunction Al0.141 

Ga0.859 As tunnel junction. 
In this work, based on Nextnano simulator, 

dimensional (1D) simulation has been performed on 
AlGaAs/InGaAs and AlGaAs /AlGaAs/InGaAs solar 
cell devices. This paper is organized as follows. In 
Section 2, the device structure and simulation details 
are explained. The simulator Nextnano and basic 
theoretic background are briefly described in  
Section 3.Modeling results, analyses and discussion 
are presented in Section 4. Finally, a summary is 
given in Section 5.Good simulation software could 
usually help to obtain a better understanding of the 
performance characteristics and predict the 
operational condition for these solarcells 
 
 

2. Device Structure and Simulation 
Details 

 
AlGaAs/InGaAs solar cells were fabricated on a 

GaAs substrate, based on an experimental results of 
US patent [6], AlGaAs and InGaAs single junction 
solar cells and AlGaAs tunnel junction also Possible 
design optimization of triple-junction (TJ) solar cell 
is suggested by simulation in order to enhance the 
efficiencystarting from the bottom, the TJ solar cell is 
constructed with three subcells, namely 
AlGaAsAlGaAs and InGaAs junctions stacked in 
series. An anti-reflective coating (ARC) layer is at 
the very top the tunnel junction is implemented and 
placed between two subcells. Although the actual 
device growth uses thin GaAs. AlGaAs layer is the 
first layer which is heavily doped (1018 -1019 cm-3) 
with a  
1.920 eV band at the surface graded to 1.890 eV. The 
top cell is p-n homojunction Al0.14 Ga0.86 As 
moderately doped (1017 cm-3), and exhibit 1.590 eV 
bandgap. n-doped Al GaAs, heavily doped  
(1018 cm-3), bandgap of greater than 1.62 eV, is 
inserted between the top cell and tunnel junction. the 
tunnel homojunctionAl0.141 Ga0.859 As material heavily 
doped (1019 -1021 cm-3cm ) to provide a minimum  
1.62 eV bandgap the heavily p-doped AlGaAs 
(1018 cm-3), is between the tunnel junction and 
bottom cell which has a bandgap lower than the 
bandgap of the first layer is 
In.0.388Ga0.612homojunctionare moderately doped 
(1017 cm-3) to provide a bandgap of 0.954 eV for the 
second layer. The homojunction InGaAs graded 
material is between the bottom cell and n-doped 

GaAs on which the cell has been formed. The effects 
of mismatch can be minimized by use of graded 
layers between the voltage producing layers. Solar 
cells are connected in a series configuration, and the 
device is accessed through two terminals. 

Based on a modelling of dual-junction solar cells 
including AlGaAs tunnel junction, the triple junction 
AlGaAs/AlGaAs/InGaAs solar cells were established 
and applied to semiconductor junction including Two 
AlGaAs tunnel junctions are placed between each 
pair of subcells. Efficiencies of 30-40% can be 
achieved. 

The reliable theoretical simulation is necessary 
for systematical improving, understanding or 
predicting the properties of semiconductor solar cell. 
Structures with solar cell can evince different 
properties depending on many parameters, such as 
shape, size, material of the covering layers. The 
simulator can generate files for mesh, material and 
doping information, which will be subsequently cited 
by the solving file for simulating the device. The 
geometry of the device is completely specified in the 
input file. Each model can be accompanied by a full 
set of its parameters and each material can be doped 
by any dopant to the desired concentration. This can 
be done in a regular uniform way, in a linear or even 
a Gaussian distribution. 
 
 

3. Calculation Method  
 

The Poisson equation is solved in an 
AlGaAs/InGaAs and AlGaAs /AlGaAs/InGaAs 
monolithic cascade solar cells, we have established a 
classical calculation of conduction and valence band 
edge and the electron and hole densities. These 
calculations were performed within the framework of 
the Nextnano3 [7] the basic Semiconductor equations 
is by the solving the Schrödinger, Poisson, current 
continuity equations for electrons and holes and the 
current relations for electrons and holes 

The Poisson equation: 
 

)(2 cpn
q −−⋅=∇
ε

ψ  (1) 

 

The current continuity equation for electrons and 
holes: 
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qpJ
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The current relations for electrons and holes: 
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The charge density is calculated for a given 
applied voltage by assuming the carriers to be in a 
local equilibrium that is characterized by energy-
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band dependent local quasi-Fermi levels EFc(x) for 
charge carriers of type c(i.e. in the simplest case, one 
for holes and one for electrons), 
 













 −
= 
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icExFcE

f
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xicxcn
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)()( ψ  (4) 

 

These local quasi-Fermi levels are determined by 
global current conservation 0=⋅∇

c
J , where the 

current is assumed to be given by the semi-classical 
relation: 

 

)(
)()(

xFc
Ex

c
n

c
x

c
J ∇⋅= μ  (5) 

 

The carrier wave functions
ic
ψ and energies 

ic
E  

are calculated by solving the multiband Schrodinger-
Poisson equation. 

Our calculation results show the band edges 
diagram and electron and hole densities in the 
vicinity of the tunnel junction of AlGaAs/InGaAs 
monolithic cascade solar cell. 

The built-in potential has been calculated to be 
1.83 V at zero bias and We assumed that all materials 
are strained with respect to the GaAs substrate, a 
graded p-type AlGaAs layer has been used to 
generate an electric field of 3 kV/cm (=30 meV/ 
100 nm) [8, 9]. 

 
 

4. Results 
 
Most of the photons that are absorbed in the 

semiconductor produce such electron-hole pairs. 
These electron-hole pairs generate photocurrent and 
in the presence of a built-in field, and the 
photovoltage of the solar cells.  

In the figures below we show as examples of our 
calculation results the band edges diagram and 
electron and hole densities in the vicinity of the 
tunnel junction of AlGaAs/InGaAs monolithic 
cascade solar cell. 

Fig.1 shows the simulated band diagrams of the 
samples in the based layout of US patent [8]. Also the 
band edges diagram of AlGaAs/ AlGaAs/InGaAs 
monolithic cascade solar cell is showed in Fig. 2, we 
can see clearly that the degeneracy of heavy and light 
hole valence band edges is lifted, especially inside 
the InGaAs regions. 

The band diagram around the AlGaAs layer in the 
structure of Fig.1 is quite similar to a tunneling 
junction of Fig.2 except for the area around the 
tunnel junction which is in the middle of the device 
for the first sample at ~2100 nm and for the second 
sample at 2100nm and 4200nm. 

It is well known that photons energies in excess 
of the threshold energy gap or band gap between the 
valence and the conductions bands are dissipated as 
heat; thus they are wasted specifically, there is a 
fixed quantum of potential energy difference across 
the band gap in the semiconductor. The band gap of 
AlGaAs/InGaAs as a function of distance is shown in 
the following Fig.3. 

Tunnel junctions play an important role in the MJ 
solar cells by facilitating the current transfer from 
one subcell to another. A thin tunnel junction could 
be simply created by doping either side of the 
junction very heavily [10]. If both sides of the 
junction are sufficiently doped, the conduction band 
and valence band may cross the Fermi level to align 
the electrons with empty states [11]. Energy band 
diagram for the AlGaAs tunnel junction at 0 V bias, 
where the electron and hole quasi-Fermi levels are 
superimposed and the depletion region is highlighted. 
(Fig.4). 
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Fig. 1. Conduction band edges of AlGaAs/InGaAs monolithic cascade solar cell. 
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Fig. 2. Conduction band edges of AlGaAs /AlGaAs/InGaAs monolithic cascade solar cell. 
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Fig. 3. Band gap of AlGaAs/InGaAs monolithic cascade 

solar cell [2]. 
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Fig.4. Depletion region of AlGaAs/InGaAsmonolithic 

cascade solar cell. 

The density has been calculated classically the 
density and the potential are calculated self-
consistently from Poisson equation. 

The electron and hole densities in the vicinity of 
the tunnel junction for the AlGaAs/InGaAs Tandem 
cell are shown in Fig. 5. 
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Fig.5. Electron and hole densities of AlGaAs/InGaAs 

monolithic cascade solar cell. 
 
 

The achievable efficiency of a solar cell material 
will depend on the characteristic energy bandgap of 
the material. Anyway, our results indicate the 
possibility of achieving a tunneling junction using TJ 
solar cell. 

 
 

7. Conclusions 
 

Designing efficient solar cells is very important, 
by several key criterions in designing high quality 
solar cells Semiconductor materials should be chosen 
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targeting certain wavelength of the solar radiation 
spectrum. This will Minimize optical losses and 
maximize photon absorption, reduce recombination 
losses in the quasi-neutral and depletion region. 
Implementation of III-V direct bandgap optically 
sensitive and form better matching (lattice, optical 
and electrical) between subcell layers, high carrier 
mobility semiconductors, form better matching 
(lattice, optical and electrical). The simulation 
software nextnano was used to help to design the 
monolithic cells, the implications of these two-
junction or three-junction cascade solar cells to 
obtain maximum efficiency for terrestrial 
applications. 
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Fig. 6. Electron and hole densities of AlGaAs 
/AlGaAs/InGaAsmonolithic cascade solar cell. 
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Abstract: The objective of this study is to analyze the effect of crack to the behaviors of concrete structure. In 
this paper we take advantage of finite element method (FEM) to simulate the concrete behaviors with 
assumptive crack and compare with the no-faults concrete structure. We focus on the stress, strain and 
displacement which can explain the behavior of concrete structures and investigate the effect of crack on 
concrete structures. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 
 

This paper compares cracked beam with no-crack 
beam on the behavior of concrete. Concrete 
structures are commonly designed to satisfy criteria 
of serviceability and safety. We focus on the stress, 
strain and displacement which can explain the 
behavior of concrete structures and investigate the 
effect of crack. 

The using vibration analysis for early detection of 
cracks has gained popularity over the years. 
However, the combination of cracks detection with 
Terrestrial laser scanning technology (TLS) and 
analysis by Finite Element Method (FEM) is a 
significant method. The concrete characteristics of 
damaged and undamaged materials are very different. 
For this reason, material faults can be detected. The 
objective of this study is to analyze the effect of 
crack to the behaviors of concrete structure. In this 
paper we simulate the concrete behaviors with 
assumptive crack and compare with the no-faults 
concrete structure. The effects of crack depth and 
location on modal properties of the concrete structure 
were investigated. 

1.1. Research Significance 
 
Traditional mechanics theory is for a long time 

the approach for calculating structure strength in 
engineering. It is based on material mechanics, 
structural mechanics, with assumption of material 
homogenization and continuum (avoiding the 
objective existence of defects and cracks). When the 
stress doesn’t exceed the allowable stress, the 
structure is considered to be safe. However, a series 
of "low stress brittle fracture" accident occur in 
engineering, which shakes the above point of view. 
The main cause of "low stress brittle fracture" is the 
existence of various cracks in the actual structure. 
This discovery leads to the recognition of the 
necessity for further research of structure with cracks. 

The properties of concrete structures can be 
determined by FEM modal-simulations, or by 
experimental modal analysis. The behavior 
characteristics of concrete are very different between 
damaged and undamaged materials. For this reason, 
material faults can be detected. Crack formation due 
to cycling loads leads to fatigue of the structure and 
to discontinuities in the interior configuration. 

http://www.sensorsportal.com/HTML/DIGEST/P_RP_0203.htm
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Therefore, there is a need to understand the effect of 
cracks to the concrete structures [1]. 

 
 

1.2. Research State of the Art 
 

In recent years a wide range of models and 
applications have been proposed for crack analysis, 
and an impressive array of useful information has 
been accumulated. As a result, the theoretical basis of 
the discipline has been strengthened; a number of 
fundamental issues solved; and the range of 
applications widened.  

A critical review of some of the well-known 
models for crack prediction and propagation shows 
that these models are not reliable. It is demonstrated 
that for most of the structural applications the crack is 
not the dominant criterion of design. The steel stress 
which is the dominant criterion can fortunately be 
modeled with an acceptable level of reliability. 
Introspection is recommended to all those involved in 

the research and the design issues [2]. Many FEM 
models have been developed in recent years [3–6]. 
As FEM analysis has become more available, their 
applications have become more widespread [7–11]. 
Several studies have analyzed the behavior of 
concrete, they mostly focus on the deformation, 
however, research about concrete crack is still short 
of attention [12–15]. I think that it is necessary to pay 
much attention to do the research about the concrete 
crack, which leads to important Effect on the 
Behaviors of Concrete Structure. 

 
 

2. TLS Experiment and FEM Model 
Setup 
 
The details of TLS experiment measurement can 

be found in [16]. The surface displacement 
comparison between measurement and FEM model 
simulation are present in Fig. 1. 

 
 

 
 

 
 

Fig. 1. Surface comparison between measurement and FEM model simulation [16].  
(a). Surface approximation of TLS measurement  (b). FEM model simulation. 
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Plot (a) in Fig. 1 is from the TLS measurements 
and plot (b) is from the FEM model simulation. The 
max. displacement of the experimental data between 
epoch 1 and 2 is around 0.35 mm and that in the FEM 
model is approximately 0.36 mm. The error is less 
than 5 %, so the parameters for FEM model are 
acceptable. 

We consider the concrete-beam with a crack as 
depicted and build an exemplarity FEM model with 

ANSYS. The details of constitutive parameters for 
concrete can be found in [16]. The size of the 
geometric model is 750 mm  100 mm. 

The dashed line shows the deformation in the x-z 
plane. The beam has a displacement from 2 mm at 
the points P1 (x = 150 mm) and P2 (x = 600 mm). 
The FEM model simulation of the displacement in 
the vertical direction is shown in Fig. 2. 

 
 

 
 

Fig. 2. The FEM model. 
 
 
 

The stress, strain and displacement are analyzed 
with the finite element method under plane stress 
assumptions using ANSYS code. The little cut out on 
this figure shows the dimension of the crack. The 
crack width is 5 mm and the crack depth is 10 mm. 

 
 

3. Results and Analysis 
 
3.1. Simulation Without Crack 

 
The displacement and strain of concrete beam will 

be shown in Fig. 3 with relation to the 2 mm 
displacement loads without crack assumption. The 
size of the geometric model is 750 mm  100 mm   
1 mm. 

In Fig. 3, the plot (a) corresponds to the 
displacement of FEM Model and the plot b 
corresponds to the strain of FEM Model.  
 
 

3.2. Simulation with Crack Assumption 
 

Due to the crack plane 183 is a higher order 2-D, 
8-node element which has quadratic displacement 
behavior and is well suited to modeling irregular 
meshes. The h-refinement of a finite element mesh 
generates more and smaller elements within a 
considered (structural) crack region. In this case the 
typical edge size of the elements is reduced at those 
areas. The meshed beam is showed in Fig. 4. 

The displacement, stress and strain of concrete 
beam will be shown in Fig. 5 and Fig. 6 with relation 
to the 2 mm displacement loads with crack 
assumption as FEM model in Fig. 2.  

The displacement between cracked model and 
non-crack model is so obvious that the max. of 
displacement in crack model is much bigger than it in 
the non-crack model. Part of the reason is that, the 
crack model is under the plane stress assumptions in 
order to deal with the crack more conveniently. 
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(a) Displacement 
 

 
 

(b) Strain 
 

Fig. 3. The displacement and strain of FEM Model. 
 
 

 
 

Fig. 4. The meshed beam and refine meshed crack. 
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Fig. 5. The displacement of plane FEM model with crack meshed. 
 
 

 
 

(a): Stress 
 

 
 

(b) Strain 
 

Fig. 6. The stress and strain of plane FEM model with crack meshed. 
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In Fig. 6, the plot a is the stress of plane FEM 
model and plot b is the strain of plane FEM model 
with crack assumption. It is hinted that the effect of 
the crack is significant on concrete structures.  
 
 
4. Conclusions 

 
This paper compares concrete beam between the 

crack assumptive model and non-crack model with 
FEM simulation on the displacement, stress and 
strain. The further research is necessary to reduce the 
errors in the data preprocessing. And the FEM 
methods still needs more parameters to simulate 
accurately and gain more reliable results. But it could 
be shown, that the effect of crack on the concrete 
structure is significant. 

The current paper submits a method for concrete 
cracks research with FEM model.  It will become 
more and more important to efficiently simulate the 
behavior of concrete crack and accurately predict the 
security life. For this reason, the research in this field 
to provide a more powerful methodology and later on 
also practical software is very promising. 
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