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RR  ecently  published by the International Frequency Sensor Association (IFSA) 

Publishing1, Non-Dispersive Infrared Gas Measurement is the first book, which 
describes non-dispersive infrared (NDIR) gas sensors and measurements in its 
historical development. Based on this unique approach the readers will be able to 
clear understand the future ways in development of such devices, technologies 
and applications, and create a solid background for the future patents and 
investigations. 
 
The book is organized by the following way. A foreword written by R. J. Bruce 
Warmack - a senior research scientist from the Oak Ridge National Laboratory 
(USA), is followed by five chapters, which contain new information about 

various aspects of NDIR gas measurement, sensors and applications in Demand Control Ventilation 
system and HVAC. The list of references at the end of book contains fundamental publications (some 
of them are dated by 19th century) and most important patents in the relevant area issued by the authors 
and others. 
 
The Non-Dispersive Infrared Gas Measurement is available in both formats: print (hardcover) and 
electronic (pdf) formats. 
 
The authors - Jacob Y. Wong and Roy L. Anderson have great industrial, research and business 
experiences, and hold together more than 100 US and international patents on advanced NDIR gas 
sensors. 
 
Providing sufficient background information (from general classification to principles of 
measurements and realizations) and details, the book Non-Dispersive Infrared Gas Measurement is an 
excellent resource for advanced level undergraduate and graduate students as well as researchers, 
instrumentation engineers, applied physicists, chemists, material scientists in gas, chemical, biological, 

                                                 
1 International Frequency Sensor Association (IFSA) Publishing: http:// www.sensorsportal.com/HTML/IFSA_Publishing.htm 

http://www.sensorsportal.com
http://www.sensorsportal.com/HTML/BOOKSTORE/NDIR_Gas_Measurement.htm
http://www.sensorsportal.com/HTML/BOOKSTORE/NDIR_Gas_Measurement.htm
http://www.sensorsportal.com/HTML/BOOKSTORE/NDIR_Gas_Measurement.htm
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and medical sensors to have a comprehensive understanding of the development of non-dispersive 
infrared gas sensors and the trends for the future investigation and development. 
 
 
Form the Readers' Feedback: 
 
"That's what I looking for... Jacob Wong is leader in NDIR sensor as I know". 
 
"It is really a good book and I'll recommend it to University library". 
 
 
For online order please visit the following web page: 
http://www.sensorsportal.com/HTML/BOOKSTORE/NDIR_Gas_Measurement.htm 

 
___________________ 

 
2012 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
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Abstract: Current status, capabilities and limitations of Raman techniques and instruments of 
nanothermometry have been driven by emerging industrial measurement requirements. Issues of 
standardization, traceability, errors and uncertainty of the temperature measurement development are 
discussed in this paper. Copyright © 2012 IFSA. 
 
Keywords: Raman thermometry, Nanometrology, Error, Uncertainty. 
 
 
 
1. Introduction 
 
Nanothermometry is a subfield of thermometry, concerned with the science of measurement at the 
nanoscale level. Nanometrology has a crucial role in order to produce nanomaterials and devices with 
a high degree of accuracy and reliability in nanomanufacturing [1]. A challenge in this field including 
nanothernometry is to develop or create new measurement techniques and standards, to meet the needs 
of next-generation advanced manufacturing, which will rely on nanometer scale materials and 
technologies. It is difficult to provide samples on which precision instruments can be calibrated on 
nanoscale. Calibration standards are important for repeatability to be ensured. It is difficult to select a 
universal calibration artifact with which we can achieve repeatability on nanoscale. At nanoscale, 
while calibrating care needs to be taken for the influence of external factors (noise, vibration, motion) 
and internal factors such as interaction between the artifact and equipment which can cause significant 
deviations [1, 2]. 
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Those are common problems of different nanoresearching. However, the most universal 
nanothermometry method, Raman method, apt for the direct temperature measurement of micro- and 
nano-objects within the range 100 nm – 100 m as well as within this from cryogen till midhigh 
temperatures, which in addition does not demand calibration before measurement, could be 
distinguished [3-5]. For instance, temperature measurements are made by exciting the quantum dots 
with a laser, to obtain their emission spectra. Raman shifts of the laser excited nanoparticles based on 
phonon confinement are used to determine the cell temperature from experimental correlations of 
particle size with temperature-dependent grain growth [6]. The similar application of Raman 
thermometer in measuring the temperature and diameter of carbon nanotubes is made in [7]. 
Temperature is controlled externally; very low excitation power on the sample surface is used  
(< 0.5 – 1 mW). In addition, studying the Thermal Conductivity Data, Raman spectrometer acts as a 
thermometer with the resolution ΔTG, associated with the peculiarities of heat transfer due to changes 
in phonon scattering. 
 
 
2. Task Definition 
 
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. It is time for realization of 
the mentioned work, since on the one hand, the unsolved aspects of nanometrology hinder the progress 
in nanotechnologies, and on the other hand, the nanoobjects, ready to serve as standard patterns, are 
already designed. The classist of nanotechnologies and meanwhile the researcher of Raman method, 
Prof. K. Dresselhaus, deems that the carbon tubes represent exactly such patterns [8]. The spectrum of 
combination dispersion of nanotubes is simple and well reproducible which helps verify the researched 
patterns, and assures pretty good reproducibility of results in an easy way. 
 
 
3. Goal of the Work 
 
The aim of this work is research of metrological aspects of measuring the temperature of accepted 
standard patterns – carbon nanotubes by Raman thermometer (repeatability, reproducibility, different 
components including those of errors and uncertainties). 
 
 
4. Theoretical and Experimental Investigations 
 
Determining the temperature by the Raman method is based on the temperature dependences of 
intensities of Stokes sI and Anti-Stokes asI components of scattered radiation. To decrease the different 

components of the error, the He-Ne laser of continuous effect and small power 1...2 mW as well as the 
MS3501i spectrometer are used. 
 
 
4.1. Methods of Experimental Research 
 
The totality of single-wall carbon nanotubes of different sizes of general mass till 1 g and the square  
20 mm2 is chosen for the research. For the trustfulness of the gained results, two independently made 
measuring sets are designed, and values, averaged due to the period of measurement (24 hours), are 
represented. The research has been conducted within the range 30 ... 250 ºС. The temperature of an 
object has been controlled additionally by a thermistor with the error not exceeding 0.01 % and sensor 
linear size till 100 m. At any temperature, ten spectrum values were gained (for different parts of an 
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object area) so that the averaging of results due to the object area was performed. Every spectrum is 
gained by averaging 9 results of measurement at the concrete temperature (averaging due to the 
temperature). To remove the error of temperature mode drift (the error caused by the additional heating 
by a laser bunch in the process of measurement), every measurement was conducted with the interval 
of 2 minutes. This time was sufficient for stabilization in time of the researched object temperature 
field, caused by the previous heating. 
 
The chain of the averaged temperature values according to the display of Raman thermometer as well 
as the control temperature values measured by the specially calibrated thermistor (of 0.1 % precision 
class) are fixed, and relative measurement errors are calculated. The latter does not exceed 4 % within 
limits of controlled values of the temperature range 30 ... 250 ºС. Considering that the threshold value 
of an instrumental error of the MS3501i spectrophotometer is up to 4 % (passport data for example), 
the gained results could be treated as satisfactory. 
 
 
4.2. Theoretical Principles of a Temperature Measurement Method with the Usage of 

Combination Light Dissipation 
 
4.2.1. The Determination of Temperature due to the Ratio of Intensities of Stokes and Anti-

Stokes Components 
 
As well as the method of thermometry, the given method is based on the usage of the nominal static 
characteristic T = T (IS; ІAS; 0ν  ) [3]: 

 
 

0ln 3kln

0

s i

as i 0

hcν
T =

i ν ν
k

i ν +ν




 
(1)

 
where the variables are the intensities of Stokes IS and anti-Stokes ІAS components of the dispersed 
radiation; 0ν  and iν are the wave number of reflected phonons at the given number of scattered 

phonons and the used laser bunch accordingly, sm-1, h - is the Plank constant, k is the Boltzmann 
constant. 
 
 
4.2.2. Temperature Determination due to the Frequency of Object Proper Radiation Shift 
 
The temperature of micro- and nano-objects could be determined both due to (1) and the frequency 
shift of the object proper radiation. Moreover, the given frequency is reducing with the temperature 
(Figures 1, 2) from 1585.6 cm-1 to 1576.1 сm-1 within the temperature range 15 ... 250 °C. The 
temperature coefficient of frequency change makes -0.041 сm-1/°C. The received results are similar to 
the data of the work [7]: for the graphite and graphene. Here G-Peak of Intensity for Bi-layer Graphene 
is fixed at 1580 cm-1 (λexc = 488 nm). Phonon frequency downshift (-0.015 cm-1/°C) with T within the 
range -150 … +90 °C is unusual for optical mode when the bond-bond distances shorten with T , since 
normally lattice contraction leads to the upward shift of the frequencies. To compare, according to [7], 
for graphite at the 4-th phonon dispersion, the temperature coefficient of frequency change is up to  
-0.023 сm-1/°C, and for grapheme - -0.035 сm-1/°C. However, in all cases there exists certain 
characteristic nonlinearity at the room temperatures which makes it difficult to use this value for 
determining the object temperature. 
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Fig. 1. Spectrum of combination light dissipation of the carbon nanotubes at the radiation by a He-Ne laser. 
 
 

 
 

Fig. 2. Curve of the frequency shift of nanotubes’ proper radiation with temperature change. 
 
 
4.3. Experimental Research of Factors of Influence on the Measurement Results 
 
4.3.1. The Influence of the Angle of Incident Radiation 
 
To realize the method of combination dissipation of light in practice, the equipment notified in [3] is 
employed. The available equipment installed on the optical bench does not imply the performance of 
measurement at the normal angle of light incidence upon the researched pattern. To determine the 
optimal angle between the laser beam and the headlet of an optical light-pipe, the series of spectrum 
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measurement are made for three different materials (artificial diamond, silicium crystal, carbon 
nanotubes), at the temperatures 20 °С, 70 °С, 120 °С. The gained experimental data confirm that 
optimal angle between a laser pin and a normal to the object should vary within 10 ... 30°, and should 
not exceed 60° while the error of measurement is considerably rising. 
 
 
4.3.2. The Influence of Durations of Exposure and Spectrum Determination 
 
To determine the efficient time of measurement, the research of different time intervals’ influence of 
object lighting (1.6  0.6  0.1 mm) by the He-Ne laser of continuous effect and with the power of  
1 mW at 297 К has been conducted. The velocity of gaining the spectrum of combination dispersion 
and correspondently the velocity of its elaboration depend on the speed of operation of 
spectrophotometer mechanical components, camera reading velocity and the intensity of gained 
radiation. For any posture of a spectrophotometer step-engine (during one step of an engine, the 50 
nm-wide spectrum band gets into a registering camera), the appropriate time-interval of delay is 
ascertained in order to determine the optimum duration of the realization of measurements. 
 
The general time of measurement is restricted by both the total exposure intervals and time needed to 
change the posture of a diffracting grate (~ 0.3 s.). The need in more time-consuming measurement is 
explained by the dim intensity of an anti-Stokes component at room temperature. Therefore the time of 
registration is fixed at the level of 3; 3.5; 4 and 13 seconds, moreover, the latter is not used furthermore 
with regard to reaching a photoreceiver saturation limit (within the range – 250 ... 255 сm-1). On the 
other hand, too low level of a useful signal could become the reason for the considerable measurement 
error. As a result, the optimal measurements are treated to be so with the exposure time 0.01 ... 0.5 s 
for any step-engine posture. 
 
 
4.3.3. The Influence of Background Radiation 
 
The spectra for carbon nanotubes have been researched: а) at their complete light screening from any 
lighting except laser one; b) at the presence of additional lighting of natural light. The conducted 
investigations have shown that at the increasing of background radiation intensity the capability to 
identify the peaks of Stokes and anti-Stokes components of a signal is falling (applying the rapid 
Furrier transformation in processing results, we could gain more precise spectra). The following 
temperature measurement results are received: namely 29.10 оС – without background lighting;  
29.02 оС – with background lighting 100 lux. This additional error component – 0.08 оС – is 
practically eliminated at the minimization of the distance between the object and optical headlet. 
 
 
4.3.4. The Influence of Distance between Object and Photoreceiver 
 
It is most profitable theoretically to place the researched pattern in direct contact with a receiver, but 
obviously such a variant eliminates all the advantages of noncontact measuring methods, that is why 
the factor of distance “object (pattern Ge) - photoreceiver” becomes apparent. The error of 
measurement is estimated (Fig. 3), moreover the extreme nature of the dependence is stipulated by the 
action of two factors – light diffraction and background lighting (100 lux). The following decrease in 
distance is impossible without special equipment. However, in the case of passing laser radiation 
through the glass fiber, the distance could be decreased to the hundredths of a millimeter. Let us notice 
that the distance “laser - pattern” practically does not affect the results of measurement which is caused 
by the parallelism of beams in the bunch. 
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Fig. 3. Dependence of a measurement error on the distance between pattern and entrance into an optical channel 
of a spectrophotometer (at 30 0С). 

 
 

4.4. The Example of Processing the Results of Experimental Investigations 
 
The spectrum is recorded into the memory of a computer. The means of the program software PCI-
Line have proven insufficient for processing the data. The document of Excel is created for this 
purpose containing ten spectra for any pattern. During measurement, the temperature has made 15 °С 
(288 К). Substituting the correspondent values – the mean of Stokes intensity: 77740,538si = of anti-

Stokes intensity: as 6953,8785i = , laser wave number: -11579800miν = , wave number of reflected 

radiation: -1
0 52200mν = , constants of Plank and Boltzmann and the velocity of light – into (1), the 

measuring temperature 287.82 К is gained. 
 
 
4.5. Measurement Errors 
 
In the case of employing a spectrophotometer with one camera of registration and without spatial 
channels division when KAMδi δis as= δi = , the main instrumental error is determined in [3] as: 

 
 

0 0
0

2 2 2 20 0

6 61
δT 2 δν δνi i

KAM i

i i

ν ν ν ν
= δi + + Z +

Z ν ν ν ν
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 0
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  (3)

 
The error of measuring intensities depends on a camera and is not exceeding KAMδi 0.5= % according 

to a passport. The value δνi  depends on the precision of laser wave-length determination: 

632.9914 0.0003Lλ = ± nm  or 5δν 100 4.72 10L
i

L

Δλ
= =
λ

  %. The error 0δν  depends on the precision 

of spectrophotometer localization only, and is equal to: 3
0

0

δν 100 3 100Δλ
= =
λ

  %. As a result, the 

main component of an instrumental measurement error, calculated due to (2), is up to 0.386 %. The 
additional component of an instrumental measurement error is caused by the instability of feeding 
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voltage (for all devices) and the change in spectrophotometer temperature. Remaining factors stay 
within a normal value range. Let us notice that for the spectrophotometer, the value of an additional 
component does not exceed the value of a main component for any 5 К-change in environmental 
temperature Т0 . As a result, the expression according to which δТD = 0.195 % < 0.2 % is gained: 
 
 

0 0
0 2 2

2 2 00

6 18 61 1
δT δν

2 5
i o i

D 0
ii

ν ν T ν ν
= δi+ Z + + z + δν

Z ν ν ν ν

                  
 (4)

 
Introducing the correction into the result, i.e. eliminating a systematic component, it should be given 
the duration of one measurement – 8 s. Then the result of measurement is recorded with the 
predetermined correction 0.55 К: Ttrue = Tmeasur – Δmeth = 287.82 - 0.55 = 287.27 К. Hereby, the 
indicated temperature has been measured with a casual error not exceeding ± 0.6 % or ± 1.72 К. 
 
 
4.6. Uncertainty of the Gained Results 
 
Using Raman thermometer, the temperature is estimated indirectly by means of measuring four values 
– look equation (1): it is determined as a result of an indirect measurement, moreover, by a single 
observation. 
 
Let us estimate the standard uncertainty of intensity measurement under normal conditions 

0.5 16384
47.3

100 3
B kamu (i )= = mA




. We should also determine the standard uncertainty of measuring the 

wave number of the reflected radiation: 1
0

0.003 1136363.63
19.68

100 3
Bu (υ )= = m


. For a laser - 

5
1

0

4,72 10 1579800
0,43

100 3
Bu (υ )= = m


 


, a relative value of which makes: 

5. 0.43
100 100 2.72 10

1579800
B i

i

u (υ )
= =

υ
   , it is treated as negligibly small and is not regarded 

furthermore. For the camera HS 102H , the coefficient of influence makes 0,5powerC =  then the 

standard uncertainty of a device, caused by the change in the feeding voltage, is determined as 
23.65B cam poweru (i ) = mA . The influence of the feeding voltage on the wave number of reflected 

radiation for a spectrophotometer where the coefficient of influence makes 0,5powerC =  is determined 

as 1
0 9.84B poweru (υ ) = m . It is also expedient to conduct the calculation of the standard 

spectrophotometer uncertainty related to the change in temperature 1
0

3
19.68 11.808

5B Tu (υ ) = = m . 

 
To identify the combinational standard uncertainty of the B type results [9], it is necessary to calculate 

at first the coefficients of result uncertainty influence: 0,00141 
mAiS

K
C =  , 0,01584 

mAiAS

K
C =  , 

0
0,00552 mυC = K . The facts concerning the correlation of spectrophotometer and detector indices, 

caused by the change in feeding voltage, are absent. Therefore let us adopt that the appropriate 

coefficients of influence have the mean square value 1/ 3 0,577r = =  , and temperature influence is 
made on a spectrophotometer only. Then the expression for the combined standard uncertainty of the 
gained results acquires the following form: 
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Substituting the appropriate values, let us gain C B 0.852u (T)= K . The relative value of the combined 

standard uncertainty of the temperature measurement results is 

C B 0.852
100 100 0.2966

287.27UCB
nom

u (T)
δ (T)= = =

T
 . Considering the correlation among the components of 

feeding voltage influence on indices of detector and spectrophotometer, we could estimate the 
effective quantity of freedom degrees (at the approximation of this value distribution by Student 
distribution with specially selected so-called efficient quantity of freedom degrees) using the equation: 
 
 












































T

TB

power

powerBpowerkamB
ii

T

TB

power

powerB

sp

B

power

powerkamB

sp

kamB
ii

uuiu
rCCC

uuu
C

iuiu
CC

ASS

SAS






















)()()(2
2

(T)u

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

(T)u
ν

0
2

0
22

2222

4
B C

0
3/41

0
4

0
4

4
44

44

4
B C

eff

0

0

 (6)

 
Considering that the relative uncertainty for spectrophotometer and camera is not prevailing 5 % in 
normal conditions, and at the change in feeding voltage, it is not exceeding 25 %, we could estimate 
the values of freedom degrees. The temperature influence on a spectrophotometer is determined by the 

uncertainty 20%. For normal conditions: 
2

1
0.5 200

0.05spν = = , for the change in feeding voltage 

2

1
0.5 8

0.25powerν = =  and for temperature 
2

1
0.5 12.5

0.2Tν = = . Substituting the appropriate values 

into (6), we gain eff 130.6ν = . For the credence level Р = 0.95 and the gained efficient quantity of 

freedom degrees eff 130.6ν = , the value of an expanding coefficient makes 0.95 1.96k   [10]. Therefore 

the expanded uncertainty of indirect resistance measurement result makes 
1.670.95 c BU(T)= k u (T)= K . The relative value of expanded uncertainty of temperature measurement 

result is 
1.67

100 100 0.58
287.27UCB

³ñò

U(T)
δ (T)= = =

T
 %. 

 
 
5. Conclusions 
 
 With the help of Raman thermometer the measurement of carbon nanotube temperature within the 

range 30 ... 250 ºС is made. Those tubes are treated to be standard nanopatterns for testing and 
calibrating the nanotechnological means. The gained results of experimental research give 
possibility of realizing the metrologically correct evaluation of temperature measurement results 
with considering the peculiarities of both measuring tool and standard nanopattern. 

 The approach of errors is applied to processing results, consequently of which one of measurement 
results (with the introduced correction to a systematic error component) looks as  
Тtr =287.27  К±1.72 К (0.6 %). 
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 At the same time, due to uncertainty approach, the gained result makes Тtr =287.27  К with the 
expanded error 0.58 % and combined standard uncertainty 0.3 % at the credence level Р = 0.95, the 
expanded coefficient 1.96 and the efficient quantity of freedom degrees 130.6. 
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Abstract: Energy consumption has to be considered when developing energy-efficient routing 
algorithms, which has been a challenging issue in the field of WSNs. The idea of LEACH is dynamic 
clustering that brings extra overhead, such as head changes and advertisements, which may diminish 
the gain in energy consumption. Moreover, PEGASIS a near optimal chain-based protocol proposed, it 
was an improvement over LEACH protocol to extend the network lifetime. However, PEGASIS data 
transmission will create time-delay and, the probability of long chain is always high because of the 
limitations of greedy algorithm approach for such shortcomings, many protocols was proposed by 
researchers recently improved algorithms based on PEGASIS such as PEG-Ant, PDCH and PCC et al. 
Among them, EEPB, and IEEPB was proposed. In this paper, a survey of some routing protocols that 
are classified based on PEGASIS topology was conducted, and conclude with some open research 
problems for further research. Copyright © 2012 IFSA. 
 
Keywords: Protocol, Energy efficiency, Life-time, Energy consumption, Wireless sensor network. 
 
 
 
1. Introduction 
 
Recent advances in technology and the convergence of micro-electro-mechanical systems technology, 
nanotechnology, integrated circuit technology, wireless communication technology, image and signal 
processing, ad-hoc networking routing protocols and embedded systems has made the concept of 
Wireless Sensor Networks (WSNs), which have been broadly considered as one of the most imperative 
technologies for the twenty first century [1]. Sensor network nodes are limited with respect to 
communication bandwidth, restricted computational capacity and energy supply. As a result of energy 
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constraints in sensor nodes, energy consumption has to be considered when developing energy-
efficient routing algorithms, which has been a challenging issue in the field of WSNs. Since WSNs 
might differ depending on the application and network architecture, prolonging the lifetime of the 
network by designing efficient routing protocols is critical. Most of the attention has been given to the 
routing protocols with common objectives of trying to extend the lifetime of the sensor networks, 
while not compromising data delivery. The LEACH [2] (Low-Energy Adaptive Clustering Hierarchy) 
protocol was proposed by observing and looking at communication protocols, which can have 
significant impact on the overall energy dissipation of networks. LEACH was proposed to form 
clusters of the sensor nodes, based on the received signal strength and one node acting as local cluster 
head serve as router to the sink in order to save energy. In LEACH, the idea of dynamic clustering 
brings extra overhead, such as head changes and advertisements, which may diminish the gain in 
energy consumption. Moreover, there are a lot of assumptions used in this protocol which are not 
implementable for practical purposes. Moreover, PEGASIS [3] a near optimal chain-based protocol 
proposed, it was an improvement over LEACH protocol to extend the network lifetime. In PEGASIS, 
each node communicates only with a close neighbor and takes turns transmitting to the base station, 
thus reducing the amount of energy spent per round. It has been outperform LEACH [3] by about 100–
300 % for different network sizes and topologies. However, PEGASIS introduces excessive delay, that 
is; data transmission will create time-delay and, the probability of long chain is always high because of 
the limitations of greedy algorithm approach that was used for chain construction and data 
transmission. The method of choosing cluster head or head node is not suitable for load balance. When 
selecting the head node, there is no consideration about the residual energy of nodes and location of 
the base station, that is head node can be very far away from BS. In PEGASIS, all sensor nodes have 
the same level of energy and are likely to die at the same time; it is also assumed that each sensor node 
is able to communicate with the BS directly, this affect energy efficiency of the nodes for the entire 
network area. In addition the single leader can also become a bottleneck thus reducing the efficiency 
significantly. As a results of shortcomings for PEGASIS, many protocols was proposed by researchers 
recently improved algorithms based on PEGASIS such as PEG-Ant [5], PDCH [9] and PCC [6] et al. 
Among them, Energy Efficiency PEGSIS Based protocol (EEPB) was proposed by [7], and improved 
EEPB [8]. 
 
This paper is organized as follows: In section 2, the main idea of PEGASIS routing protocol for 
wireless sensor networks were discussed based on its routing techniques and network topology and its 
strength and weaknesses. Other protocols based on PEGASIS idea is discussed, and their improved 
areas are highlighted. Section 3 comprises the summary of the surveyed that highlight some key 
features of these protocols, section 4 is the conclusion. 
 
 
2. PEGASIS-Based Routing Protocols 
 
In this section, some PEGASIS-based routing protocols for wireless sensor networks are surveyed and 
discussed, their strength and weaknesses were also presented. 
 
 
2.1. Power Efficient Gathering in Sensor Information Systems (PEGASIS) 
 
PEGASIS [3] was proposed to enhance over LEACH protocol. The protocol, called Power Efficient 
Gathering in Sensor Information Systems (PEGASIS), is a near optimal chain-based protocol. The 
basic idea of the protocol is to extend network lifetime, nodes need only to communicate with their 
closest neighbors [3, 4] and they take turns in communicating with the base-station. Rather than 
forming multiple clusters, PEGASIS forms chains from sensor nodes so that each node transmits and 
receives from a neighbor and only one node is selected from that chain to transmit to the base station 
(sink). Gathered data moves from node to node, aggregated and eventually sent to the base station. The 
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chain construction is performed in a greedy way. PEGASIS has two main objectives. Firstly, increase 
the lifetime of each node by using collaborative techniques Secondly, allow only local coordination 
between nodes that are closer so that the bandwidth consumed in communication is reduced. PEGASIS 
has been shown to outperform LEACH by about 100–300 % [3, 4] for different network sizes and 
topologies. Such performance gain is achieved through the elimination of the overhead caused by 
dynamic cluster formation in LEACH and through decreasing the number of transmissions and 
reception by using data aggregation. The greedy algorithm used to build the chain in the original 
PEGASIS only achieves a local optimization. However, PEGASIS introduces excessive delay for 
distant node on the chain also assumes that each sensor node is able to communicate with the BS 
directly and all sensor nodes have the same level of energy and are likely to die at the same time. In 
addition the single leader can become a bottleneck. It usually does not operate exhaustively on all the 
data, so it mostly fails to find the globally optimal solution. Moreover, considering that data will be 
transmitted along the formed chain, and energy supply is the key restriction of WSN, we should pay 
more attention to the energy problem. 
 
 
2.2. Improved PEGASIS based on Ant Colony Algorithm 
 
A protocol using ant colony algorithm was proposed by [5]. The protocol was based on the PEGASIS 
protocol but using an improved ant colony algorithm rather than the greedy algorithm to construct the 
chain. The traditional ant colony algorithm is used to solve the Travelling Salesman Problem (TSP) 
which is to find a loop among some fixed cities. The task is to find a shortest possible tour that visits 
each city exactly once [5]. Compared with the original PEGASIS, PEGant achieved a global 
optimization. It forms a chain that makes the path more even-distributed and the total square of 
transmission distance much less. Moreover, in the constructing process, the energy factor has been 
taken into account, which brings about a balance of energy consumption between nodes. In each round 
of transmission, according to the current energy of each node, a leader is selected to directly 
communicate with the base station (BS). 
 
Ant colony algorithm originates from the actual behavior of ants which communicate with each other 
by pheromone. Pheromone is a chemical substance released by ants and in turn affecting their moving 
decisions. Initially, no pheromone is laid on the branches and ants have no bit of information about the 
length of branches. However, once a shorter one is found, it will receive pheromone at a higher rate. 
The more quantities ants leave pheromone on the path, the larger probability they visit this path next 
time. Thus, there will be a positive feedback in the group of ants [5]. In the building process, to choose 
a node as the next one on the chain, all of the current node's neighbors are candidates and take factors 
such as the remained energy of the candidate, the amount of consumed energy if we transmit unit data 
along the branch between the current node and the candidate, and also the quantity of pheromone on 
the branch as selection standard. The protocol operate in two portions that is, chain building and leader 
selection. 
 
Chain Building: There is assumption that the BS has infinite energy, and all of the nodes initiated by 
the same amount of energy are located in fixed positions. BS, as the controller, is in time informed 
each node's current condition such as the position and the remained energy of the node. In data 
transmitting, the amount of consumed energy is in proportion to the total square of distance. Therefore, 
there is consideration of the fact that whether the square sum of neighbors' distance along the chain is 
the minimum as the standard to judge whether it is an optimization [5]. 
 
Leader Selection: In each round of communication, the node whose current energy is the maximum is 
selected as the leader. Along the built chain and in the direction of the leader, starting from the end 
nodes, each node fuses the received data, if it has it available with its own as one packet to transmit to 
the other neighbor. Eventually, the leader transmits the final fused data to the BS. 
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From the experiment results compared with the original PEGASIS which uses greedy algorithm to 
build the chain, PEG-ant protocol was obviously prolong the time when the first node dies. However, 
because of the consideration of energy factor in both chain building and leader selection to balance 
energy consumption, all of the nodes almost die at the same time. When the first node dies in PEG-ant 
protocol, the dead nodes in the original PEGASIS have taken up at least 70 % [5]. 
 
 
2.3. Energy Efficiency PEGASIS Algorithm 
 
Many protocols was proposed by researchers recently improved algorithms based on PEGASIS such 
as PEG-Ant [5], PDCH [9] and PCC [6] et al. Among them, Energy Efficiency PEGSIS Based 
protocol (EEPB) was proposed by [7], to adopt threshold when constructing chain to decrease the 
formation of long link, selects the leader by considering both the residual energy of nodes and the 
distance between node and BS, and adjusts the reselection frequency of leader according to remaining 
nodes in the network. 
 
However, EEPB overcomes several problems over PEGASIS but still has deficiencies. When EEPB 
builds a chain, the threshold adopted is uncertain and complex to determine, which causes the 
inevitability of long link if valued inappropriately. When EEPB selects the leader, it ignores the 
suitable proportion of nodes energy and distance between node and BS which optimizes the leader 
selection according to various application environments [7]. 
 
 
2.4. Improved Energy Efficiency PEGASIS Algorithm 
 
The improvement of energy-efficient PEGASIS-based routing protocol (EEPB) was proposed to solve 
the problems stated above, which is called IEEPB [8]. The main idea of IEEPB is to compares the 
distance between nodes twice and finds the shortest path to link the two adjacent nodes. IEEPB is an 
improved chain-based routing algorithm over EEPB. It is operating by rounds which contain 3 stages: 
(1) chain construction phase, (2) leader selection phase, (3) data transmission phase. 
 
Chain Construction Phase: To form a chain, the algorithm determines the number of nodes, initial 
energy, and BS location information. Then chain construction start with broadcasts the whole network 
with a hello message by BS to obtain basic network information such as ID of nodes alive and distance 
from each node to BS. Then set the node which is farthest from BS as end node, it joins the chain first 
and is labeled as node 1. End node of the chain obtains the information of distance between itself and 
other nodes which have not joined the chain yet, finds the nearest node and sets it as node i waiting to 
join the chain, i represents the i-th node joined. Node i gets the information of distance between itself 
and i-1 nodes which are on the chain, finds the nearest node j (1 ≤ j ≤ i −1) and directly connects with 
it to join the chain. At this point node i becomes the new end node of the chain, it recycle and connect 
node i+1, i+2…The process continues till all sensor nodes have joined the chain, so that there forms a 
branching chain finally. 
 
Leader Selection Phase: IEEPB chooses the leader using weighting method which considers both the 
residual energy of nodes and the distance from node to BS. IEEPB will select the new leader according 
to the combined weight in each round by estimating distance to BS, which is distance between sensor 
node and BS. As sensor nodes are location unaware, they have no idea about their geographic location. 
At initial stage, BS broadcasts information message to the whole network and node i can estimate its 
distance from BS by the received signal strength. Then it calculates the energy portion and combined 
weight for each node. And finally compare the different weights of each node and the node with 
minimum weight is selected as the leader in this round. The coefficient flexibility optimizes the leader 
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selection and enables the algorithm to be applicable to various network situations with diverse 
requirements. 
 
Data Transmission Phase: After the IEEPB protocol performs the process of the first two phases, the 
leader initiates a token passing approach to start the data transmission from the end node of the chain. 
The chain formed in IEEPB has more than two end nodes. Each node delivers own sensing data to its 
neighbor node in their time slots assigned by TDMA mechanism, then the neighbor nodes fuse them 
with their own data and transmit these data to their other neighbor nodes. One round will end until BS 
receives the data from the leader. 
 
 
2.5. Improved PEGASIS Using Concentric Clustering Scheme 
 
The idea of proposing enhanced PEGASIS protocol using concentric clustering scheme was proposed 
by [6], due to the redundant data transmission causes by original PEGASIS protocol since one of 
nodes on the chain is selected as the head node regardless of the base station's location. Enhanced 
PEGASIS protocol based on the concentric clustering scheme was proposed to solve this problem. The 
term "concentric clustering" means that the shape of a cluster is concentric circles when the sensor 
networks are divided into several clusters. It is appropriate to use the concentric clustering scheme to 
avoid the data transmission attended with the redundant energy consumption. When the PEGASIS 
protocol constructs the chain, wireless sensor networks are divided into several numbers of the 
concentric shaped clusters to give the flow of the data transmission. The enhanced PEGASIS protocol 
consists of four processes (a) level assignment, (b) chain construction in the level area, (c) data 
transmission and (d) head node construction in chain. 
 
Level Assignment: Each node in the sensor networks is assigned its own level from the base station. 
The level is given as the form like a concentric circle using the signal strength as shown in Fig. 1. The 
interval of level may varies according to setting values in the base station. Additionally, the number of 
these levels is depended on various parameters such as the density of the sensor networks, the number 
of nodes, or the location of the base station [6]. 
 
 

 
 

Fig. 1. Level Assignment. 
 
 

Chain Construction in the Level Area: In each level area, the chain construction is started at the 
farthest node from the base station using the greedy algorithm as shown in Fig. 2. This process of the 
chain construction is the same with the current PEGASIS protocol. In the enhanced PEASIS protocol, 
the high level means that the node is located at the farther distance from the base station [6]. 
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Fig. 2. Chain Construction. 
 
 

Head node construction in chain: One of nodes on the chain at each level area is selected as a head 
node as shown in Fig. 3. A head node in L level is selected node number i mod ML (ML presents the 
number of nodes which have the same level) in i round. After it selects head nodes, each head node 
informs its own location information to the upper level head node and lower level head node in one 
grade. In the process of the data transmission, a head node is received the data from all nodes in the 
same level and the head node in the upper level. Finally, the head node will transmit these data to the 
head node in lower level by one grade [6]. 
 
 

 
 

Fig. 3. Selection of Head Node. 
 
 

Data Transmission: The data transmission is based on the process of the current PEGASIS protocol. 
All nodes in each level transmit the data along the chain to the nearest node from themselves. The 
node receives the data and fuses its own data and transmits these data to the next node. The head node 
in each level transmits the data to the lower head node. Finally, level 1 head node transmits these data 
to the base station as shown in Fig. 4. The head node in each level is responsible for receiving the data 
from node in same level and the head node in upper level. Also, the head node is responsible for 
transmitting the aggregated data to head node in lower level by one grade [6]. 
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Fig. 4. Data Transmission. 
 
 

Fig. 5 shows the data transmissions from the head node in 3, 4, and 5 levels to the base station. In  
Fig. 5, the sensor network is divided into five levels considering the location of the base station. All 
data flow is headed to the base station and it is clear that the concentric clustering scheme makes the 
sensor networks to avoid a redundant data transmission. Therefore, the energy can be save transmit 
from each node to the base station and the life time of the wireless sensor networks can be prolong. 
The enhanced PEGASIS protocol uses the concentric clustering scheme and the data flow always 
forward to the base station to avoid the redundant transmission of the data and it save the energy about 
35°0 in comparison with the original PEGASIS protocol as the performance evaluation shows [6]. 
However the protocol does not consider level assignment and the selection of a head node that can also 
maximize the network life. Also by using greedy algorithm to construct a chain excessive delay may 
be introduced for distant node. 
 
 

 
 

Fig. 5. Data Transmission from Each Level. 
 
 

2.6. Improved PEGASIS based on Double Cluster Head 
 
An EEPB algorithm was proposed in [7]. It introduced a new method to avoid long chain between 
nodes. The new algorithm was proposed based on the branch chained of EEPB to improve the load 
balance in the network. The new algorithm PDCH was based on double cluster head; it is used 
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hierarchical chain topology to relief time-delay and adopts bottom level cluster head and super level 
cluster head to improve the load balance [9]. 
 
Hierarchy and Connection Establishment PDCH: In the hierarchy structure, base station (BS) is the 
center of a circle, every node's distance to BS decided the level which it belongs to. The BS will 
preconfigure the number of levels. Every node receives the signal from the BS, and then according to 
the signal strength it will detect the distance to BS. The number of nodes and the density of 
distribution, the location of BS and so on will affect the number of level. And every level has ID. The 
first level is 0, it belong to BS. The second level is 1, nodes belong to this level is the most closest to 
BS and so forth. Consider Fig. 6 below, there have 5 levels. 
 
 

 
 

Fig. 6. Hierarchy Structure. 
 
 

The algorithm was adopt the EEPB algorithm to build chains in every level, the nodes belong to 
different levels cannot build in the same chain, only the nodes with same ID can be built in the same 
chain. In PDCH [9], there are some changes for building chains. The parameter tag[i] was set up on 
every note. If node Ni have not join in the chains, tag[i] = 0, when node Ni was selected by Ni-l to join 
the chain, the algorithm set Tag[i]++ and Tag[i-l]++, and so forth, every time when a new node join in 
a chain, the parameter tag[i] of select note and was selected note are both automatic accumulate. If 
tag[i]>2, it consider that Ni has branch chain, in the algorithm PDCH these nodes will become a cluster 
head preferentially as shown in Fig. 7. In the Fig. 7, the red circles show that, the nodes which the 
number of tag is more than 2. These nodes have one or more branch chain, so they have bigger chance 
to be selected as cluster head than other nodes in every level [9]. 
 
The Improving Algorithm of Choosing Double Cluster Head: Network modeling: The network was 
model by assumption that all nodes have location information about all other nodes. Nodes would have 
to expend some extra energy to find their close neighbors. They could do this by sending enough 
power to signal a node, and then gradually reduce its power to find which neighbor is closest to it. The 
sensor nodes are homogeneous and energy constrained with uniform energy and no mobility of sensor 
nodes [9]. 
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Fig. 7. Building Chain process. 
 
 
Description of double cluster head algorithm: At every level, there is provision that only the nodes 
belong to main chain can be the primary cluster head; the nodes belong to branch chain will be 
selected to be the secondary cluster head. If there is no branch chain in one main chain node at last, it 
will still use the method of unique cluster head. According to the parameter tag on every node, the 
more the number of tag [i] the more priority that the node will be choose. If tag [i] of the nodes was the 
same, it will choose the node which has more energy to be the primary cluster head. Then the node 
selected on the main chain as the primary cluster head, and the node on the branch chain as the 
secondary cluster head. The primary cluster head and secondary cluster head are both the cluster head 
in one chain, and they have different work to do. The primary cluster head is in charge of data 
receiving and fusion, then transmit data to secondary cluster head and the secondary cluster head is in 
charge of transmitting the lower-level data and the local level data from main cluster head to upper-
level cluster-head, and so on. Fig. 8 shows the inter connections of primary cluster head, secondary 
cluster head, nodes and the base station. 
 
 

 
 

Fig. 8. Double Cluster Head Connections. 
 
 

From the Fig. 8 above, we can see that the task of one cluster head in PEGASIS have allocated to two 
nodes in the PDCH, this method make the cluster head work longer time, the efficiency of using 
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energy rise, and based on this advantage there is reduction of up to frequency of 150 cluster head 
change. In the process of data transmission, the main cluster head only in charge of receiving data 
from the local level, so its burden is not as hard as the secondary cluster head. Several candidate 
secondary cluster head can be set up based on the parameter tag. In the event of rest energy of the 
secondary cluster head is not enough, it can be change from the candidate secondary cluster head in 
time. In PDCH, there is no need to rebuild chain in every round, only when there have dead node so as 
to the cluster head, when the average energy of all primary cluster heads lost 50 %, the cluster head 
will be selected again in time to make sure the primary cluster head is working [9]. When the 
secondary cluster head die, its work will turn to the primary cluster head till the round was completed, 
then consider whether to change the cluster head or not. When the process going to the last, there have 
not branch chain nodes to leave, then the algorithm will turn to the PEGASIS method [9]. 
 
 
2.7. Improved PEGASIS Using Topology Architecture with Coverage Algorithm 
 
Phase-Based Coverage Algorithm: As a polynomial-time algorithm operated in an efficient manner, 
this method is utilized to identify whether the sensing range is fully covered by neighbor nodes with a 
time complexity O(d log d), where d represents the number of neighbor nodes around the target sensor 
node. With assumption that each sensor node shares an identical sensing radius Rs, and a sensor node 
Vi, located at (xi, yi), covers a sensing range Ci, then all the sensor nodes staying away from Vi within 
the distance Rs, are covered within Ci. In the coverage algorithm, there occur come cases where the 
sensing range of target node Vi is not fully covered, even though the circumference is altogether 
covered by neighbor nodes. As a way to resolve the above mentioned problem, as shown in Fig. 2.9, it 
is requested that the target node vi stand away from the neighbor nodes at a distance shorter than the 
sensing radius [10]. This algorithm, referred to as PBCA, employs circumferential angles and phase to 
locate the sensor node permitted to enter to sleep mode. To begin with, all the sensor nodes are 
activated in PBCA. Having located all the sensor nodes in the vicinity of active node Vi within the 
sensing radius Rs, one can recognize through PBCA in a precise manner whether it is a fully covered 
case according to the circumference of the target sensor field covered by the neighbor nodes. Fig. 9 is 
an example of a redundant node Vi [10]. 
 
 

 
 

Fig. 9. An Example of Redundant Node. 
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The PEGASIS Topology Architecture with PBCA: The topology architecture PEGASIS with the PBCA 
(phase based coverage algorithm) was proposed by [10]. First, the topology architecture PEGASIS use 
PBCA to find out the redundant sensor nodes which are covered by other nodes sensing range let these 
redundant sensor nodes enter to sleep mode to reduce the energy consumption of WSNs. Then, the 
architecture set up the PEGASIS by other active sensor nodes which are not selected to enter to sleep 
mode using PBCA. In this algorithm, all the sensor nodes can be classified into two modes; they are 
sleep and active modes. Subsequently, the smaller number of nodes is active mode to result to less 
whole energy consumption in each round. At first, the system finds out the redundant sensor nodes by 
PBCA algorithm. The Fig. 10 below is the flow chart diagram of PEGASIS topology architecture with 
PBCA [10]. 
 
 

 
 

Fig. 10. PEGASIS Topology Architecture with PBCA. 
 
 

The PEGASIS with the PBCA algorithm was divided into three steps, active nodes selection, 
PEGASIS topology architecture construction and the leader node selection. 
1. Active nodes selection: The system will select some sensor nodes to be active nodes using PBCA 

algorithm which calculates the sensor nodes which sensing range are fully covered by other sensor 
nodes to enter to sleep nodes. 

2. PEGASIS topology architecture construction: The PEGASIS topology architecture was constructed 
by the active nodes which are selected to enter to active mode via PBCA algorithm. 

3. The Leader node selection: Select the sensors that has the farthest distance to base station is used as 
the starting point of chain, then a sensor nodes that is nearest to it will be found to become its 
neighbor nodes, by repeating this action several times. 

 
This topology architecture builds more efficient routing for transmitting data compare to LEACH 
topology architecture with PBCA [10]. And it can reduce much more energy consumption of nodes. 
Furthermore, the total sensing area of this algorithm is wider than LEACH topology architecture with 
PBCA for a long time and sensor nodes can live longer. Therefore, PEGASIS with the PBCA 
algorithm can achieve maximum sensing coverage with minimal energy consumption in each sensor 
node, and prolong the whole network lifetime. However, PEGASIS with PBCA extend the network 
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lifetime but still did not solve the problem of selection a cluster head with regard to original PEGASIS. 
Its also required smaller number of sensor nodes so it is not applicable in a network with huge number 
of nodes. 
 
 
3. Summary 
 
In summary, various routing protocols based on PEGASIS topology were discussed and their 
approaches and architecture was discussed. A protocol using ant colony algorithm was proposed to 
improve PEGASIS by using an improved ant colony algorithm rather than the greedy algorithm to 
construct the chain. This is used to solve the Travelling Salesman Problem (TSP) provided by greedy 
algorithm in PEGASIS. EEPB was proposed to adopt threshold, when constructing chain to decrease 
the formation of long link, selects the leader by considering both the residual energy of nodes and the 
distance between node and BS, and adjusts the reselection frequency of leader according to remaining 
nodes in the network. The improvement of EEPB was proposed to solve the problems of threshold, 
which is called IEEPB. The main idea of IEEPB is to compares the distance between nodes twice and 
finds the shortest path to link the two adjacent nodes. Also the enhanced PEGASIS protocol using 
concentric clustering scheme was proposed, due to the redundant data transmission causes by 
PEGASIS protocol, since one of nodes on the chain is selected as the head node regardless of the base 
station's location. Enhanced PEGASIS protocol based on the concentric clustering scheme was 
proposed to solve this problem. It provides appropriate solution by using the concentric clustering 
scheme which is the avoidance of data transmission attended with the redundant energy consumption. 
Furthermore, new algorithm PDCH was proposed based on the branch chained of EEPB to improve 
the load balance in the network. The algorithm was based on double cluster head; it is used 
hierarchical chain topology to relief time-delay and adopts bottom level cluster head and super level 
cluster head to improve the load balance of the WSNs. The topology architecture PEGASIS with the 
PBCA was also proposed. It is used to find out the redundant sensor nodes which are covered by other 
nodes sensing range let these redundant sensor nodes enter to sleep mode to reduce the energy 
consumption of WSNs. Then, the architecture set up the PEGASIS by other active sensor nodes which 
are not selected to enter to sleep mode using PBCA. These are the protocol based on PEGASIS 
architecture that are proposed to improved PEGASIS routing protocol, they are proposed with different 
topology to achieved its aim. 
 
 
4. Conclusion 
 
Routing in sensor networks is very wide area of research, with a limited, but rapidly growing set of 
research results and attracted a lot of attention in the recent years with unique challenges compared to 
traditional data routing in wired networks. In this paper, comprehensive survey of routing protocol 
based on PEGASIS algorithm was done for wireless sensor networks. All have common objective of 
trying to extend the lifetime of the sensor network, and provision of energy efficient routing while not 
compromising data delivery. Although the performance of these protocols is promising in terms of 
routing and energy efficiency, further research would be needed to address issues such as: Quality of 
Service posed by video, audio and imaging sensors and real-time applications. Energy-aware QoS 
routing in sensor networks will ensure guaranteed bandwidth (or delay) through the duration of 
connection as well as providing the use of most energy efficient path. Consideration of node mobility, 
most of the current protocols assume that the sensor nodes and the base station are not mobile. Most of 
the applications in security and environmental monitoring require the data collected from the sensor 
nodes to be transmitted to a server so that further analysis can be done, so there is need of security and 
privacy. 
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Abstract: Wireless sensor networks continue to get tremendous popularity, as evidenced by the 
increasing number of applications. Sophistication of wireless communications had enabled the 
development of low-cost, low-power wireless sensor networks (WSNs) with wide applicability, 
including environment and vehicle-health monitoring system. WSN reduce the energy consumption 
and hence maximize the lifetime of the network which are the key requirements in the design of 
optimum sensor networking protocols and algorithms. The limiting factors of the sensor nodes, such as 
their finite energy supplies and their moderate processing abilities, as well as the unreliable wireless 
medium restrict the performance of wireless sensor networks. Several routing protocols with different 
objectives have been proposed for energy-efficient WSNs applications. This article surveys a sample 
of existing energy-efficient cluster-based protocols PEGASIS, LEACH, EEHC, HEED, DWEHC, 
BMA, BCDCP, THEEM and highlights their key features, including merits and limitations. 
Copyright © 2012 IFSA. 
 
Keywords: Wireless sensor networks, Routing protocols, Energy-efficient cluster-based protocols. 
 
 
 
1. Introduction 
 
Advances in wireless networking, micro-fabrication and integration, embedded microprocessors have 
enabled a new generation of massive-scale sensor networks suitable for a range of commercial and 
military applications. The technology promises to revolutionize the way we live, work, and interact 
with the physical environment. Wireless Sensor Networks (WSNs) are networks made up of tiny 
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embedded devices. Each sensor node in a WSN is capable of sensing, processing and communicating 
the local information. Each node device has some level of intelligence to collect data and route them to 
the sink node to enhance operational efficiency. The networks can be made up of hundreds or 
thousands of devices that work together to communicate the information that they obtain. A sensor 
node in a WSN comprises mainly a sensing unit, a processing unit, a radio transceiver unit and a power 
unit. Due to sensor node’s placement with respect to the operational environment and quantity, it is not 
usually easy or even feasible to replace individual sensor nodes or their energy frequently. Energy 
efficiency, low latency, data accuracy, high estimation accuracy, and fast convergence are important 
goals for any sensor network. Hence the network needs to ensure quality of service (QoS) besides ease 
of deployment, energy efficiency and low cost. 
 
One of the major design goals of WSNs is reliable data communication under minimum energy 
depletion to extend the lifetime of the network. This may be achieved via aggressive energy 
management techniques. Owing to their poor energy conservation, traditional routing protocols are not 
suitable for WSN applications. It is highly desirable to employ an energy-efficient route discovery and 
data relaying techniques to transfer data between the sensor nodes and the base station (BS), the data 
aggregation point. Some of the routing challenges and design issues that affect the routing process in 
WSN are: node deployment, data reporting method, node/link heterogeneity, fault tolerance, 
scalability, transmission media, data aggregation, connectivity, coverage and QoS [1-3]. 
 
In this article, we survey energy-efficient routing protocols for WSNs, which exploits the concept of 
clustering. The concept of clustering is exciting with unlimited potential for numerous application 
areas including environmental, medical, and military, transportation, entertainment, home automation 
and traffic control crisis management, homeland defense, smart spaces and .railway infrastructure 
monitoring [4]. The rest of this article is organized as follows. Section 2 classifies routing protocols. 
Section 3 discusses existing popular cluster-based routing protocols for WSNs. Section 4 tabulates the 
merits and limitations of cluster-based routing protocols. Section 5 concludes the article. 
 
 
2. Routing Protocols for Wireless Sensor Networks 
 
Data gathering and processing are important functions of sensor networks and all data from individual 
sensor nodes need to be sent to the BS, where the end user can access the data. Several routing 
techniques introduced for WSNs’ are based on special features like, data aggregation and processing, 
in network processing, clustering, nodes’ role assignment, and position of node. Therefore, routing 
protocols for WSNs can be classified into data-centric or flat-based, hierarchical or cluster-based and 
location-based, depending on the network structure. Routing protocols can also be divided into 
multipath based, QoS-based, query-based, and coherent-based, depending on how the protocol 
operates. 
 
All nodes in a flat routing protocol are assigned equal roles or functionality and the nodes collaborate 
to perform the sensing tasks. The BS sends queries to certain regions within the WSN and awaits data 
from the sensors located in that region. SPIN [5] and directed diffusion [6] are examples of flat routing 
protocols. Location or position information of sensor nodes is essential to calculate the distance 
between neighboring nodes. If the location of sensor nodes are known then data transmission only 
occurs on that region to reduce the number of transmissions. GAF [7] and GEAR [8] are examples of 
location-based energy-efficient routing protocols. In the cluster-based routing approach the network is 
divided into clusters and nodes play multiple roles in the network. Nodes in a cluster communicate 
with a cluster-head (CH) and the CH transmits the data to the global BS. This reduces the transmission 
range of normal nodes to conserve energy. 
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The routing protocol that uses multipath instead of a single path to increase reliability is called 
multipath routing protocol. Directed diffusion [6] and proposal [9] are examples of multipath routing. 
QoS-aware routing protocols minimize the end-to-end delay, energy consumption and bandwidth 
requirements of WSNs during data communication. In query-based routing, the destination nodes 
initiate a query for data from a node through the network. The nodes having the answer to the query 
send the data back to the parent nodes that initiated the query. Examples of query-based routing 
protocols are directed diffusion [6] and RUMOR [10]. Based on data processing techniques, routing 
protocols for WSNs comprise coherent based and non-coherent-based. Proposal [11] and directed 
diffusion [6] are examples of coherent and non-coherent routing protocols [2, 3]. 
 
 
3. Cluster-based Routing Protocols 
 
Single-gateway architecture is not suitable for a large sensor network covering a huge area of interest. 
Clustering approach is a suitable solution for a sensor network with heavy load and wide coverage 
area. Cluster-based routing reduces energy consumption within a cluster, performs data aggregation 
and fusion to reduce the number of transmitted messages to the BS. In hierarchical-based routing, 
nodes play different roles in the network and typically are organized into clusters. Clustering is the 
method by which sensor nodes in a network organize themselves into groups according to specific 
requirements. A cluster-based topology is illustrated in Fig. 1. Each group or cluster has a leader 
referred to as cluster-head (CH) and other ordinary member nodes (MNs). The cluster-heads can be 
organized into further hierarchical levels. As opposed to a flat organization, clustering allows a 
hierarchical architecture with more scalability, less consumed energy and thus longer lifetime for the 
whole network. This is due mainly to the fact that most of the sensing, data processing and 
communication activities can be performed within clusters. Numerous are WSN applications that 
require simply an aggregate value to be reported to the sink. In such applications, data aggregation at 
the cluster-heads helps to alleviate congestion and save energy. 
 

 
 

Fig. 1. Cluster-based wireless sensor network. 
 
 
Clustering allows intra-cluster and inter-cluster routing which reduces the number of nodes taking part 
in a long distance communication, thus allowing significant energy saving in addition to smaller 
dissemination latency. Cluster-based routing, due to its salient features, is a promising area and hence 
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has been widely studied on several fronts including: cluster formation, CH election, node to CH data 
communication and CH to BS data communication [2, 3]. We review some popular cluster-based 
routing protocols. 
 
 
3.1. Power-efficient Gathering in Sensor Information Systems (PEGASIS) 
 
The main idea in PEGASIS is for each node to receive from and transmit to close neighbors and take 
turns being the leader for transmission to the BS [12]. This approach will distribute the energy load 
evenly among the sensor nodes in the network. The nodes will be organized to form a chain, which can 
either be accomplished by the sensor nodes themselves using a greedy algorithm starting from some 
node. Gathered data move from node to node, get fused and finally a designated node transmits the 
data to the BS. The nodes in the network are organized to form a chain, which can either be computed 
in a centralized manner by the BS or broadcast to all nodes. It could also be accomplished by the 
sensor nodes themselves by using the greedy algorithm. The chain construction process starts with the 
farthest node from the BS. The farthest node is chosen to ensure that nodes farther from the BS have 
close neighbours. As in the greedy algorithm, the neighbour distances increase gradually since nodes 
already in the chain cannot be revisited. The chain is reconstructed in the same manner to bypass any 
dead node in the network. 
 
In each round, each node receives data from its neighbour node, fuses the data with its own and then 
transmits to the neighbour node in the chain. In turn, nodes transmit fused data to the BS. In this 
approach in round i the total number of nodes used is i mod N (N represents the number of nodes) that 
transmit to the BS. Therefore, the leader in each communication round is at a random position in the 
chain and nodes die at random locations, making the sensor network robust to failures. Each round of 
data collection can be initiated by the BS with a beacon signal which synchronizes all sensor nodes. A 
time slot approach for transmitting data is employed as all the nodes in the chain know their positions. 
Data fusion takes place at every node except the end nodes in the chain. Therefore, in PEGASIS each 
node, except the two end nodes and the leader node, receive and transmit one data packet in each 
round and becomes the leader once every N rounds. There are some nodes which are far away along 
the chain and dissipate more energy in each round. These nodes cannot act as leaders in this protocol. 
Reference [12] introduce a chain-based binary scheme for sensor networks with CDMA nodes and a 
chain-based 3-level scheme for sensor networks with non-CDMA nodes to reduce the energy and 
delay for data gathering in WSNs. 
 
 
3.2. Low-energy Adaptive Clustering Hierarchy (LEACH) 
 
LEACH [13] combines cluster-based routing and MAC protocol to serve wireless micro-sensor 
networks which achieve low energy dissipation and latency without sacrificing application-specific 
quality. LEACH is a cluster-based protocol with distributed cluster formation with random cluster-
head election. A sensor node chooses a random number between 0 and 1. If this random number is less 
than a threshold value, T (n) the node becomes a cluster-head for the current round. This threshold 
value is calculated using: 
 

 ,  (1) 
 
where P is the desired fraction of nodes to be cluster-heads, r is the current round and G is the set of 
nodes that have not been cluster-heads in the last 1/P round. The elected cluster-heads broadcast an 
advertisement message to inform other nodes about their states. Based on the received signal strength 



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 23-32 

 27

of the advertisement, a non-cluster-head node decides to which cluster it will belong for this round and 
sends a membership message to its cluster-head. Based on the number of nodes in the cluster, a 
cluster-head creates a TDMA schedule and assigns each node a time slot in which it can transmit. This 
schedule is broadcast to all the cluster nodes. This is the end of the so-called advertisement or setup 
phase of LEACH. Then begins the steady state where different nodes can transmit their sensed data. In 
order to save energy, in the steady phase, the radio of each member node can be turned off until the 
node’s allocated transmission time. Moreover, cluster-heads can perform data processing such as 
fusion and aggregation before relaying to the base station. To evenly distribute energy load among 
nodes, cluster-heads rotation is insured at each round by entering a new advertisement phase and by 
using equation (1).LEACH is completely distributed and requires no global knowledge of network. 
However, it forms one-hop intra and inter cluster topology, which is not applicable to large region 
networks. Cluster-heads are assumed to have a long communication range so they can reach the sink 
directly. This is not always a realistic assumption since the cluster-heads are regular sensors and the 
sink is often located far away. Furthermore, dynamic clustering brings extra overhead due to the 
advertisements phase at the beginning of each round, which may diminish the gain in energy. Since the 
decision to elect a cluster-head is probabilistic without energy considerations, LEACH cluster-head 
rotation assume a homogeneous network and cannot ensure real load-balancing in case of nodes 
initially with different amount of energy. A node with very low energy becomes a cluster-head for the 
same number of rounds as other nodes with higher energy and will die prematurely. This could affect 
network coverage and connectivity. 
 
The key design goals of LEACH are: adaptive cluster formation, energy-efficient MAC, and 
application specific data processing. Reference [13] also introduces a centralized control algorithm 
called LEACH-C to form clusters by dispersing up the CH nodes in the network. Each node sends a 
message including its ID, location and energy level to the BS. The BS computes the energy levels of 
nodes and the node which has above average energy level can act as the CH. Simulated annealing 
algorithm [14] is used to find the CH for the rounds and the associated clusters. Minimum energy is 
required to transmit information from node to the CH. After formation of the cluster and the CH, the 
BS transmits this information to all nodes by sending a broadcast message that contains CH ID to each 
node. If the CH ID matches with a node’s ID, then it acts as the CH, unless the node determines its 
TDMA slot for data transmission. Steady state phase of LEACH-C is the same as LEACH. LEACH-F 
is another protocol proposed in [13], in which the cluster is fixed throughout the network but the CH 
selection is rotational. 
 
 
3.2.1. Energy Efficient Hierarchical Clustering (EEHC) 
 
EEHC [15] can be seen as an extension of LEACH with multi-hop intra clusters and a hierarchy of 
cluster-heads to route data to the sink. In the single-level clustering of EEHC, each sensor in the 
network becomes a Volunteer cluster-head with probability p. It announces this to the sensors within k 
hops radio range. Any sensor that receives such advertisements and is not itself a cluster-head joins the 
closest cluster. If a sensor does not receive a cluster-head advertisement within certain time duration it 
can infer that it is not within k hops of any volunteer cluster-head and hence becomes a forced cluster-
head. Data transmission to the sink can be performed using multi-hop routing through cluster-heads 
organization in a multi-level hierarchy rooted at the sink. 
 
 
3.3. Hybrid Energy-efficient Distributed Clustering (HEED) 
 
Both EEHC and LEACH do not consider energy in selecting cluster-heads. HEED [15] brings one 
more step toward energy-efficient cluster-based routing with explicit consideration of energy. Selected 
cluster-heads in HEED have relatively high average residual energy compared to member nodes. 
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Additionally, HEED aims to get a well-distributed cluster-heads set over the sensor field. Indeed, in 
HEED, the probability that two nodes within the transmission range of each other to be cluster-heads is 
small. It is worth mentioning that the main drawback of LEACH is that the random election of cluster-
heads does not ensure their even distribution in the sensing field. It is quite possible to get multiple 
cluster-heads concentrated in a small area. In this case, these area sensors are likely to exhaust their 
energy more quickly which may lead to insufficient coverage and network disconnection. Distributing 
cluster-heads evenly in the sensing area is one important goal to be met in order to ensure load 
balancing and hence longer network lifetime. HEED periodically selects cluster-heads according to a 
hybrid of their residual energy and intra-cluster communication cost. HEED outperforms LEACH with 
respect to the network lifetime and energy consumption distribution. However, HEED suffers from a 
consequent overhead since it needs several iterations to form clusters. 
 
 
3.4. Distributed Energy Efficient Hierarchical Clustering (DWEHC) 
 
DWEHC [16] aims to improve HEED by generating balanced cluster sizes and optimizing the intra-
cluster topology due to its location awareness. DWEHC creates a multi-level instead of one-hop 
structure for intra-cluster communication and limits a parent node’s number of children. Even if HEED 
considers energy reserve in cluster-head selection and aims to a well distributed cluster-heads, the 
clusters generated by DWEHC are more well-balanced and that DWEHC achieves significantly lower 
energy consumption in intra-cluster and inter-cluster communication than HEED. However, location 
information required by DWEHC is not necessarily and easily available. 
 
 
3.5. Bit-map Assisted (BMA) 
 
BMA [17] is a schedule-based MAC protocol for intra-cluster communications. The main objective of 
Bit-Map-Assisted (BMA) MAC protocol was to reduce the energy wastes due to idle listening and 
collisions while maintaining a good low-latency performance. In BMA sensor nodes forward data to 
the cluster-head (CH) only if a significant event has been observed, i.e., dealing only with event-driven 
networks. BMA protocol reduces energy consumption occurring in conventional TDMA systems due 
to idle listening in the absence of data in any node in their allocated scheduled time slots. The cluster 
setup phase is identical to the LEACH [13] protocol. 
 
Each node in the cluster keeps its radio on in the contention period and transmits a 1-bit control 
message during its allocated slot if it has data to transmit, otherwise the slot remains empty. The nodes 
which have data to transmit are called source nodes and the rest are non-source nodes. After 
completion of the contention period the CH sets up and broadcasts a transmission schedule only for the 
source nodes. During data transmission period, each source node turns on its radio and sends its data to 
the CH over its allocated slot and turns off its radio at all other times. Non-source nodes keep their 
radios off during the data transmission period. If there is no source node, the system proceeds directly 
to an idle period. Analytical models are developed for BMA, TDMA and energy-efficient TDMA (E-
TDMA) to validate their energy-efficient features. 
 
 
3.6. Base-station Controlled Dynamic Clustering Protocol (BCDCP) 
 
BCDCP [18] is a centralized clustering-based routing protocol in which network lifetime is improved 
by distributing the energy dissipation among nodes in the network. BCDCP distributes the energy 
dissipation evenly among all sensor nodes to improve network lifetime and average energy savings. 
The method assumes that the properties of a given sensor network model are a fixed base station, 
sensor nodes with energy constraints, nodes equipped with power control capabilities, and stationary 
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nodes. It operates in two major phases, i.e., the setup phase and data communication phase. BCDCP 
uses class based addressing which gives identifications to each node in a network. 
 
In the setup phase of BCDCP, the main activities are cluster setup, cluster-heads selection, cluster-
head-to-cluster-head (CH-to-CH) routing path formation, and schedule creation for each cluster. 
During each setup phase, the base station receives information on the current energy status from all the 
nodes in the network. The base station computes the average energy level after receiving information 
from each node and decides which nodes are appointed as cluster-heads. The base station sends 
information back to the nodes which include identification for each node. Each node holds two 
identifications which represent the identification for each node and identification of cluster-head. Each 
cluster-head is connected to the other cluster-heads and uses a minimum spanning tree to create a 
routing path. 
 
In the transmission phase, each sensor node transmits the sensed information to its cluster-head. Since 
sensor nodes are geographically grouped into clusters, these transmissions consume minimal energy 
due to small spatial separations between the cluster-head and the sensing nodes. Once the data from all 
sensor nodes has been received, the cluster-head performs data fusion on the collected data, and 
reduces the amount of raw data that needs to be sent to the base station. 
 
Balanced clustering technique is used to distribute evenly the load on all cluster-heads. After selecting 
clusters and their CHs using the spanning tree algorithm [19], the BS forwards the lowest-energy 
routing path information to the sensor nodes with information on the cluster and the CH. TDMA 
scheduling approach is used to transmit data from sensor nodes to the CH. Data gathering, fusion and 
data routing activities are involved in the data communication phase. To prevent radio interference 
caused by neighbouring nodes, BCDCP uses CDMA codes during CH-to-CH multihop routing [18]. 
 
 
3.7. Two-hop Energy-efficient Mesh Protocol (THEEM) 
 
THEEM is a hierarchical cluster-based energy-efficient protocol. The main goals of this protocol are to 
achieve energy-efficiency, high QoS, low latency, and equilibrium energy dissipation. The network is 
divided uniformly into clusters or meshes by using a centrally organized method to eliminate the mesh 
setup overheads. Residual energy of each mesh is calculated at the beginning of each round and, based 
on the energy levels the mesh-head (MH) is chosen. The MH is rotated and any node can act as MH. 
 
In each round there are setup and assignment phases in THEEM. Nodes send out short message with 
their location and energy level to the BS at the initial stage of the setup phase. The BS broadcasts 
control packets to the network and all sensor nodes synchronize their clocks and update their tables. 
Assignment phase is composed of the start beacon, energy reporting form and control packet. The start 
beacon is sent by the BS to inform the network about the start of the current round. After receiving 
node location and energy level the BS selects the MH for the current round according to their residual 
energy. The BS then makes a TDMA schedule for each node and broadcasts a control packet to the 
network. THEEM introduces a two-hop scheme to transmit data from a node to the MH and hence 
reduces energy consumption. Meshes are divided into two portions, the portion which is far from the 
MH is called source node and the portion which is closer to the MH is called intermediate node. As 
MH is changed with rounds, source and intermediate nodes also change with rounds. In the first hop, 
source nodes send data to intermediate nodes using the minimum transmission energy (MTE) [21] 
routing approach. In the second hop, the intermediate node fuses the data and sends it to the MH. A 
multi-hop scheme is used to transmit data from the MH to the BS. CDMA code is used to reduce 
interference between meshes. The farthest mesh layer transmits data to the adjacent layer and this layer 
sends accumulated data to the next adjacent layer and finally to the BS. Reduced overhead and CH-to-
CH routing makes this an energy-efficient protocol [20]. 
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4. Comparison 
 
Comparative analysis of Cluster-based routing protocols is shown in Table 1. 
 
 

Table 1. Comparative analysis of Cluster-based routing protocols. 
 

Proposal Merits Limitations 

PEGASIS[12] 

1. Each node communicates only with a close 
neighbor and takes turns transmitting to the base 
station, thus reducing the amount of energy spent 
per round. 
2. Distributing the energy load among the nodes 
increases the lifetime and quality of the network. 
 

1. High latency for distant nodes on the 
chain and overhead associated due to 
topology adjustment. 
2. If there are N nodes in the network the BS 
makes N data jumps to acquire all the data 
from the network which introduces time 
delay. 

LEACH [13] 

1. Overall throughput of the network increases 
as latency is reduced and system life increases. 
2. Collision and interference are overcome by 
using TDMA and CDMA protocol respectively. 
3. Data aggregation mechanism reduces the 
amount of data that must be transmitted to a BS, 
hence reduces energy consumption. 
 

1. Due to its distributed cluster formation 
algorithm, it cannot ensure the coverage of 
entire network. 
2. TDMA schedule introduces time delay 
and comparatively it has more setup 
overhead. 

HEED[15] 

1. HEED aims to get a well-distributed cluster-
heads set over the sensor field. 

1. HEED suffers from a consequent 
overhead since it needs several iterations to 
form clusters. 
 

DWEHC[16] 

1. DWEHC creates a multi-level instead of one-
hop structure for intra-cluster communication and 
limits a parent node’s number of children. 
2. Achieves significantly lower energy 
consumption in intra-cluster and inter-cluster 
communication. 

1. Location information required by 
DWEHC is not necessarily and easily 
available. 
 

BMA[17] 

1. BMA is intended for event-driven applications, 
where sensor nodes transmit data to the cluster-
head only if significant events are observed. 
2. BMA has low complexity, reduces energy 
wastes due to idle listening and low packet latency. 
 

1. BMA is superior only for the cases of low 
and medium traffic loads, relatively few 
sensor nodes per cluster, and relatively large 
data packet sizes. 
2. Data may arrive in empty node at any 
time during node to the CH data 
transmission.  

BCDCP[18] 

1. Balanced clustering techniques, CH-to-CH 
routing scheme makes BCDCP an energy-efficient 
protocol. 
2. BCDCP reduces energy expenditure and 
increases network lifetime over its rivals (LEACH, 
LEACH-C and PEGASIS). 

1. BS needs more energy to perform most of 
the tasks. 
2. BCDCP chooses the leader node only 
based on the energy of head nodes. 
 

THEEM [20] 

1. Eliminate cluster setup overhead in each round 
as cluster is fixed throughout the network. 
2. TDMA schedule and CSMA techniques are 
used to reduce collision and interference 
respectively. 
 

1. Fixed cluster protocol is unable to adapt 
to new conditions. 
2. A node may need to transmit data in a far 
way and needs more energy to communicate 
with its MH when there is another cluster’s 
MH nearby. 

 
 
5. Conclusion 
 
This article concludes with a concise survey of energy-efficient cluster-based routing protocols. 
Hierarchical cluster-based routing protocols hold a great potential toward energy efficiency in WSN. 
Managing energy consumption individually at each sensor is far from being sufficient to maximize the 
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WSN lifetime. A global management strategy with load balancing feature is required. To do so, 
clustering techniques have to provide low overhead cluster-head rotation as well as optimal traffic 
distribution among cluster-heads while keeping network connectivity and coverage. The basic idea of 
PEGASIS is to extend network lifetime and to reduce the bandwidth. LEACH is most appropriate 
when there is a need for constant monitoring by the sensor network. EEHC can be seen as an extension 
of LEACH with multi-hop intra clusters. HEED outperforms LEACH with respect to the network 
lifetime and energy consumption distribution. DWEHC aims to improve HEED by generating 
balanced cluster sizes and optimizing the intra-cluster topology. BMA is intended for event-driven 
applications, where sensor nodes transmit data to the cluster-head only if significant events are 
observed. BCDCP is a centralized routing protocol, which distributes the energy dissipation evenly 
among all sensor nodes to improve network lifetime and average energy savings. THEEM achieve 
energy-efficiency, high QoS, low latency, and equilibrium energy dissipation. THEEM adopts 
centralized mesh (cluster) formation method along with other design innovations, such as the concepts 
of mesh layer/column, power-aware mesh head assignment and a low-energy media access protocol, to 
achieve energy efficiency. Clustering allows a hierarchical architecture with more scalability, less 
consumed energy and thus longer lifetime for the whole network. This is due mainly to the fact that 
most of the sensing, data processing and communication activities can be performed within clusters. 
Numerous are WSN applications that require simply an aggregate value to be reported to the sink. In 
such applications, data aggregation at the cluster-heads helps to alleviate congestion and save energy. 
Clustering allows intra-cluster and inter-cluster routing which reduces the number of nodes taking part 
in a long distance communication, thus allowing significant energy saving in addition to smaller 
dissemination latency. 
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Abstract: Wireless Sensor Network (WSN) is an emerging technology, which has a wide range of 
potential applications starting from surveillance to health monitoring. Sensor nodes in WSN are always 
power constraint as they are operated with batteries. Hence, it is prudent to design energy efficient 
medium access control (MAC) protocols for the WSN to improve the network lifetime. In this paper, 
an energy efficient MAC protocol for the wireless sensor network is proposed that allocate slots 
dynamically to minimize the idle states of the sensors. The proposed protocol assists each node to 
decide when and how to access the channel. The proposed idea is TDMA based and the slots are 
allocated efficiently based on the traffic loads and to maintain the fairness. In our protocol, energy 
efficiency is maintained by turning off the radio to sleep mode whenever necessary and at the same 
time maintains the synchronization. In the proposed method, best efforts are made to reduce energy 
wastage from various sources by adopting proper synchronization among the nodes and thereby 
improving energy efficiency. Copyright © 2012 IFSA. 
 
Keywords: Wireless sensor network, TDMA, MAC protocol, Slotted, Energy efficient. 
 
 
 
1. Introduction 
 
Recent advances in hardware and software for the wireless network technologies have enabled the 
development of small sized, low-power, low-cost and multi-functional sensor nodes [1], which consist 
of sensing, data processing and wireless communicating components. These nodes are operated with 
very low powered batteries and are deployed hundreds to thousands to form the wireless sensor 
network (WSN). In WSN, nodes form the network dynamically without help of any infrastructure and 
are deployed randomly. Those nodes are supposed to sense a phenomenon, process the collected data 
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in a collaborative manner, and should route the results to an end user. Typical applications of wireless 
sensor networks are the environmental monitoring, military surveillance, health monitoring, target 
tracking, inventory management, and many more [2-4]. It is envisioned that the sensor network is used 
to collect useful information in physical environments over a long time period for scientific data 
analysis, where battery is the main source of energy for the sensor nodes. However, sensors have 
limited energy and it is difficult to recharge or replace the battery after deploying them over a hostile 
environment or in harsh terrains. However, it is expected that the sensor network systems should 
monitor the area for a long time after deployment. Therefore, energy efficiency plays an important role 
in WSNs. 
 
For achieving energy efficiency, scheduling is one of the solutions in WSNs. In scheduling, normally 
subsets of sensors have to be active for a certain period of time such that each subset can guarantee the 
coverage and connectivity and can maximize the network lifetime. However, a common challenge in 
wireless networks is collision, resulting from two nodes sending data at the same time over the same 
transmission medium. Hence, medium access control in all shared-medium such as wireless networks 
is an important technique that enables the successful operation of the network. Normally, MAC 
protocols are developed to assist each node to decide when and how to access the channel. This 
problem is also known as channel allocation or multiple access problems. The MAC layer is 
considered as a sub layer of the data link layer in the network protocol stack and the main goal of 
designing an efficient MAC protocol is to avoid collisions from interfering nodes. Besides, the 
medium access decision in a dense network of nodes with low duty-cycles is a challenging problem, 
which must be solved in an energy-efficient manner [5]. Since, communication in sensor network 
causes more energy consumption than computation, it is essential to minimize the cost of 
communication to satisfy the desired network operations. Generally, an efficient MAC protocol can 
save large amount of energy because of the appropriate sleep and wake-up schedules. 
 
Design of MAC protocols are divided into contention-based and reservation-based. There are quite 
varieties of MAC protocols designed recently, which are developed for wireless voice and data 
communication networks. The most popular contention free based protocols are the time-division 
multiple access (TDMA), code-division multiple access (CDMA), and frequency division multiple 
access (FDMA). Their basic idea is to avoid interference by scheduling nodes onto different sub-
channels that are divided either by time, frequency or orthogonal codes. Since these sub-channels do 
not interfere with each other, MAC protocols in this group are collision-free. Another class of 
contention-based protocols like IEEE 802.11MAC is based on contention rather than pre-allocate 
transmissions. In contention-based methods like IEEE 802.11 protocols, nodes compete for a shared 
channel, resulting in probabilistic coordination. In CSMA, a node listens to the channel before 
transmitting and may wait for a long time. Nodes still waste lots of power being idle for a long time 
and wait for the possible traffic to receive, though, no traffic is sent to it. Previous studies [6] show that 
the idle listening consumes more energy as compared to the energy consumption for receiving data. In 
the reservation-based schemes, generally sensor nodes are assigned to fixed channels, such as TDMA-
based and LEACH [7] protocols. It is not easy to modify its frame length and time slot assignment 
dynamically, if number of nodes within a cluster changes. Hence, its scalability is not as good as that 
of the contention-based protocols. 
 
A simple solution to extending network lifetime is to operate the nodes in a duty-cycled manner with 
periodic switching between sleep and wake-up modes. While synchronization of such sleep schedules 
is challenging in itself, a larger concern is that arbitrarily long sleep periods can reduce the 
responsiveness and effectiveness of the sensors. In applications where it is critical that certain events in 
the environment be detected and reported rapidly, the latency induced by sleep schedules must be kept 
within strict bounds, even in the presence of network congestion. A simple solution to extend network 
lifetime is to operate the nodes in a duty-cycled manner with periodic switching between sleep and 
wake-up modes. While synchronization of such sleep schedules is challenging in itself, a larger 
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concern is that arbitrarily long sleep periods can reduce the responsiveness and effectiveness of the 
sensors. In applications where it is critical that certain events in the environment be detected and 
reported rapidly, the latency induced by sleep schedules must be kept within strict bounds, even in the 
presence of network congestion. Since, energy efficiency is the foremost criteria for wireless sensor 
networks, efforts for efficient usage of energy are mainly focused on reducing the collision by 
switching to low power node and to be favorably adapted to changes in traffic. However, the traffic 
adaptive medium access protocols as proposed earlier are TDMA based protocol that has been 
designed for energy efficient collision free channels in WSN. In this paper, an efficient TDMA based 
MAC protocol is proposed to reduce the power consumption by ensuring collision free transmission 
and by switching the nodes to low power idle state when they are not transmitting or receiving. 
 
The reminder of the paper is organized as follows. Related works of different medium access protocols 
of WSN are discussed in Section 2. The system model and our proposed MAC protocol are described 
in Section 3. Performance evaluation of the proposed MAC is given in Section 4. Conclusions are 
made in Section 5 of the paper. 
 
 
2. Related Work 
 
All medium-access control (MAC) protocols for wireless networks manage the usage of the radio 
interface to ensure efficient utilization of the shared bandwidth. MAC protocols designed for wireless 
sensor networks have an additional goal of managing radio activity to conserve energy. Thus, while 
traditional MAC protocols must balance throughput, delay, and fairness concerns, WSN MAC 
protocols place an emphasis on energy efficiency as well. So far, lots of efforts are made by different 
researchers in the field of designing an efficient MAC protocol. Scheduled based MAC protocols are 
either based on polling or multiplexing to avoid energy waste caused by collisions but introduces 
polling overhead and delays. In case of multiplexing, channels are pre-allocated based on time, 
frequency, or code multiplexing. Scheduling based approaches often form clusters with cluster 
controllers responsible for the channel allocation. Since only a certain number of channels can be 
allocated the scalability might be limited then. On the contrary, contention-based protocols allow 
sharing channels and allocating channels on-demand. But, collision avoidance is difficult to achieve in 
WSNs due to hidden nodes and densely deployed nature of the sensors. Though these protocols are 
simple, scalable and flexible, their major drawback is a high idle listening time. 
 
Various MAC protocols proposed so far for wireless communication come under the above both 
categories. Besides, several MAC protocols designed specifically for the wireless sensor networks. 
Authors in [6] propose the Sensor-MAC(S-MAC) based on IEEE 802.11 protocols, which is 
specifically designed to reduce the energy wastage. The basic idea in this protocol is that the time is 
divided into fairly frames, which has active and sleeping intervals. Each sensor node communicates 
with another during the active interval and turns off its radio during sleep interval. It enables the nodes 
to operate at low duty cycle by putting them into periodic sleep instead of idle listening. Although, S-
MAC conserves more energy than IEEE 802.11 MAC mechanism, the fixed duty cycle increases the 
latency and cannot sustain the heavy traffic load. To minimize the number of duty-cycles of S-MAC, 
authors in [8] improve the idle listening by using variable length of time, and propose the Timeout-
MAC (T-MAC). According to this protocol, if no activity is found for certain time duration in the 
vicinity of a node, it goes to sleep state. Though, the burden of selecting appropriate duty-cycle is 
reduced, the latency in T-MAC increases, as the data arrived during sleep cycle is queued until the 
next active cycle is started. 
 
An adaptive mechanism that determines the sleep and wake-up schedules for a node based on its own 
traffic and the traffic patterns of its neighbors is proposed in Pattern-MAC (P-MAC) [9]. P-MAC 
changes the periodic fixed duty cycle and is able to achieve a better throughput under high traffic load 
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and conserves more energy under light traffic load than S-MAC and T-MAC. However, a large control 
packet overhead is involved in P-MAC, which reduces the throughput and creates a burden under high 
traffic load. Though, most of the MAC protocols are proposed for the static sensor nodes, MMAC [10] 
focuses on mobile sensors. As proposed in MMAC, it can handle both strong as well as weak mobility 
of nodes. Strong mobility refers to frequent topology changes due to concurrent addition of nodes to 
the existing network, and physical mobility either because of mobility in the medium or by means of 
special motion hardware. Weak mobility refers to regular topology changes. Node joins to the network 
and may be dead after certain duration of time. In MMAC, nodes are allowed to transmit at particular 
time-slots, based on the traffic information and mobility pattern of the nodes. This makes MMAC a 
scheduling-based protocol and thus guarantees collision avoidance. MMAC uses a distributed 
contention based algorithm that affects transmission rights of a node at particular time-slots based on 
traffic information and mobility pattern of the nodes. It adapts the frame-time, transmission slots and 
random-access slots according to mobility of nodes and is designed in such a way that if a large 
number of nodes are expected to enter or leave the two hop neighborhood of a node, then the frame 
time can be reduced and vice versa. 
 
A Traffic-Adaptive Medium Access (TRAMA) protocol [11] is proposed for the WSN, which provides 
energy-efficient conflict free channel access mechanism in wireless sensor networks. It employs a 
traffic adaptive distributed election scheme that selects receivers based on schedules announced by 
transmitters. Nodes using TRAMA exchange their two-hop neighborhood information and the 
transmission schedules specifies which nodes are the possible receivers of their traffic in an order. 
Though, TRAMA is energy efficient while maintaining good throughput, acceptable latencies, and 
fairness, it suffers with several disadvantages. The main drawback in TRAMA is the overhead due to 
explicit schedule propagation. Besides, since every node calculates each of its 2-hop neighbor’s 
priorities, it has a high duty cycle and to accommodate topological changes, TRAMA alternates 
between random and scheduled access and thus consumes more energy. µ-MAC [12] shares a common 
architecture with TRAMA, though the communication channel in µ-MAC is divided into a contention 
and a contention-free period. It addresses the problem of achieving very low radio duty-cycles in 
sensor nodes, but simultaneously provides good delivery rates, low buffering requirements and delay 
characteristics that can support several real world applications. µ-MAC considers traffic behavior of 
the wireless sensor networks to increase the efficiency of radio utilization and thus reduce the duty-
cycles. Though it aims at maximizing sleep ratios while keeping message latency and reliability at 
acceptable levels, it heavily relies on information provided by upper layers to improve its radio 
utilization. 
 
B-MAC [13] proposes a set of core functionality and an interface that allows the core components to 
be tuned and configured depending on higher-layer needs. B-MAC comprises features like low-power 
listening, and clear channel assessment, which determines whether the channel is busy or not by 
examining multiple adjacent samples and using an appropriate detection technique. B-MAC is a light-
weight protocol that provides an interface to the applications for implementing their own MAC. It can 
minimize the idle listening to improve the energy efficiency and to have higher throughput. An 
application-specific solution is provided by the data-gathering MAC (D-MAC) [14], which applies 
only to flow on a predetermined data-gathering tree going up from the various network nodes to a 
common sink. It proposes a different form of sleep schedule, where nodes at each successive level up 
the tree and follow a receive–transmit–sleep sequence that is shifted to the right. It allows data and 
control packets to sequentially traverse all the way up a tree with minimum delay and allows requests 
for adaptive extensions of the active period to be propagated all the way up the tree, thereby reduces 
the interference by separating active periods at the different levels. However, it is not a general 
purpose MAC as it applies only to one-way data-gathering trees. From the study of different 
researchers, it is evident that to improve the energy efficiency of sensors, several factors such as idle 
listening, overhearing, and collision should be minimized. Hence, in this paper we propose a slotted 
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MAC protocol to dynamically allocate the slots to different nodes based on the number of nodes that 
want to communicate data and ensure fairness and reduce idle listening to the best possible extent. 
 
 
3. Proposed MAC Protocol 
 
3.1. System Model 
 
Consider a multi hop wireless sensor networks, where a sensor may have several nodes as its 
neighbors. It is assumed that the whole network is divided into several clusters and each cluster has a 
head, which is considered as the data allocator in our protocol. For allocating slots dynamically and 
more efficiently, an allocator is selected among all nodes present in a cluster. As shown in Fig. 1, let 
‘O’ be a cluster head and therefore is an allocator among its one hop neighbors. Let, A, B, C, D and E 
be the one-hop, M, N, P, Q and R are be the two-hop and K and L be the three-hopneighbors of 
allocator node ‘O’. Thus each node has one and two hop neighbors as in case of node ‘O’. It is 
assumed that a node may have to receive data sent from a single receiver or from multiple receives at 
the same time. Besides, the data have to pass through the allocator node as they may not be directly 
connected to each other. For example, as shown in Fig. 1, node B may have data from node A or from 
nodes A and C. Since, node B is connected to nodes A and C directly, it has to transmit its data 
through the allocator node ‘O’ in a multi-hop fashion. Based on the traffic load of different sensors that 
are directly connected to ‘O’, allocator ‘O’ has to analyze the traffic of each of its neighbors and has to 
allocate different number slots to its one hop neighbors. 
 
 

 
 

Fig. 1. A multi-hop WSN with node ‘O’ as the cluster head (Allocator). 
 
 
3.2. The MAC Protocol 
 
Energy efficiency is an important bottleneck of wireless sensor networks. In order to minimize the 
energy consumption of nodes in a wireless sensor networks, we design here a protocol that avoids the 
collision, idle listening, and overhearing. In this section, a TDMA based MAC protocol is proposed to 
allocate slots to the nodes based on their priority and at the same time, it maintains the fairness. By 
allocating specified number of slots to the nodes having data to transmit, overhearing and idle listening 
are reduced. Besides, attempts are made in our protocol to allocate slots to the nodes based on their 
requirements by ensuring collision avoidance. Initially, all nodes in a cluster are in the active state and 
synchronize with the cluster head to transmit the control message to it. It is to be noted that cluster 
head of a cluster is the allocator that decides the number slots to be allocated to different sensors of 
that cluster based on their demands. Nodes of a cluster having data to transmit to the nodes of the same 
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or different cluster send the Request_To_Allot (RTA) message to the allocator. Then, allocator node 
sends a Clear_To_Allot (CTA) message to the node, which has requested the time slots. In the RTA 
packet, a node has to put the ID of the destination node, amount of data it wants to send and duration 
of its transmission in form of slots. Then, the allocator has to decide the number of slots based on its 
priority, availability of slots and demands of slots by other nodes of the same cluster. 
 
As shown in Fig. 2, node ‘A’ first sends the RTA packet to allocator ‘O’, which is responded by a CTA 
packet to node A. When the CTA packet is sent to node A, all nodes within communication range of 
‘O’ can receive it and go to the sleep state for certain duration of time as defined by the allocator in the 
CTA packet. Then node ‘A’ gets the right to use the channel for a specific duration of time as defined 
by ‘O’ and is based on its demand. For example, suppose node ‘A’ needs ‘t’ units of time to transmit 
data to a destination node, which is informed to ‘O’ by means of the RTA packet. Then ‘O’ broadcasts 
the CTA packet as the control message to its entire neighbors that specifies the duration of time that 
node ‘A’ has to use the channel. Upon receiving this control message, other nodes except ‘A’ will go 
to the sleep state. However, before going to the sleep state, other nodes send their acknowledgement 
(ACK) to the allocator and mention about their requirements to use the channel. Since, in a cluster, 
only one node remains in active state at a time, collision among other nodes is reduced. 
 
 

 
 

Fig. 2. Negotiation and allocation of slots between the allocator and its one-hop neighbors. 
 
 
It is to be noted that the allocator decides how efficiently it can assign slots to its neighbors so that all 
nodes can get a fair share to access the channel and can synchronize with it after transmission of data 
by a node of the cluster. Hence, it is prime duty of the allocator to assign slots based on the quantity of 
data that a neighbor wants to transmit. If the allocator assigns slots in FCFS (First Come First Served ) 
pattern, nodes which come last have to starve, even though it requires minimum number of slots. 
Hence, solution to this is to adopt the Round-Robin scheduling algorithm, by which all nodes 
irrespective of their quantity of data can be given equal chances to get the required number of slots. As 
per this slotted scheduling mechanism, each node will be allotted slots partially as per their need, but 
in a phase-by-phase manner. Thus, by implementing this scheme fairness can be maintained properly 
as no node can be starved. For example, as shown in Fig. 3, node ‘D’ and ‘E’ require less number of 
slots to transmit their data as compared to others nodes of the cluster. Hence, by using FCFS 
scheduling, obviously nodes ‘D’ and ‘E’ will suffer from starvation. 
 
 



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 33-43 

 39

 
 

Fig. 3. Example showing starvation of nodes due to inefficient slotted mechanism. 
 
 
In order to minimize starvation and to maintain the fairness among nodes, the allocator has to divide 
all requested slots into segments with minimum requested number of slots. For example, as shown in 
Fig. 4, let A, B, C and D be four one-hop neighbors of an allocator node ‘O’. Suppose, node A, B, and 
D have 5, 10, and 15 units of packets to transmit to receivers R1, R2 and R3, respectively. Here, node C 
has no data to transmit and therefore it does not make any request, whereas nodes A, B, C and D send 
their request through the RTA packet to the allocator ‘O’. Since, 5 is the minimum number of requested 
packets, allocator ‘O’ divided 5, 10 and 15 packets in the multiple of 5 and allocate only 5 packets to 
each node. Then using Round-Robin scheduling algorithm, it allocates the slots to the nodes to use the 
channel so that fairness is maintained and no node remains starved. 
 
 

 
 

Fig. 4. Allocation of slots and allotment of nodes using Round-Robin scheduling. 
 
 

4. Performance Evaluation 
 
In this section, we evaluate the energy consumption, and latency of S-MAC, T-MAC, TRAMA and 
our protocol by means of simulation. Our protocol is simulated using NS 2.29 [15]. A network area of 
size 100 m  100 m is considered for the simulation, where 50 sensor nodes are distributed randomly. 
The communication range of each node is fixed as 10 m. The transmitting power is set to be 2 W, 
receiving power is 1W, idle power is 1 W and the sleeping power is set to be 0.001 W. It is assumed 
that each node has initial energy of 1000 Joules. The bandwidth is set to be 20 kbps and each control 
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packet size and data packet size is kept to be 10 bytes and 512 bytes, respectively. The default duty 
cycle is set to be 10 % as same as S-MAC. We also measure the metrics under different traffic loads in 
the network. The two major performance metrics that we have used in our simulation are the average 
energy consumption, which is the aggregate average energy consumed by all nodes of the entire 
network with packet inter-arrival rates. We describe our simulation results as follows. 
 
 

 
 

Fig. 5. Average energy consumption with inter packet arrival rates. 
 
 

In our simulation, we have analyzed the average energy consumption and average end-to-end 
transmission delays for the different values of inter packet arrival rates. The packet inter-arrival rate is 
considered as the interval between two packets sent from one node to another. The energy 
consumption for different MAC protocols with inter packet arrival rates is shown in Fig. 5. It is 
observed that TMAC saves more energy than SMAC, as the sensors sleep after a pre-defined period of 
idle listening time is elapsed. Because of the adjustment of active and sleep schedules, energy saving 
in PMAC is better than TMAC. More energy is saved in our protocol, since each node wakes up in 
limited slots instead of being active during the whole listening intervals. Moreover, in our protocol, 
energy conservation in a heavy traffic environment is more significant. 
 
 

 
 

Fig. 6. Average end-to-end delay with inter packet arrival rates. 
 
 

The simulation results for the end-to-end delay for different packet arrival rates are shown in Fig. 6. It 
is to be noted that the delay decreases when packet inter-arrival rate increases. From the simulation 
results, it is observed that the latency in TMAC is worse than SMAC, since the premature elimination 
of the active time in TMAC causes longer sleeping interval in SMAC. On the other hand, PMAC is 
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better than SMAC and TMAC, since it can adjust the wake-up schedules based on their neighbor 
scheduling pattern. Under heavy traffic load, collision will cause packet delay. Therefore, sensor nodes 
in PMAC updating their pattern in every wake-up time slot, causes more delay than our MAC 
protocol. The simulation results of energy consumption for different ratio of duty cycles are shown in 
Fig. 7. From the figure, it is found that more energy could be consumed, if duty cycle is increased. It is 
observed that SMAC and TMAC have less power saving than PMAC and our protocol. We can see 
that the energy consumption of those protocols is very high after about 80 % of the duty cycle. 
Measurement of end-to-end delay is shown in Fig. 8. It is found that our protocol outperforms over 
other MAC protocols, because of the alter time of the next-hop to send packets continuously. The 
energy wastage increases rapidly after the duty cycle achieves to 20 % and almost out of power at  
80 %, and the latency will work better when the value is less than 40 %. We notice that those protocols 
work well when the duty cycle is 10 %. 
 
 

 
 

Fig. 7. Average energy consumption with different duty cycles. 
 
 

 
 

Fig. 8. Average end-to-end delay with different duty cycles. 
 
 

In our simulation, we have considered different set of neighbors that are attached to each allocator. We 
have simulated our protocol with different topologies and have compared the same with other MAC 
protocols. As shown in Fig. 9, we find that more amount of energy is consumed for more number of 
neighbors. PMAC spends less power than SMAC and TMAC. According to our protocol, if any two 
nodes wake up at a single slot and we achieve better energy saving than others. The measurement of 
end-to-end delay is analyzed and presented in Fig. 10. Since, more collision occurs due to increase in 
neighbor numbers, we can see that the increase in number of neighbors affect the end-to-end delay. 
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Though SMAC has less amount of end-to-end delay than TMAC, it is almost same when neighbor 
numbers is within 15 or 20. It is observed that our protocol has better performance over other MAC 
protocols, as perfect node scheduling and efficient slot allocation among nodes are made. 
 
 

 
 

Fig. 9. Average energy consumption with different number of neighbors. 
 
 

 
 

Fig. 10. Average end-to-end delay with different number of neighbors. 
 
 

5. Conclusions 
 
In this paper, a slotted MAC protocol based on Round-Robin scheduling algorithm is proposed. The 
main motive of our work is to minimize the energy consumption and end-to-end delay as compared to 
few well known MAC protocols of the wireless sensor network. We use a slotted method to allocate 
slots to the nodes based on their traffic load. At the same time, our protocol can strictly maintain 
fairness and no node will be in the starvation state. The major contribution of our work is to propose an 
efficient MAC protocol, which can still improve the energy wastage and latency due to collision under 
high traffic load. Our simulation results show that our protocol outperforms in terms of energy saving 
and end-to-end delay over other MAC protocols for different duty cycles and neighbor numbers. 
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Abstract: This paper describes a simple technique of data aggregation which limits data transfer time 
of sensors in wireless networks and provides an energy efficient solution for data acquisition and a 
band-width gain. This solution will be implemented in an FPGA-type embedded architecture for 
wireless sensors networks. The simplicity of our circuit make it suitable to equip a sensor, a 
clusterhead or a sink to aggregate the received data at the appropriate time by removing all redundant 
data collected downstream of the sensing circuit. The aggregated data are less bulky and refined for 
consumption. Copyright © 2012 IFSA. 
 
Keywords: SN, Fusion, Aggregation, VHDL, FPGA. 
 
 
 
1. Introduction 
 
WSN is an ad hoc wireless network with a high number of wireless nodes equipped with various 
sensors [1-4] generally deployed in a hostile environment and able to collect environmental 
phenomena, compute and communicate. The nodes cooperate with each other for a given task. 
 
The information fusion is a set of resources used to combine multiple input sources to better result than 
that obtained from individual entries [5-9]. 
 
The term ‘data aggregation’ is widely used in WSN [10-14] as a synonym to information fusion [5, 
14]. But if one wants to be rigorous, data aggregation (set of functions) is a technique used in 
information/data Fusion [5]. Other techniques are also used in fusion such as: Filters – the Bayesien 
and Dempster-Shafer inference, interval functions of combination, classification methods [5] and 
neural networks [15, 16]. For Kulik et al. [17] the data aggregation technique overcomes implosion 
and overlapping problems. 
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Fig. 1 gives the relation between the terms ‘fusion’ and ‘aggregation’. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 1. Relationship between the terms of fusion multi-sensor fusion, multi-sensor integration,  
data aggregation, data fusion and information fusion [5]. 

 
 
The terminology related to systems, architectures, applications, methods and theories for data fusion is 
not unified and therefore subject to various definitions [5]. According to Cohen et al. [18], data 
aggregation is the collection of raw data from ubiquitous data sources, making them less bulky and 
delivering refined data timely for consumption. Using this definition, we propose a simple algorithm 
which omits all data redundancies captured from a source and save only the refined data. This 
algorithm is easy to implement in FPGA-type embedded architecture for wireless sensor networks. The 
originality consist in the simplicity of the circuit so it can equips a wireless sensor and / or a wireless 
cluster head and / or sink to aggregate data received at the appropriate time by removing all repetitive 
data collected on the fly downstream of the sensing circuit. Aggregated data from different sources 
(sensors, cluster heads, sinks) are less voluminous and refined for consumption. To do so, we first give 
the data aggregation algorithm, translated to VHDL and simulated. Then the VHDL code can be easily 
transformed in an FPGA circuit. 
 
 
2. Problem and Proposed Solution 
 
A wireless sensor is usually equipped with a CPU with limited computing capabilities, powered by 
battery with life dependent on the use of the sensor. The radio module is the module that consumes the 
most energy, after come the processor and finally the sensor CAN (see Fig. 2). Limited bandwidth 
leads to congestion phenomena and transmission errors resulting in excessive energy consumption. 
 
To improve the performance of a wireless sensor, it is clear that we must reduce the use of the radio 
module and the CPU. Over-utilization of the radio module is due to the captured data 
redundancy, but also to sending of these data separately. Each time a separated data is 
sent, an additional cost is generated by the encapsulation layers (adding additional bits for different 
layers of transmission stack protocol). 
 
Most applications need just to know the changes in physical quantities to which they are interested. It 
is not necessary to transmit these values if they do not change during a given period. Also in situations 

Multiple sensor integration 

Sensor fusion 
Data  
aggregation 

Information/data fusion 
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that are not critical, it is not essential to send immediately a captured value. It is possible to keep in a 
buffer a set of values and send them both in one packet, which reduce the overhead of encapsulations. 
 
Our solution eliminates redundant data and groups the refined data in a buffer in order to transmit them 
in a minimum packets number. Thus it guarantees consequent energy and bandwidth 
gain. The hardware implementation of the solution relieves the CPU that holds all its power to other 
treatments. 
 
Let a buffer of size N at a node. Nt represents the redundant data at time t. The occupation ratio of this 
buffer is: 
 
 (N-Nt) / N (1)
 
(with elimination of redundancy on the fly) and therefore the occupation ratio of bandwidth by this 
node is: 
 
 (N-Nt) / N (2)
 
The obtained energy gain at this node is: 
 
 Nt / N. (3)
 
If we consider a wireless sensor network with k nodes, the total bandwidth gain is: 
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With t representing the different time slices of capture, i is the node number. The energy gain of the 
wireless sensor network with K nodes is: 
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The Fig. 2 shows the position of the sensor circuit in the module. The algorithm of the circuit 
is given in the following section. 
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Fig. 2. Position of our circuit in a sensor module. 
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3. Circuit Algorithm 
 
We present in this section the algorithm of the circuit formed by tree processes. The aggregation 
process, the filling process and the dumping process. These processes can be executed in parallel under 
some synchronization constraints. 
 
 
Aggregation Process  
Initialization Phase (j := 0 L := 0 and pointers at the beginning of buffers) ; 
Begin Process 
While there are events to capture 
Do 
 while the buffer No. j is not full and transmission order has not arrived 
 Do 
 
  Filling process (event logging) of Buffer No. j 
  L := L + 1 
 End Do 
 / * switch to buffer j +1  (modulo 2) * / 
  Dump process for Buffer No. j 
 j ← j+ 1 (modulo 2) 
End Do 
End process  
 
Filling Process 
Begin process 
 Capture event (values) 
 If captured event is not the same as the previous stored in buffer No. j then 
  Put captured event  in Buffer No. j 
  Increment pointer of Buffer No. j 
 End If 
End process 
 
Dump Process  
Begin process 
  Dump buffer j 
  /* Dump time = number of bytes in the buffer x transfer time of a byte*/ 
  /* run in parallel with aggregation process */ 
  j  := j + 1 (modulo 2) 
  L :=1 ; 
End process 
 
 
4. Description of the Data Aggregation Circuit 
 
Fig. 3 gives the synoptic diagram of our circuit. Two buffers operating in flip flop mode receive data 
from the ADC. When buffer # j (j mod 2) is filled, it is flushed to the output bus CAPT while the 
following samples continue to be recorded in buffer # j+1 (mod 2) and so forth. 
 
There are two cases in which the buffer is flushed 
• When it is full. 
• When a dump signal arrives from the sensor processing unit. 
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The bloc diagram of the circuit is shown in Fig. 4 composed of a controller and the two Flip Flop 
buffers. Data captures arrive via ADC bus. The data is synchronized by the capture module on the 
rising edge of ECH signal. At the outlet, the circuit empties aggregated content located in one of the 
buffers on the CAPT bus upon receipt of a transfer signal on the line TR or when one of the two 
buffers is full. 
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Fig. 3. Synoptic diagram of the data aggregation circuit. 
 
 

 
 

Fig. 4. Block diagram of the data aggregation circuit. 
 
 
4.1. The Flip-flop Buffer (Filebuffer) 
 
Two buffers are organized so that one can be read and written in parallel. While one of two buffers 
empties its content (FIFO read of items that are in it), the second buffer stores data from the ADC. 
This organization enables us not to lose any data during transmission over the network. 
 
The block diagram of the two buffers is shown in Fig. 5. 
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Fig. 5. Block diagram of the two buffers in flip flop mode. 
 
 

VHDL simulation of the filling phase is given in the Fig.6. After the activation of the RESET 
signal, the buses of both buffers are putted in high impedance to avoid bus contention. Both buffers are 
then initialized. All the values received are recorded in one of two buffers depending on 
the activated signal LOAD (Buffer 1 if LOAD1 is enabled). The recording is done by reading the 
contents of the bus FFIN synchronized on the rising edge of signal LOAD and saving it in the 
buffer being received. 

 

Fig. 6. VHDL simulation of the recording phase. 
 
 
The simulation of the dumping phase is given in Fig. 7. When the first buffer is full, a dump signal 
(VIDAGE1) is activated by the controller to empty it on the bus FFOUT. The new values from the 
sensor continue to be recorded on the second buffer while the first is emptying. 
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Fig. 7. VHDL Simulation of the dumping phase of the buffers. 
 
 
4.2. The Controller (organe_ctrl) 
 
The controller is responsible for generating control signals for reading, recording, aggregation and 
buffer flush. It receives as input the sensed data on ADC bus synchronized by ECH signal. It also 
receives a transfer command of the network via signal TR. As output, it supplies to the receiving 
buffer the data to record, via the bus FFOUT synchronized by the signal L1 or L2 according to the 
current buffer fill mode. This information is provided only if it is different from the old value 
previously captured and stored in an internal register of the controller. It also provides a control signal 
for flushing the buffer on line V1 or V2 when it is full or when a transfer signal arrives from the 
processing unit. 
 
Fig. 8 shows the first phase of capture and the signals generated by the controller. Each time the ADC 
provides data synchronized by the signal ECH, the controller generates a load signal on L1 in order to 
save it in the buffer 1 (RAM1). The aggregate function is also shown in the Fig. 8 for simulation 
duration between 120 and 160 ns. Although the ADC has provided twice the same value (04), the 
controller generates only one pulse signal on L1 to avoid recording the same data twice in the buffer. 
 
Fig .9 shows the signals generated by the controller when the first buffer is full. The controller 
activates the Dump signal for the first buffer (V1) and keeps recording the next values on the second 
buffer by activating the signal L2 at each new value. 
 
Fig. 10 shows signals generated by the controller when a transfer signal arrives from the sensor’s 
processing unit. The controller flushes the current buffer and continues to record the new values on the 
other buffer 
 
 
5. Conclusion 
 
The design of a data aggregation algorithm for WSN is a big challenge. Our solution is a good 
candidate for data aggregation technique. The originality of the solution presented in this paper is the 
possibility of a hardware design of a simple data aggregation to be embedded on an FPGA-type 
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architecture providing a sensor node, a clusterhead or a sink. The resulting circuit allows to 
significantly aggregate streams of raw environmental data (CCD, Magneto-resistive, temperature, 
humidity, ...) of the entire network and to transmit them refined to a remote processing unit (base 
station).This aggregation will generate a tremendous gain in energy and bandwidth and the circuit will 
operate in parallel with the CPU of the sensor node. The next stage of our work is to transform the 
VHDL code in an FPGA-type circuit. 
 
 

 
 

Fig. 8. Signals from the controller at the first phase of capture 
and data aggregation function. 

 
 

 
 

Fig. 9. Controller signals during the switching of buffers. 
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Fig. 10. Signals from the controller during the transfer request from the processing unit. 
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Abstract: Software quality of sensor network programs has become one of the major concerns during 
the adoption of WSN technology. Program analysis plays an important role in the software quality 
assurance. We present a general approach for dynamic program analysis of TinyOS programs before 
deployment. The approach first utilizes binary dump tool to obtain the disassemble code for the target 
program under analysis, and then analyzes the dumped file to create associations between concerned 
instructions and their corresponding memory addresses. Based on those associations, the approach 
executes the program and analyzes the interested program behaviors at instruction level by utilizing the 
simulation and analysis infrastructure of Avrora. The examples illustrated in this paper have been 
implemented in our experiments. Copyright © 2012 IFSA. 
 
Keywords: WSN, Program analysis, TinyOS programs, Dump tools, Avrora. 
 
 
 
1. Introduction 
 
Wireless Sensor Networks (WSNs) attract increasing interest in a number of domains concerned with 
monitoring of physical environment. However, application development is still one of the main hurdles 
to a wide adoption of WSN technology [1]. WSN applications are error prone and many software bugs 
have been reported [2, 3]. It is often difficult or even impossible to debug and fix WSN applications after 
deployment, for instance, when the sensors are deployed in human-inaccessible places. Therefore, it is 
very important to develop pre-deployment program analysis and testing techniques for WSN programs. 
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The de facto standard programming language for sensor nodes is nesC [4] and the underlying operating 
system is TinyOS [5]. The nesC tool chain (e.g., make system) pre-processes a TinyOS application into 
a single C file, and then compiles the C code into the target machine code [6]. In this paper, we focus on 
the analysis of WSN programs over TinyOS operating system and AVR [7] target platform. 
 
To discover WSN program problems before deploying it onto the target sensor node, we can utilize 
WSN simulator to run the program and analyze its behaviors. Avrora is a WSN simulator with cycle 
accurate execution times. Avrora provides a framework for simulating and analyzing assembly codes 
written for AVR microcontrollers on sensor nodes [8, 9]. The framework allows users to add monitoring 
code to the simulation to collect information on program execution, which information can be used for 
program analysis. Because the collection is at instruction level, the information can be very precise and 
detailed. Although Avrora has provided a few profiling utilities that can be directly used to study 
program behaviors, more profiling tools have to be developed to achieve various profiling goals. 
 
This paper presents a general program analysis approach for TinyOS applications. The approach first 
identifies the features of user-concerned instructions in the disassemble code. Next, based on the 
identified features, the approach observes and analyzes the instructions’ executions over Avrora. In the 
first phase, the approach uses GNU Binutils [10] package to obtain the disassemble information of 
object files, which are performed over AVR target platform. The package contains such binary tools as 
avr-objdump for manipulating object files. 
 
The rest of this paper is organized as follows: Section 2 outlines the dynamic analysis approach. Section 
3 illustrates how to analyze dumped files. Section 4 shows how to investigate the execution of the 
program under analysis. The final section concludes our argument. 
 
 
2. Outline of Approach 
 
We propose a general program analysis approach based on the binary dump tool, avr-objdump [11], and 
the instruction-level simulator, Avrora. By utilizing avr-objdump, we can generate the assembler 
mnemonics for the machine instructions from the object file of a TinyOS program. By utilizing Avrora, 
we can run the assembler code and analyze the program behaviors at instruction-level. The approach 
consists of three steps as below. 
 
(1) Use AVR-objdump tool to obtain the disassemble code for the target program under analysis. 
 
The target binary code of the TinyOS program under analysis can be generated using nesC make system 
or using avr-gcc. The binary code is executable on the AVR target platform including the simulated ones. 
However, binary code is difficult for us to understand and to analyze. To inspect the contents of 
binary-code files, disassemblers can be invaluable. The simulator Avrora allows us to run and analyze 
the object program with disassembly information. Therefore, the first step of our program analysis is to 
generate the disassemble code from the target binary code of the TinyOS program under analysis. 
Because we focus on the AVR target platform, we utilize the binary tool, avr-objdump, to achieve this 
goal. 
 
The file extension of the standard ELF object file format is .elf. The avr-objdump tool can be applied to 
ELF files. Assume that the object file is demo.elf, we can use the avr-objdump tool with the option –D to 
generate a file named demo.od. The file demo.od is executable over Avrora and contains the 
disassembly information dumped from the object file demo.elf. 
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(2) Analyze the dumped file (.od file) to identify the user-concerned instructions, and then create 
association between those instructions and their corresponding memory addresses. 
 
Because a user is always concerned with multiple types of instructions, the identified information for 
each instruction involves both instruction type and such particular instruction information as instruction 
name. 
 
(3) Investigate the execution of the dumped file. 
 
Inspect the execution of the concerned instructions to perform program analysis, by utilizing Avrora 
instrumentation framework (API). 
 
Next, we will present the approach with details and examples. Because first step above is easy to 
implement, we will dwell on the last two steps. 
 
 
3. Analyze Dumped File 
 
3.1. Identify User-concerned Instructions 
 
As in a standard ELF object file, in a dumped .od file, .text section contains the machine code of the 
compiled program. To identify all the user-concerned instructions, we need scan the whole .text section. 
 
In the .text section of the dumped file, instructions are grouped in functions or in interrupt handlers. 
Because the code segments of two functions (or interrupt handlers) can never be overlapped, the 
segment of a function (or an interrupt handler) can be identified by finding its initial line and its final line. 
The lines mentioned above have the following characteristics, which enable us to make them out when 
scanning the dumped file. 
 
(1) The initial line of a function (or an interrupt handler) starts with 00 and ends with a pair of angle 
brackets. The function name (or the interrupt number) is available both in the brackets and in the second 
line of the function (or the interrupt handler). For example, Fig. 1 illustrates the disassembly segment of 
the TinyOS postTask function in a dumped file (e.g. demo.od). The complete function name is 
SchedulerBasicP.TaskBasic.postTask(), where SchedulerBasicP, TaskBasic and postTask are TinyOS 
system component name, interface name and function name, respectively. Recall that when a nesC 
function is compiled to a C function, a function name and its corresponding component name and 
interface name are separated by the $ character, as shown in the first line in Fig. 1. The OS postTask 
function attempts to put (i.e., post) a task into the system task queue. Fig. 2 shows the nesC source code 
of the OS postTask function. 
 
(2) The last line of a function (or an interrupt handler) is actually its last instruction. For a function, the 
last instruction is ret, as the last line shows in Fig. 1. For an interrupt handler, the last instruction is reti. 
 
In the .text section, each line containing machine code represents an instruction’s information. Each such 
line is in the form of ‘address: machine_instruction assembly_instruction ; comment’, where address is 
the memory address of the instruction, machine_instruction is the machine code in the form of a 
sequence of bytes, assembly_instruction is the text representation of the instruction generated by the 
disassemble tool (i.e., avr-objdump with option -D), and comment makes the disassemble code even 
more human-readable. 
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Fig. 1. Disassembly code of TinyOS postTask function. 
 
 

 /*Return SUCCESS (0) if the post succeeded, EBUSY (5) if it was already posted. */ 
async command error_t TaskBasic.postTask[uint8_t id]() { 
atomic { 
return pushTask(id) ? SUCCESS : EBUSY; 
} 
} 

 
Fig. 2. NesC source code of TinyOS postTask function. 

 
 
The given goal of a user’s program-analysis determines which instructions are concerned by the user. 
Therefore, the user-concerned instructions are different in various program-analyses. Sometimes, it is 
easy to identify the instructions, while in other cases, it is not. 
 
(1) Some instructions are easy to identify because the disassembly information associates the instruction 
to its corresponding source explicitly. For example, in the third highlighted line of Fig. 1, the 
disassembled text string is ‘call 0x384; 0x384 <__nesc_atomic_start>’. It is easy to parse this string and 
get the following results: the instruction mentioned above is a call instruction and the invoked function’s 
name is __nesc_atomic_start(). 
 
(2) However, not all the disassembly information can directly associate an instruction in the object file to 
its exact source, especially when a source statement corresponds to multiple lines of object instructions. 
In this case, program-analysis requires more in-depth investigation of both the source code and the 
disassembly information. Next, we will illustrate it with an example. 
 
Recall that a TinyOS program posts a task via a post statement. After compilation, the statement is 
converted into a C function taskName$postTask(), which calls the OS postTask function mentioned 
above. During program analysis, a user may concern whether or not a task-posting is successful. 
However, we cannot always get such information by tracing the return value of the function 
taskName$postTask(), because it is also valid to use post() without a return value. Our solution is to 
identify the key instructions in the OS postTask function and trace their executions, which instructions 
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indicate a successful posting or a failed one. As Fig. 2 shows, OS postTask function attempts to push the 
task id to OS task queue by calling pushTask(): the return value of the invocation is SUCCESS (i.e., 0) if 
the posting is successful, and BUSY (i.e., 5) otherwise. By studying the disassembly code of the OS 
postTask function, we found the key instructions that can distinguish those two cases, namely the fourth 
and the fifth highlighted lines, respectively, shown in Fig. 1. Both key instructions above have fixed 
relative offsets in the OS postTask function. As shown in Fig. 1, within the OS postTask function, the 
relative offset of the instruction that denotes a successful posting is 0x16, and the relative offset of the 
one that denotes a failed posting is 0x1a. Therefore, based on identifying the entry of the OS postTask 
function, we can identify the key instructions that indicate whether or not a posting is successful. 
 
 
3.2. Create Instruction-Address Association 
 
When a user-concerned instruction is identified, the association between the instruction and its memory 
address need to be established. During the dynamic program-analysis, the program is executed 
instruction by instruction, and we monitor each instruction’s execution. By utilizing the created 
association mentioned above, we can retrieve the current instruction’s information from the current 
instruction’s address. Because a user is always concerned with multiple types of instructions, the 
instruction’s information retrieved contains both instruction type and particular information such as 
instruction name. For example, in Fig. 1, line 4 is a function-entry instruction, the instruction’s 
information always involves the instruction type (e.g., FuncEntry) and the function name (i.e., 
SchedulerBasicP.TaskBasic.postTask). 
 
To implement association between the concerned instructions and their corresponding addresses, a 
direct way is to utilize a list structure as below: to represent each concerned instruction, create a 
structure-type which consists of several fields for denoting instruction information and one field for 
instruction address; create a list-type whose elements are of this structure-type. During the identification 
process, as presented in Section 3.1, we put each identified instruction’s information and address to the 
above list. To retrieve the instruction’s information from an instruction’s address, we need search the list 
mentioned above. This way to create and use associations is traditional and direct. 
 
A more concise and more efficient way to the implementation is to utilize the map type. In a map, the 
key-value is generally used to uniquely identify the element, where the mapped value is some sort of 
value associated to this key. Therefore, the association between an instruction’s address and its 
information can be created by mapping the instruction information (i.e., value) to the instruction address 
(i.e., key). Many popular programming languages, such as Java and C++, support the map type [12, 13]. 
For instance, in Java, we can utilize the class of java.util.HashMap for the implementation: use the 
method put(instructionAdr, instructionInfo) to associate the specified instruction information with the 
specified instruction address in a map, and use the method get(instructionAdr) to retrieve the instruction 
information to which the specified address is mapped. 
 
 
4. Investigate the Execution 
 
By utilizing the simulator Avrora, we can run a TinyOS program and investigate the execution at 
instruction-level. Although Avrora has provided several profiling options for basic profiling purpose, in 
most cases, we need develop our own tool for various program analyses, which are always complicated 
due to the particular user concerns. To serve this role, we need utilize the Avrora infrastructure [9] to 
develop our own tool to monitor and profile the execution of the program. The development of such a 
tool consists of two steps: 
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(1) Create a monitor and add it to the Avrora simulation. With the infrastructure of Avrora [9], we can 
write a subclass of the avrora.monitors.MonitorFactory class and Avrora can attach instrumentations to 
the Monitor. 
 
(2) Add instrumentation to the program to collect user-concerned information during the simulation run 
and generate a resultant report. We can utilize such Avrora mechanisms as probes and watches to 
implement the instrumentation: Probes are used to observe specific instructions when they are fired; 
Watches are used to monitor specific data memory-addresses when they are accessed [9]. 
 
Suppose that we want to trace the execution of some types of instructions (e.g., function entry, function 
exit, successful posting and failed posting) and extract some concerned information from the instruction 
(e.g., the function name, the task name, and the instruction type), we can override the method fireBefore() 
or fireAfter() of the interface Probe exposed by Avrora. We can add a probe before (or after) the 
concerned types of instructions. The probe will fire before (or after) this instruction’s execution and 
collect the concerned information from the instruction. If we want to trace the executions of several 
types of instructions at the same time, we can also insert a probe before (or after) every instruction, and 
perform the analysis as below: 
 
(1) Get the instruction’s type by utilizing the mapping from the instruction’s address, which mapping has 
been created during the analysis of the dumped file, as described in Section 3. 
 
(2) If the instruction type is not user-interested, we do nothing; otherwise, we get the concerned 
instruction information from the instruction’s address, also by utilizing the previously-created mapping, 
as presented in Section 3. 
 
 
5. Conclusions 
 
We present a general framework for dynamic analysis of TinyOS programs. Based on a binary dump 
tool, we get the disassembly code of the program under analysis. By analyzing the dumped code, we 
create the associations between the concerned instructions and their memory addresses. By utilizing the 
instruction-level simulator Avrora, we run the program and study the program behaviors. The 
observation and analysis of the program execution is based on the associations created previously. The 
framework presented in this paper is promising to implement many program-analysis tools for sensor 
network programs. 
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Abstract: Wireless Sensor Networks (WSNs) are being used for a large number of location-dependent 
applications, where the measurement data is meaningless without accurate location of its origin. In 
many of these applications, where coarse accuracy is sufficient, range free localization techniques are 
being pursued as low cost alternative to the range based localization techniques. In this paper, we 
present range free Circle intersection combined with fuzzy weighted centroid method for localization. 
It’s an effective soft computing and geometric algorithm for localization. Result of implementation 
show that this algorithm can be a better substitution for current methods because of lower expense and 
simple implementation. In these proposed techniques, we consider the edge weight of each anchor 
node separately and combine them to compute the location of sensor nodes. The edge weights are 
modeled by the fuzzy logic systems. The simulation results demonstrate the effectiveness of proposed 
schemes. Copyright © 2012 IFSA. 
 
Keywords: Centroid localization, Fuzzy logic systems, Circle intersection, Range-free localization, 
Wireless sensor networks. 
 
 
 
1. Introduction 
 
Wireless sensor network is a network consisting of thousands of sensors within a particular area. These 
sensors are able to communicate with each other. They can detect different objects, collect 
information, and transmit messages. Nowadays, sensor network technologies have become very 
important especially for applications such as environmental monitoring, military systems, and disaster 
management. Despite many advantages, these sensors are usually small in size and have many physical 
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limitations. For instance, in many applications it is crucial to know a node’s location. Clearly, the most 
accurate and reliable way to obtain this information is to equip each node with a GPS receiver. 
 
However, this method is expensive and not feasible for sensor nodes due to the power constraint. To 
solve this constraint, researchers have developed many localization methods in which instead of 
requiring every node to have GPS installed, only a few nodes are equipped with GPS hardware. These 
nodes are called anchor nodes and they know their exact positions. Other normal sensors then obtain 
distance information through talking to each other and derive their positions based on the information. 
Two main methodologies of distributed localization are range-based and range-free localization. 
Range-based localization [1], are hardware intensive methods which localize a sensor node using 
techniques such as time of arrival (TOA), time difference of arrival of two different signals (TDOA), 
and angle of arrival (AOA). 
 
Although the range-free approaches [2], [4] normally produce less accurate location results than the 
range-based approaches, they are more economic and provide simpler estimates. Bulusu et al. 
presented a range-free, proximity based localization algorithm [2]. In his method, the anchor nodes 
broadcast their position and each sensor node computes its position as a centroid of the positions of all 
the connected anchor nodes to itself. This method is simple and economic but it contains a large 
amount of error. Kim and Kwon [4] proposed an improved version of [2]. In their method, anchor 
nodes are weighted according to their proximity to the sensor nodes, and each sensor node computes 
its position as a weighted centroid of the positions of all connected anchor nodes to itself. This method 
has less error than the previous one but its performance is highly related to the design of the weights 
while the choice of the weights is heuristic. Sukhyun Yun et al. [5] presented some intelligent 
localization approaches to improve accuracy of position estimation. 
 
In this paper we propose range free localization techniques for WSNs based on circle intersection 
combined with fuzzy systems. This algorithm works based on the number of reference nodes having 
the each sensor node. Circle intersection method is applicable, when the reference nodes of the sensor 
node are three or more than three. Fuzzy weighted centroid method is applicable, when the reference 
nodes of the sensor node are two or less than two. The localization is decomposed into a collection of 
individual problems in which we compute the proximity of a sensor node to each anchor node. That is, 
we consider the edge weight of each anchor node separately and combine them to compute the location 
of the sensor nodes. The edge weights are modeled by the fuzzy logic system (FLS). Which requires 
no additional hardware in sensor node as it is available as part of physical layer of sensor node. 
 
The rest of the paper is organized as follows: In section 2, centroid method and weighted centroid 
method is introduced and Fuzzy logic system. In section 3 proposed localization techniques is 
presented. In Section 4, simulation environment and results are discussed. Finally, conclusions are 
drawn in Section 5. 
 
 
2. Background 
 
2.1. Centroid Localization 
 
Centroid localization technique uses the knowledge of adjacent connected anchor node position 
( ) to estimate the location of sensor node. In this method, the anchor nodes transmit a beacon 
containing their respective location information. The sensor node computes its position as centroid of 
the positions of all the adjacent connected anchor nodes to itself 
 

, 
(1)
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where  represents the estimated position of the sensor node and N is the number of adjacent 
connected anchor nodes to the sensor node. The method of location estimation using centroid 
algorithm is very simple and economic, but the results shows that location estimation error is very 
large in this method and is unacceptable in case of application requiring accurate localization of sensor 
nodes. 
 
2.2 Weighted Centroid Localization 
 
An improved version of centroid algorithm is weighted centroid method [5]. In this method, location 
of sensor node is calculated by edge weights of anchor nodes connected to the sensor node, and each 
sensor node computes its position by: 
 

, 

(2)

 
where Wi is the edge weight of ith anchor node connected to the sensor node. The edge weight is 
decided based upon the proximity of anchor node to the sensor node. Performance of this approach 
highly depends on the optimization of edge weights. 
 
 
2.3. Fuzzy Logic Systems 
 
Fuzzy inference is the process of formulating the mapping from a given input to an output using fuzzy 
logic. The mapping then provides a basis from which decisions can be made, or patterns discerned. 
The process of fuzzy inference involves the Membership Functions, Logical Operations, and If-Then 
Rules. Fuzzy logic inference system is very simple approach for designing of edge weights for anchor 
nodes. A fuzzy logic system (Fig. 1) consists of a fuzzifier, some fuzzy IF–THEN rules, a fuzzy 
inference engine and a defuzzifier. 
 
 

 
 

Fig. 1. Fuzzy Logic System. 
 
 
3. Proposed Circle Intersection Method Combined with Fuzzy Weighted  

Centroid Method 
 
In the proposed method, we are finding the exact position of sensor nodes using circle intersection 
with fuzzy weighted method. Anchor node having a limited propagation range, it will be heard from 
any node inside a circle centered on the emitting anchor node. However, the circle approach is close to 
the reality. An implemented approach was the circles intersection. Each node listens to the beacons in 
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his neighborhood, and collects their position. As the beacon range is known, the node applies a simple 
algorithm: the node will here compute the intersection of all the broadcasting circles of the nodes he 
hears, and computes the intersection of the circles. 
 
 
3.1. Finding the Adjacent Reference Nodes 
 
WSN consists of a set of sensor nodes deployed randomly in vast area to monitor the parameters of 
interest. These nodes can be categorized as: anchor nodes and normal sensor nodes. Anchor nodes are 
special type of nodes embedded with GPS or other facility to obtain their position within the network. 
If feasible these nodes can also be placed manually at known positions within the network. The 
position of anchor nodes is assumed as (X_1,Y_1), (X_2,Y_2),...,( X_n, Y_n). Anchor nodes transmit 
periodic beacon signals containing their respective positions with overlapped region of coverage. 
Sensor nodes are deployed in the sensing field, with randomly distributed positions. These sensor 
nodes locate themselves with the help of beacon signals, transmitted by the anchor nodes. Each sensor 
node collects the RSS information of all connected adjacent anchor nodes through beacon signal and 
RSSI is used to obtain the edge weight of the anchor node for weighted centroid localization. 
Following assumptions have been made: 
 The anchor nodes know their positions through GPS or by other means such as pre-configuration; 
 TDM technique is used to avoid interference of beacons transmitted by anchor nodes; 
 The radio propagation is perfectly spherical and the transmission ranges for all radios are 

identical. 
 
 
3.2. Circle Intersection & Fuzzy Weighted Centroid Method 
 
In this method, the accurate position of the sensor node found out with help of Circle Intersection 
Method [6]. The distance of the sensor node from the anchor node becomes radius of the circle. 
Similarly we draw for the other three nearest anchor nodes (reference nodes). The intersection point of 
these circles will give accurate position of the sensor node. When distance of a sensor node is known 
only from two anchor nodes, then ambiguity in circle intersection method is removed by fuzzy 
weighted centroid method. Circle intersection method shown in Fig. 2. Combination of these two 
methods improves the accuracy of the results. 
 
 

 
 

Fig. 2. Circle Intersection Method. 
 
 
For example (X_1,Y_1), (X_2,Y_2) and (X_3,Y_3) are the position of the reference nodes. The 
distance between the sensor node and three reference nodes is less i.e. (<=8.94 m). These distances are 
radius of the circles. The intersection point of these circles is the exact position of the sensor node. 
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3.3. Computing Localization Error 
 
We characterize the accuracy of the estimate by localization error LE. Let (X_est , Y_est ) be the 
estimated coordinates of the node, and (X_a , Y_a ) be its real coordinates. The difference between the 
estimated coordinate and the real coordinate is: 
 

LE=√(〖(X_est-X_a)〗^2+〖(Y_est-Y_a)〗^2 ) (3)

 
In this paper, the localization error is expressed in meters. 
 
 
4. Simulation Results 
 
MATLAB has been used for performance evaluation of the proposed schemes in the simulation 
experiments with following primary network parameters: 60 sensor nodes with unknown position and 
121 anchor nodes with known position are distributed randomly with in 10 m  10 m area. The 
transmission range of all anchor nodes is assumed to be 8.94 m. A sensor node is assumed to be in the 
proximity of adjacent anchor nodes if its distance from the anchor node is smaller than the 
transmission range. In this paper, we have simulated three existing localization techniques for 
comparison with proposed localization technique. Same simulation setup has been used for all the 
techniques for comparison of results. Following localization techniques have been simulated: A) the 
simple centroid approach, (Fig. 4) B) the weighted centroid approach, (Fig. 5) C) Fuzzy Weighted 
centroid method (Fig. 6), D) the combination of circle intersection and Fuzzy weighted centroid 
method approach (Fig. 7). Fig 3 shows the simulation setup. The error comparison graphs are plotted 
in Fig. 8 through Fig. 11 detailing the differences of error when the conventional method is improved 
by using weighted centroid (as in Fig. 8 and Fig. 9) and when fuzzy logic is improved upon by using 
centroid method (as in Fig. 10 and Fig. 11). The results are consolidated in Table 1. 
 
 

 
 

Fig. 3. Nodes distribution. 
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Fig. 4. Location Estimation Results (Centroid). 
 

Fig. 5.Location Estimation Results  
(Weighted Centroid). 

 
 
 

  
 

Fig. 6. Location Estimation Results  
(Fuzzy weighted centroid). 

 
Fig. 7. Location Estimation Results  

(Circle Intersection with Fuzzy logic). 
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Fig. 8. Error Results (Centroid Method). 
 

Fig. 9. Error Results (Weighted Centroid Method). 
 
 

 
 

 

Fig. 10. Error Results (FL method). Fig. 11. Error Results (FL Weighted centroid). 
 
 

Table 1. Comparison of Simulation Results. 
 

Methods Max. Error Min. Error Average Error 
Centroid  3.2856 0.2788 1.728685 
Weighted Centroid 2.7769 0.2061 0.900102 
Fuzzy Logic Method  2.7789 0.3023 1.274080 
Circle Intersection With Fuzzy Logic Method  2.7790 0.0000 0.893821 

 
 
5. Conclusion 
 
In this paper, one range free localization scheme for wireless sensor networks (WSNs) is presented. In 
our proposed method, the sensor nodes do not need any complicated hardware to obtain the distance or 
TOA/AOA information. The sensor nodes can estimate their positions with the weights of neighbor 
anchor nodes and intersection of circle (reference node) method. The above proposed method is very 
simple and effective. It is an extension of the weighted centroid method and fuzzy logic method. 
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Abstract: Soil temperature is an important hydrologic parameter which affects exchanges of sensible 
and latent heat between the land surface and the atmosphere. A data acquisition system based on an 
18F8887 microcontroller, which scans 10 sensors together at intervals programmable from one minute 
to one hour, is implemented for soil temperature measurements. The data are stored in a removable, 
non-volatile random access memory and then transferred via ZigBee wireless communication to a 
control center for processing and displaying. This system is versatile and easily transportable. It has 
been used to supervise the evolution of the temperature in the soil at different depths.  
Copyright © 2012 IFSA. 
 
Keywords: Microcontroller, Data acquisition, Soil temperature measurements, Zig-Bee. 
 
 
 
1. Introduction 
 
In practice, the knowledge of the temperature profile in the ground surface layers is very important for 
the study of construction projects as well as in agronomy and the ground science engineering [1]. In 
the ground, the heat transfer depends on the physical particles properties, their compactness and the 
moisture content [2]. For the fluids mechanics laws, the ground is regarded as a porous environment 
which porosity ranges between 40 and 60 %. The Pores are filled of air and water in variable 
quantities. Because of the difference in the chemical, mineralogical composition and texture in various 
grounds, the conduction heat flow analysis is much more complicated than in a homogeneous solid 
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body [4]. The temperature profile resulting from the heat balance depends at the same time on the 
ground thermal conductivity and the heat-storage capacity [3, 5]. The prediction of soil temperatures at 
surface and at different depths, through numerical or analytical calculations becomes more difficult. In 
that case, suitable and accurate equipment such as Wireless and automatic data-acquisition systems for 
real-time measurement is indicated to the accurate knowledge of this parameter [6-10]. To collect a 
signal temperature of soil, a prototype system was developed and constructed for automating the 
measurement and recording the soil and air temperatures. 
 
The system consists of a microcontroller-based circuit with solid-state components for handling 
clock/calendar, sensor power, data storage and retrieval functions [11]. For temperature measurements, 
a digital sensor DS18S20 type was used [12]. The DS18S20 communicates over a 1-Wire bus that by 
definition requires only one data line for communication with a central microprocessor system. It has 
an operating temperature range of –55 °C to +125 °C and is accurate to ±0.5 °C over the range of  
+10 °C to +85 °C. The design of the system is accomplished using low consumption microcontroller 
and electronic components with ZigBee wireless network technology. 
 
 
2. Description of the Data Acquisition System for Temperature Measurement 
 
To have a view of the functioning of the system, a block and a schematic diagram of the design of the 
soil temperature data acquisition system is given in Fig. 1. The integrated system consists of the 
following functional units. The temperature sensor uses the one wire serial communication and read 
the temperature with a resolution of 0.5°C, a real time clock, a microcontroller unit with SD card and a 
transmitter unit. 
 
 

  
Micro 

controller    
with 

Memory 
card 

X Bee
  

Real 
time 
l

 

One wire temperature 
sensor 

 
 

Fig. 1. Block diagram of the data-acquisition system. 
 
 
2.1. Temperature Measurement 
 
A DS1820 sensor is used for temperature measurement. It is conceived to be capable of measuring 
temperatures in the range of -55 °C to +125 °C with 0.5 °C accuracy. For the purpose of transferring 
data to the microcontroller, a special type of serial communication called one-wire is used. Due to a 
simple and wide use of these sensors, commands used to run and control them are in the form of 
functions stored in the one wire library. There are for those purpose three functions in total: 
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 Ow_Reset is used for resetting a sensor; 
 Ow_Read is used for receiving data from a sensor; 
 Ow_Write is used for sending commands to a sensor. 
 
Each DS18S20 has a unique 64-bit serial code, which allows multiple DS18S20s to function on the 
same 1-Wire bus. Thus, it is simple to use one microprocessor to control many DS18S20s distributed 
over a large area. Fig. 2 shows a block diagram of the DS18S20 and the microcontroller. 
 
 

 Microcontroller 
18F8887 

DS1820 

DS1820 

External Supply

 
 

Fig. 2. Block diagram of the DS18S20 and the microcontroller. 
 
 
2.2. Microcontroller Unit 
 
In this study, The PIC18F8887 microcontroller was selected because of its low-power feature. The 
microcontroller handles the processes of data conversion and temporarily stores the digitized signals in 
the on-chip memory before saving them to the SD card. To precisely determine the measurement 
times, the DS1302 RTC clock chip, a product of Dallas Semiconductor Company is added to the 
circuit. A battery pack, consisting of two AA-sizes, 1.5 V alkaline batteries, provides an unregulated 
voltage to power the circuit. Most of the components in the circuit are designed to operate from a 3 V 
supply. Fig. 3 shows the picture of the prototype of the soil temperature monitoring. 
 
 
2.3. Transmission/Reception System 
 
ZigBee is one of the most prominent wireless protocols that offers an efficient relay protocol, good 
transmission range, flexible network structure (allowing various network topologies) with emphasis on 
power consumption efficiency, supporting several “low power” transmission modes which allow a 
higher autonomy and battery life. The system, in its current version, supports only a point to point 
network connection, Fig.4. The base station is composed of a Telegesis ZigBee module connected to 
the PC through a UART to USB transceiver.   
 
The XBee PRO RF Modules interface to a host device through a logic level asynchronous serial port. 
Through its serial port, the module can communicate with any logic and voltage compatible UART; or 
through a level translator to any serial device. The module UART performs tasks, such as timing and 
parity checking, that are needed for data communications. Serial communications depend on the two 
UARTs to be configured with compatible settings (baud rate, parity, start bits, stop bits, data bits). At a 
frequency of 20 MHz, PIC18F8887 can communicate with XBeePro perfectly. Fig. 4 shows the 
communication between two nodes. 
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Fig. 3. The picture of the data acquisition system. 
 
 

 
 

Fig. 4. The Block diagram of the Zig-Bee communication. 
 
 
2.4. The Test of the Data Acquisition 
 
Temperature sensors were placed on the surface and at different depths in an unsaturated soil. The 
sensor at soil surface is covered to avoid any solar radiation that could affect directly the measurement. 
A series of measurements were then carried out for 24 hours. The measurements are collected on the 
experimental site and then transferred to be stored in the memory card. The processing of such data 
can be made to plot curves of changes in temperature as a function of time. 
 
 
3. Experimental Results 
 
A series of temperature measures at the surface and at different depths in unsaturated soil were 
collected during May 06, 2011 and reported in Fig. 5. This figure shows the evolution temperature 
versus time at the soil surface and at 30, at 50 and at 60 cm deep during the day May 06, 2011. Tg0 is 
the soil temperature measured at the surface. Tg-0.3 is soil temperature measured at 30 cm deep and 
Tg-0.5 is measured at 50 cm depth. At this depth, the temperature signal is almost flat and its 
amplitude is low. Tg-0.6 is the soil temperature measured at 60 cm deep. This curve shows that at this 
depth the soil temperature remains constant during the day and its value is the average diurnal air 
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temperature for the climate of Tizi-Ouzou, North Algeria (36°47’59’’, North latitude and 4°1’59’’, 
East longitude). For the daily evolution of temperature, it is known that a soil depth of 60 cm is enough 
to completely erase the crest of the signal and make it flat. 
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Fig. 5. Temperature profile at different depths of soil for the day of May 6, 2011. 
 
 
For an annual signal of temperature at ground surface and at different depths, each value represents an 
average daily value, Fig. 6.  
 
 

0 50 100 150 200 250 300 350
-5

0

5

10

15

20

25

30

35

40

Time (day)

T
em

p
er

at
u

re
 (

°C
)

 Surf aver Temp: Ts0
 Soil aver Temp at -0.6m: Ts-0.6
 Soil aver Temp at -1.0m :Ts-1.0

 
 

Fig. 6. The average annual temperature signal at ground surface and at different depths. 
 
 
In order to have more information on the state of the climate in the region of Tizi-Ouzou, we have 
performed an average of the records from the meteorological station over a period of 10 years (1995-
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2004). The change in soil temperature at a known depth reflects the heat and water transfers between 
different layers. The main source of these transfer phenomena is solar radiation during the day and 
long wave infra red radiation to the sky at night time. As shown in Fig.6, the temperature decreases in 
depth and the maximal amplitude submits a gap of several days. The soil temperature is high at surface 
ground and decreases until it reaches an average value of 17.4 ° C at a depth beyond 7 m, according to 
[13]. 
 
The change in soil temperature at a known depth reflects the transfer of heat and water between 
different layers. At the surface, the main source of these transfer phenomena is solar radiation during 
the day and terrestrial radiation to the sky at night time. 
 
 
4. Conclusions 
 
In this study it is shown the data acquisition system is more indicated to get accurately actual cases of 
observed phenomena. Analytical or numerical models cannot predict complex physical phenomena. 
When studying the heat and water transfers in a heterogeneous and anisotropic soil, it is not easy to 
predict the evolution of the temperature, by analytical or numerical models. These models can only 
approximate more or less accurately the temperature signal in soil that does not respond spontaneously 
to the signal of the radiation received at the surface. The measurement in situ at different depths of soil 
with one wire sensors and a wireless signal transmission for real time data acquisitions can be a useful 
database for the local meteorological stations. 
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Abstract: A one-dimensional three-stage static model for analyzing RF MEMS clamped-clamped 
capacitive switch was used to calculate the capacitance of the switch in the different states. This model is 
based on the small displacement assumptions of the clamped-clamped beam and divides the deformation 
of the clamped-clamped beam subjected to the electrostatic force into three stages: The first is a 
clamped-clamped beam subjected to electrostatic force without any constrain at the center; The second 
is a beam subjected to both a concentrated force and a moment and with a constraint at the center; The 
third is a beam subjected to both the electrostatic force and a concentrated force with a given 
displacement and a zero angle of rotation over the central part of the beam. With the model the 
capacitance of the switch in different states can be obtained and therefore the relation between the 
capacitance and the hold-on voltage and the relation between the capacitance and the contact region can 
be analyzed. From analysis the effect of some geometry dimensions, such as the length of the beam, the 
length of the pull-down electrode, the initial gap and the depth of the beam, on the capacitance can be 
understood and some conclusions may be useful to the design of the MEMS clamped-clamped 
capacitive switch. Copyright © 2012 IFSA. 
 
Keywords: Capacitance, Clamped-clamped beam, Electrostatic force, RF MEMS switch. 
 
 
 
1. Introduction 
 
Since the first MEMS switch was reported by Petersen in 1979 [1], different kinds of MEMS switch 
have been developed by a number of companies and universities. These switches can be classified as 
direct metal-metal contact [2-4] or capacitive type [5-8].Among these MEMS switches, RF MEMS 
(Radio Frequency Micro Electro Mechanical Systems) capacitive switches show great potential for use 
in wireless communication and radar systems. Desirable aspects are low insertion loss, high isolation, 
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and very low, near-zero power consumption. RF MEMS switches are the specific micro mechanical 
switches designed to operate at RF to mm-wave frequencies (0.1 to 100 GHz). The development of RF 
MEMS switches using metal membranes with capacitive coupling has also been reported [1-3]. Some 
theoretical calculation of insertion and isolation, which are two of the most important microwave 
parameters of a RF MEMS capacitive switch and primarily dominated by the switch capacitance, were 
presented[7].In the calculation, insertion is defined by a transmission coefficient in up-state, and isolation 
is defined by the coefficient in down-state. The switch capacitance in down-state contains two portions: 
the parallel-plate capacitance and the fringing capacitance, and the parallel-plate capacitance is only 
dependent on the area of the parallel-plate, the relative permittivity of the dielectric layer, and the depth 
of the dielectric layer, which is too simple to consider the effect of some geometry dimensions of a 
switch (such as the initial gap, the length of the switch beam, and so on) on the capacitance. In practice, 
because the determination of the contact area between the two plates is quite difficult and the contact 
area between the two plates cannot be expressed with a simple formula such as that in [7], in which the 
capacitance value is approximately given by the well-known parallel plate formula, the switch 
capacitance in down-state is quite different even to the same switch, depending on the actuation voltage 
and the structure of the switch. Therefore the isolation is not only dependent on frequencies but also 
dependent on actuation voltages and the structure of the switch. The behavior of electrically actuated 
microbeams has been studied using different models and approaches. Zavracky et al. [9] studied the 
static behavior of a cantilever microswitch by numerically solving the second-order differential equation 
of a beam and by using a spring-mass model. Chan et al. [10] utilized the finite-element package 
ABAQUS to study the static behavior of a fixed-fixed microbeam. Grtétillat et al. [11] studied the 
electromechanical behavior of asymmetric fixed-fixed microbeams using the MEMCAD system. Hung 
and Senturia [12] used a macromodel to simulate the dynamics of a fixed-fixed microbeam proposed as 
a pressure sensor. Soleymani et al. [13] used a distributed model to investigate the pull-in instability of 
circular plate subjected to nonlinear distributed electrostatic force using finite difference method. In this 
paper, a one-dimensional three-stage static model [14] for analyzing MEMS clamped-clamped 
capacitive switch is used to calculate the capacitance in the different states. With the model the relation 
between the capacitance and the hold-on voltage and the relation between the capacitance and the 
contact region are given in a graphic manner. From analysis the effect of some geometry dimensions on 
the capacitive can be understood and some conclusions may be useful to the design of a RF MEMS 
clamped-clamped capacitive switch. 
 
 
2. Differential Equation of the Elastic Curve of the Beam 
 
A typical capacitive RF MEMS switch is mainly composed by a clamped-clamped metal beam, the 
transmission line, and an insulator or dielectric layer fabricated on the transmission line [9], the side 
view of which is shown in Fig. 1. The mechanics model of the switch is shown in Fig. 2. 
 
 

 
 

Fig. 1. Schematic diagram of a RF MEMS clamped-clamped capacitive switch. 
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Fig. 2. Model of a clamped-clamped beam subjected to a load with constraint. 
 
 

The beam and the dielectric length are l and l1 respectively. The depth and width of rectangle 
cross-section of the beam are t and B respectively. The initial gap between the beam and the dielectric is 
G0. The depth and width of the dielectric layer are t1and B respectively. With the original point of the 
horizontal x-axial being at the center of the beam, the electrostatic force per unit length is 
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where, ε0 is the vacuum permittivity; εr is the relative permittivity of the dielectric between the beam and 
the dielectric, if in air it is approximately equal to 1.0; U is the applied voltage; v(x) is the deflection at x; 
G=G0+t1/ε1 is the initial equivalent gap between the two electrodes; ε1 is the relative permittivity of the 
insulator. 
 
The deformation of the clamped-clamped beam subjected to the electrostatic force as shown in Fig. 2 can 
be divided into three stages [14]: the first is a clamped-clamped beam only subjected to electrostatic 
force without any constrain at the center, and at the end of this stage the deflection at the central point 
reaches G0; the second is a beam subjected to a concentrated force at the central point besides the 
electrostatic force with a constraint at the center, and at the end of the second stage the moment at the 
central point is zero; the third is a beam subjected to both the electrostatic force and a concentrated force 
with a given displacement and a zero angle of rotation over the central part of the beam. 
 
Suppose the small displacement assumptions are applicable and the clamped-clamped beam is a 
symmetrical one. As a result the half of the beam can be seen a cantilever beam, in which the free end of 
the cantilever beam with zero angle of rotation is the central point of the clamped-clamped beam. Taking 
the right half of the clamped-clamped beam for example, the deformation and the loads are shown in  
Fig. 3. 
 
The elastic curve of the beam in Fig. 3 is governed by the fourth-order non-linear differential equation, 
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Fig. 3. Cantilever beam subjected to the loads at 1st stage. 
 
 
3. Calculation of the Capacitance at Different Stages 
 
The insertion loss and isolation dominated primarily by the switch capacitance are two of the most 
important microwave parameters of a RF MEMS switch. They are both defined by transmission 
coefficient 21S : insertion loss is 21S  in up-state, while isolation is 21S  in down-state [11]. In the paper 

we focus only on the calculation of the switch capacitance because of its key role in calculation of the 
insertion and isolation. 
 
 
3.1. Capacitance at the First Stage 
 
If the boundary conditions at the free end of the cantilever beam can be obtained in any state. The 
deflection at any cross section then can be obtained numerically from the equation (2). The boundary 
conditions of the differential equation (2) at the free end are 
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where, the moment M0 and the deflection v0 at the free end are unknown, or the moment M0 at the free end 
and the applied voltage U are unknown (v0 must be given because the beam is not controllable on the 
voltage reaching the pull-in voltage). They can be obtained with a two-fold method of bisection from the 
conditions that both the deflection and the slope at the fixed end are zero (the detail can be seen in [14], 
although the model in [14] is for a direct metal-metal contact type MEMS switch and the formula of the 
electrostatic force per unit length is slightly different). Obtaining the deflection v(x) at any cross section 
and considering symmetry of the switch, one can calculate the capacitance of the switch numerically as 
follows [12], 
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The fringing capacitance is neglected in equation (4). 
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3.2. Capacitance at the Second Stage 
 
At the beginning of this stage the deflection at the central point reaches G0, while at the end of the second 
stage the moment at the central point is zero. At the stage, the beam is subjected to a concentrated force 
at the central point besides the electrostatic force because of the constraint at the center. The deformation 
of the beam subjected to the loads is shown in Fig. 4. 
 
Suppose the applied voltage is U, the boundary conditions of the differential equation (2) at the free end 
are 
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where, the shearing force Q0 and the moment M0 at the free end are unknown. They can be obtained in a 
similar way from the conditions that both the deflection and the slope at the fixed end are zero. Similar to 
the first stage, the capacitance is 
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Fig. 4. Cantilever beam subjected to the loads at 2nd stage. 
 

 
3.2. Capacitance at the Third Stage 
 
Supposing the contact between the beam and the dielectric is smooth and there is no gap when they are 
contacted .At this stage the deflection over the central part Δ of the beam reaches G0, and there is no 
moment or shearing force over the contact region because of the balance between the reaction and the 
electrostatic force over the contact region. The deformation of the beam subjected to the loads at the third 
stage is shown in Fig. 5. 
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Fig. 5. Cantilever beam subjected to the loads at 3rd stage. 
 
 

Suppose the applied voltage is U, the boundary conditions of the differential equation (2) at x=Δ are 
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At the stage, the shearing force Q0 and the contact length Δ are unknown. They can also be obtained from 
the conditions that both the deflection and the slope at the fixed end are zero. The capacitance then can 
be calculated numerically as follows 
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4. Examples 
 
4.1. Example 1 
 
In this example, a general analysis will be made. The material and geometrical parameters in the 
example are shown in Table 1. 
 
 

Table 1. Material and Geometrical Parameters. 
 

Symbol Quantity Value 
E Modulus of elasticity of the beam 76.52 Gpa 
μ Poisson’s ratio of the beam 0.41 

ε0 Vacuum permittivity 8.854×10-12 F·m-1 
ε1 Relative permittivity of the insulator 7.6 
εr Relative permittivity of air 1.0 
B Width of the beam 90 μm 
t Depth of the beam 1.5 μm 
l Length of the beam 280 μm 
l1 Length of the insulator 200 μm 
t1 Thickness of the insulator 0.15 μm 
G0 The initial gap 1.5 μm 
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One can solve the differential equation (2) under boundary conditions at the three different stages and 
calculate the capacitance depending on the applied voltage. The relation between the capacitance and the 
applied voltage is shown in Fig. 6. The applied voltage at the end of the first stage is about 1.40 V, and 
the corresponding capacitance is about 1.20 pF. At the end of the second stage they are about 3.87 V and 
1.50 pF, respectively. The pull-in voltage of the switch is about 15.47 V, to which two capacitances  
0.15 pF at deflection v0=0.59 μm of the first stage and 6.35 pF at contact length Δ=69.63 μm of the third 
stage are corresponding. The relation between applied voltage and the contact length at the third stage is 
shown in Fig. 7. It can be seen from Fig. 7 that the pull-in voltage cannot give the maximum contact area, 
which is required for the maximum capacitance of a MEMS switch. Under different hold-on voltages, 
which are the applied voltage to maintain a RF MEMS switch in down-state, there are different 
capacitances unlike a parallel-plate capacitance. So the isolation of a RF MEMS switch is not only 
dependent on the frequency of a signal but also dependent on the hold-on voltage applied to the switch, 
and because the capacitance increases much more quickly at the third stage than the first two stages with 
the applied voltage increasing, the isolation may be quite different from one down-state to another. 
 
 

 
 

Fig. 6. Relation between applied voltage and capacitance. 
 
 

 
 

Fig. 7. Relation between applied voltage and contact length. 
 
 

4.2. Example 2 
 
In this example, the effect of some geometry dimensions, the length of the beam, the length of the 
pull-down electrode(that is the length of the transmission line), the initial gap and the depth of the beam, 
on the capacitance of the RF MEMS switch under a special hold-on voltage—pull-in voltage—will be 
analyzed. Note please that in the example, all parameters are the same as the Table 1 except for the 
geometry dimension under discussion. The relation between the length of the clamped-clamped beam 
and the pull-in voltage is shown in Fig. 8, and the relation between the length of the beam and the 
capacitance is shown in Fig. 9. The relation between the length of the pull-down electrode and the pull-in 
voltage is shown in Fig. 10, and the relation between the length of the pull-down electrode and the 
capacitance is shown in Fig. 11. The relation between the initial gap between the beam and the dielectric 
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and the pull-in voltage is shown in Fig. 12, and the relation between the initial gap and the capacitance is 
shown in Fig. 13. The relation between the depth of the beam and the pull-in voltage is shown in Fig. 14. 
The relation between the depth of the beam and the capacitance is omitted because it is a horizontal line 
(the capacitance is about 6.35 pF, and the contact length is about 69.63 μm). 
 
 

 
 

Fig. 8. Relation between length of the beam and pull-in voltage. 
 
 

 
 

Fig. 9. Relation between length of the beam and capacitance. 
 
 

 
 

Fig. 10. Relation between length of pull down electrode and pull-in voltage. 
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Fig. 11. Relation between length of pull down electrode and capacitance. 
 
 

 
 

Fig. 12. Relation between the initial gap and pull-in voltage. 
 
 

 
 

Fig. 13. Relation between the initial gap and capacitance. 
 
 

 
 

Fig. 14. Relation between depth of the beam and pull-in voltage. 
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It is found from Fig. 8 and Fig. 9 that increase in the length of the beam will decrease the pull-in voltage 
and increase the capacitance corresponding to the pull-in voltage; we can observe from Figs. 10 and 11 
that the pull-in voltage will decrease and the capacitance increase with increase in the length of the 
pull-down electrode, but the capacitance increases quite slow after the length of the pull-down electrode 
is longer than 160 µm; we can also observe from Figs. 12 and 13 that the increase in the initial gap has 
significant effect on the pull-in voltage and the capacitance corresponding to the pull-in voltage; 
increases in the depth of the beam show that the pull-in voltage will increase with the increase in the 
depth of the beam significantly but no change in the capacitance corresponding to the pull-in voltage is 
found. 
 
 
5. Conclusions 
 
In this paper a one-dimensional three-stage static model for analyzing RF MEMS clamped-clamped 
capacitive switch is used to calculate the capacitance of the switch in the different down-states. With the 
model capacitances of the switch in different states are obtained, and therefore the relation between the 
contact length and the hold-on voltage and the relation between the capacitance and the hold-on voltage 
are analyzed. In addition, the effect of some geometry factors on the capacitance corresponding to the 
pull-in voltage is analyzed. From the analysis the effect of hold-on voltage, the length and depth of the 
beam, the initial gap, and the length of the transmission line of a RF MEMS switch on the capacitance 
can be understood, which may be useful to the design of the MEMS clamped-clamped capacitive switch. 
From the view point of the capacitance of a RF MEMS switch, the hold-on voltage is more important 
than pull-in voltage because it is the hold-on voltage that determines the capacitance of a RF MEMS 
switch, so one should carefully select hold-on voltage according to the requirement to the capacitance of 
a RF MEMS switch based on the requirement to the isolation of a RF MEMS switch and frequency of 
the signal. 
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Abstract: In-home healthcare facilitates people monitor health related parameters in a domestic place 
and provide vital information for medical diagonosis. The exhaled nitric oxide (ENO) is a promising 
parameter for the diagnosis and the treatment in human lungs disorder. The present work employs a 
home made NO sensor connected to wireless sensor network (WSN) for determining the ENO level of 
the user in parts per billion (ppb). The prototype system has been calibrated using saturated NO 
solution of fixed concentarations before taking actual breath samples. The sensor design, amperometric 
measurement circuit and the operation of WSN hardware and WSN software are described in this 
paper. Sensor calibration studies have been done using three home made NO sensors. The correlation 
coefficient and percentage of error of all three studies have been calculated and reported. 
Copyright © 2012 IFSA. 
 
Keywords: Exhaled nitric oxide, In-home healthcare, Wireless Sensor Network, NO sensor, 
Amperometric measurement, Virtual instrumentation. 
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1. Introduction 
 
A wireless sensor network (WSN) consists of spatially distributed wireless sensor nodes to monitor 
physical or health parameters. In addition to wireless sensor nodes, the WSN system includes a 
gateway that collects data from WSN nodes and provides it to a host application running on a PC [1]. 
The WSN communicates using IEEE 802.15.4 and ZigBee standard protocols. The WSN gateway acts 
as a network coordinator and offers node authentication, message buffering services and also 
interconnects the IEEE 802.15.4 wireless network to the wired Ethernet network [2]. 
 
Sensors either tagged or carried is a practical means for monitoring health related parameters such as 
breathing, ECG, etc., using wireless communication. Sensors, intentionally placed on the human body, 
form a wireless body area network (WBAN) [3, 4]. WBAN provides efficient communication 
solutions to ubiquitous health care systems. Wearable health monitoring systems allow an individual to 
closely monitor changes in vital health related parameters and help maintain an optimal health 
condition. These systems can even alert medical personnel through internet when life-threatening 
events are detected. There has been a significant growth in the recent years in the development of 
wearable health monitoring devices, ranging from simple pulse rate monitors, activity monitors to 
expensive implantable sensors [5, 6]. 
 
Measuring exhaled nitric oxide (ENO) is useful in assessing airway inflammation. The ENO analyzers 
are now commercially available to measure NO level in exhaled breath. Most of them use 
chemiluminescence analyzer that detects the chemical reaction between ENO and the ozone in the 
analyzer [7]. Levels of NO in exhaled breath are reported in ppb [8]. Till date reported values for ENO 
have varied widely due to significant differences in sampling techniques and sensitivity. 
Electrochemical techniques are most promising for their simplicity, high sensitivity, good selectivity 
and fast response for the direct determination of NO [9, 10]. The normal level of ENO in different 
studies ranges from 10 to 20 ppb [11]. Men have higher ENO values than women [12]. The ENO 
levels are higher in people with asthma (a tendency towards allergies) [13]. The fraction of ENO is 
also flow-dependent (higher at lower flow rates and vice versa), so measurements are normally 
measured at 50 ml/s [14]. 
 
 
2. Materials and Methods 
 
2.1. Home Made NO Sensor 
 
An electrochemical reaction based sensor system with three electrodes namely working electrode 
(WE), counter electrode (CE) and reference electrode (RE), in an electrolyte buffer solution has been 
used in this study. The WE is the electrode in an electrochemical system in which the reaction of 
interest takes place. The copper(II)chlorophyllin trisodium (CuCP) modified ZnO-PPy-Pt WE has been 
prepared as per the earlier study except replacing CuCP for MnTMPyP [15]. Depending on the 
electrochemical reaction (reduction or an oxidation), the WE is either cathodic or anodic [16]. Here, in 
this study WE is anodic due to the electrochemical oxidation of NO that occurs on the surface of the 
WE. The CE functions as a cathode as the WE is operating as an anode. The RE is biased with a 
known biasing potential [17, 18]. In the present work, Ag/AgCl electrode and platinum wire have been 
used as RE and CE respectively. The prototype setup for the ENO amperometric measurement is 
shown in Fig. 1. 
 
Using cyclic voltammetry instrument, it has been measured and reported that at 0.8 V, NO gets 
oxidized maximum on the surface of the WE [19] and produces a peak voltage. At this peak potential, 
the sensor gives a linear current response for various concentrations of NO. The measurement results 
obtained using cyclic voltammetry is shown in Fig. 2. 
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Fig. 1. ENO measurement setup. 
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Fig. 2. Detection of oxidation peak for NO using cyclic voltammetry. 
 
 

2.2. Amperometric Measurement Circuit Description 
 
The amperometric measurement circuit is shown in Fig. 3. It consists of a voltage follower, a 
potentiostat, current to voltage converter and a differential amplifier. It uses a quad op-amp IC  
LMC 6064. The voltage follower supplies the required 0.8 V biasing voltage to the WE. The 
potentiostat maintains a constant voltage between RE and the CE. The amperometric current from the 
WE is converted to voltage by a current to voltage converter and applied at inverting input of the 
differential amplifier. The differential amplifier finds the difference in voltage between the outputs of 
voltage follower and current to voltage converter. The differential amplifier output is the measure of 
amperometric current and is applied at analog input (AI0) of NI - WSN node for data acquisition. 
 
 
2.3. NI LabVIEW WSN Hardware 
 
For the present amperometric data acquisition, National Instruments’ Wireless Sensor Network 
modules have been used. The NI-WSN system operates in (ISM) 2.4 GHz band. A WSN system 
includes a WSN coordinator/gateway node and WSN measurement nodes. The gateway/coordinator 
node, NI WSN 9791, transmits and receives messages to WSN measurement nodes using wireless 
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ZigBee communication. The gateway is attached to an Ethernet port of a host PC. The gateway 
collects data from all WSN measurement nodes and sends to the host PC using wired Ethernet 
communication. A WSN measurement node, NI WSN 3202, is used for data acquisition from the 
subject. It has four analog I/O channels and four digital I/O lines. The WSN experimental setup is 
shown in Fig. 4. 
 
 

 
 

Fig. 3. Amperometric measurement circuit. 
 
 

 
 

Fig. 4. WSN experimental setup. 
 
 

2.4. NI LabVIEW WSN Programming 
 
WSN nodes are programmed using NI WSN Pioneer tool. The nodes use event based execution 
framework. LabVIEW includes WSN template VI which is modified to customize the behavior of the 
WSN node for the present application. In the start state, the sample state interval is set to 1 second. 
Hence, the WSN node samples the amperometric signal from the measurement circuit once in a second 
and sends the data to the gateway. An application program which has been developed in LabVIEW 
platform running on host PC reads the data from the WSN node at an interval of 1 second and displays 
on a graphical chart. The program reads 30 data in a cycle. The data are also saved in a Excel file for 
future analysis. The application program also computes the ENO level of the subject in ppb and 
displays on the front panel. The front panel and the block diagram of the application program are 
shown in Fig. 5 and Fig. 6. 
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Fig. 5. Front panel of the ENO measurement system. 
 
 

 
 

Fig. 6. Block diagram of the ENO measurement system. 
 
 
3. Results and Discussion 
 
3.1. Calibration Phase 
 
Home made sensors have been calibrated before taking ENO measurement from the subject. A bias 
voltage of 0.8V is applied to the sensor. Saturated NO solution is added to phosphate buffer electrolyte 
solution at various known concentrations and amperometric currents are measured for three identically 
fabricated NO sensors. The application program reads 30 amperometric data in a cycle and saved in 
Excel file. The values of amperometric current measured for the sensor studies, Study-1, Study-2 and 
Study-3 are given in the Table 1. 
 
The sensors are calibrated by fitting the amperometric current vs. NO concentration in straight line. 
The calibration curve for three studies are shown in Fig. 7, Fig. 8 and Fig. 9. It is observed that though 
there exists small differences in anodic current in all the studies, the linear response of the sensors are 
found to be identical. The values of “m” and “c” is obtained from the calibration curve and is used to 
find the unknown ENO level in nano molar (nM) unit from the measured amperometric current. 
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Table 1. Amperometric current measurements at different concentrations of NO. 
 

Amperometric current, μA  Sl. 
No. 

Concentration of NO in nM
Study-1 Study-2 Study-3 

1. 0 0.0090 0.0375 0.1030 
2. 200 0.0150 0.0440 0.1190 
3. 400 0.0280 0.0500 0.1400 
4 600 0.0410 0.0560 0.1700 
5 800 0.0579 0.0660 0.2100 
6. 1000 0.0724 0.0760 0.2340 
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Fig. 7. Calibration curve of study-1. 
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Fig. 8. Calibration curve of study-2. 
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Fig. 9. Calibration curve of study-3. 
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3.2. Breath Sampling Phase 
 
Slope and intercept values obtained from the calibration phase are specified in the front panel of the 
host PC. The subject is then allowed to exhale through mouth for a period of 20 seconds in a slow pace 
into the inlet of the sensor setup connected to the WSN node. The process of reading of amperometric 
data from WSN node is initiated by pressing the “START” button on the front panel of the host PC. 
The application program reads 30 amperometric data at an interval of 1 second and displays on a 
graphical chart. Simultaneously it displays the average current and the corresponding ENO level in 
ppb. It is found that all the sensor studies resulted in proper detection of ENO of the subject with very 
little variation. Measured ENO level of the subject in nM is converted to ppb using the following 
equation. 
 

ppb = Molarity (nM) × 30 (molecular weight of NO) 
 
The correlation coefficient and percentage of error have been calculated and reported in Table 2. 
 
The WSN based ENO sensor system has been tested with the same subject. The calibration curves 
obtained during studies exhibit a linear range of response for the NO concentrations from 100 nM  
(3 ppb) to 1000 nM (30 ppb) with a detection limit of 3 ppb. The mean value of the ENO level of the 
subject is found to be 10.186 ± 0.2 ppb, which is in agreement with the earlier reported values. 
 
 

Table 2. Analytical performance of ENO measurement in three sensor studies. 
 

Linear equation Y= 0.00007x+0.0045 Y= 0.00004x+0.036 Y= 0.0001x+0.0942 
Current obtained ENO 0.028 0.049 0.13 
Correlation-coefficient (r2)  0.984 0.9845 0.9811 
Measured ENO of subject 335.7 nM/10.07 ppb 325.0 nM/9.75 ppb 358.0 nM/10.74 ppb 
% Error E = ±2 E = ±2 E = ±2 

 
 
4. Conclusion 
 
The NI LabVIEW VI programming approach has aided in building the WSN based health care 
application in a rapid and effective manner. The VI has been easily deployed to WSN node over the air 
and tested without the need to reach its position. This prototype model uses three electrodes in 
phosphate buffer solution (PBS) which makes it difficult to carry or to tag with the user for ENO 
measurements in WSN environment. In future, gas based measurement can be done instead of solution 
based measurement where the gas sensor can be easily tagged or attached to even an oxygen mask 
with the subject. 
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Abstract: Wireless communications offer robustness, high transfer rate, low implementation cost and 
therefore they became widespread in all areas. In everyday life many applications, systems or 
equipments are unthinkable to use communications through wires, as is the case of garage door 
openers, radio or GPS. In the case of mobile phones there even are a variety of wireless 
communication types just in one single device, such as 2G/3G, WLAN, Bluetooth and GPS. 
 
This work describes the selected solution, its implementation and circuitry tuning for a reliable and 
optimized wireless communication between a portable device – Adipsmeter – and a software 
application – LipoSoft -, together components of an integrated system – LipoTool – conceived for 
evaluating body composition. 
 
The solution is based on the use of Microchip Technology Inc. components for both processing and 
wireless communication. For the communication data processing 8-bit microcontrollers were used. 
The wireless communication antennas use the communication protocol MiWi, based on the IEEE 
802.15.4 standard for wireless personal area networks (WPANs). 
 
The low cost solution designed has proved to be robust, to provide data processing efficiency and to 
minimize data loss and these features are instrumental to enable LipoTool to conduct innovative 
studies based in dynamic tissue response evaluation. Copyright © 2012 IFSA. 
 
Keywords: Digital communication, Wireless communication, Industrial communication protocols, 
Universal serial bus, Biomedical equipment, Medical diagnosis. 
 

http://www.sensorsportal.com


Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 95-104 

 96

1. Introduction 
 
Today's wireless communications offer robustness, high transfer rate, low cost implementation and 
therefore they became widespread. In many cases it is unthinkable to have communications using 
wires, such as on garage door openers, on radio and on GPS. Mobile phones already incorporate a 
variety of wireless communication types in one device, like 2G/3G, WLAN, Bluetooth and GPS. 
 
Therefore, healthcare organizations are also willing to benefit from rapidly improving equipment 
capabilities through the advancements of mobile and wireless technology. With affordable integration 
of wireless communication technology even in many small equipments, the increase in mobility of 
patients and healthcare professionals, accuracy and efficiency are associated to low cost procedures. 
 
The development of an integrated system, named LipoTool, has been carried out for assessment of 
body composition by estimating the percentage of body fat [1-2], through skinfold measurements. The 
percentage of body fat is a relevant parameter for assessing the nutritional status [3] of an individual, 
in the evaluation of growth, in analyzing disease impact, in studying the evolution of chronic diseases 
as is the case of patients under dialysis [4], in sports, in senior adults, … 
 
This assessment method based in skinfold measurement has well-defined procedures but the 
equipment available on the market and considered in the literature lacks technical evolution, 
introducing greater subjectivity in the measurement protocol as well as inaccuracy due to the device 
intrinsic technical characteristics. LipoTool provides a more effective assessment with greater 
accuracy, allowing automatic data processing and recording in a database, offering the user easy 
handling, not requiring technicians with high degree of expertise and offering novel technical 
characteristics. LipoTool also allows to conduct completely new studies (based in model development 
supported by dynamic tissue response studies). LipoTool consists of a digital skinfold calliper 
(Adipsmeter) for measuring skinfold thickness, capable of wireless communication with a software 
application (LipoSoft) running in a personal computer. LipoSoft is an application which offers a user 
friendly graphical interface, an integrated data base that allows the recording of patient data, all the 
skinfold thickness measurement and the results of the body fat percentage evaluation, [1-2]. 
 
Having one Adipsmeter prototype wired to a computer would be quite uncomfortable and less 
convenient for people who have to operate daily with the equipment. It would result in a heavier and 
unbalanced device and the operator would be more limited within the work space near the computer. 
 
The main goal for the present work is to describe the selected solution, its implementation and 
circuitry tuning for a reliable and optimized wireless communication between the portable device, 
Adipsmeter, and the software application, LipoSoft, together components of an integrated system, 
LipoTool. 
 
The solution is based in the use of Microchip Technology Inc. components for both processing and 
wireless communication. For the communication data processing 8-bit microcontrollers were used. For 
the wireless communication antennas were used with the communication protocol MiWi, based on the 
IEEE 802.15.4 standard for wireless personal area networks (WPANs) [5]. 
 
These antennas are designed for a low data transmission rate that depends on the three operating 
frequency bands that are possible to set: 868 MHz (up to 20 kbps); 915 MHz (up to 40 kbps) and  
2.4 GHz (up to 250 kbps). They are also designed for short transmission range up to 100 m, which is 
adequate for constrained networks such as industrial monitoring and control, home and building 
automation, remote control, low-power wireless sensors, lighting control and automated meter reading. 
One antenna of 2.4 GHz band was used due to its higher data transmission rate and because it is 
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internationally reserved for the use of radio frequency (RF) adequate for industrial, scientific and 
medical purposes [6]. 
 
In addition to the wireless communication module, wired communications are required, too. SPI, 
EUSART and USB modules are embedded in microcontrollers. The SPI bus is used for the 
communication between the antennas and the microcontrollers. The USB is employed to communicate 
with the computer. The EUSART is used for communication between the two microcontrollers located 
in the same device. For the USB communication there is no need to install an external driver because 
its firmware is programmed to be recognized as a human interface device. 
 
All this hardware set has been optimized in order to make it possible for the LipoTool to explore the 
dynamic time response of subcutaneous tissues under compression effect in order to better characterize 
the body composition and to use the available methods for field measurement. This dynamic recording 
capability makes it unique and will expand its applicability into diverse research fields. 

 
 

2. Lipotool Communications Hardware Solution 
 
A wireless communication solution between the measuring device and the computer ensures free 
movements to health technicians which are essential for performing the established evaluation 
protocols. 
 
The selected wireless communication system solution consists of two elements: one integrated in the 
device for body composition assessment, Adipsmeter, and the second element is an USB Pen 
connected to the computer for allowing the total integration of Adipsmeter with the LipoSoft software 
application. 
 
The microcontrollers used in this work are 8 bits microcontrollers from Microchip Technology Inc. 
(PIC18LF2431, PIC18F26K20 and PIC18LF2550). The microcontrollers offer a huge number of 
relevant peripheral modules at low cost and fulfill the application requirements. 
 
The PIC18LF2431 microcontroller for communicating by SPI bus with the antenna MRF24J40MA is 
used in the measuring device Adipsmeter. Microcontrollers PIC18F26K20 and PIC18LF2550 and the 
MRF24J40MA antenna are used in the USB Pen. The PIC18F26K20 communicates with the 
MRF24J40MA antenna by the SPI bus and the PIC18LF2550 communicates with the computer via 
USB. The two microcontrollers communicate by EUSART peripheral, capable of handling both 
synchronous and asynchronous operation. 
 
Fig. 1 shows a schematic diagram of the communication used between the main hardware in both 
devices, Adipsmeter and USB Pen. 
 
Fig. 2 shows some features incorporated in the microcontrollers. In this case PIC18LF2550 was taken 
as an example. 
 
The selection of microcontrollers took into account different peripherals and features to optimize the 
number of components for this specific application considering housing constraints and solution costs. 
All microcontrollers have internal oscillators, modules to SPI and EUSART communications. 
Microcontroller PIC18LF2550 also has USB communication. 
 
SPI, EUSART and USB protocols are of serial communication type, in which the sending data process 
is one bit at a time, sequentially, over a communication channel or computer bus (in opposition, in 
parallel communication several bits are sent as a whole, on a link with several parallel channels). 
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Fig. 1. Communications diagram between used components. 
 
 

 
 

Fig. 2. Main modules in PIC18LF2550 microcontroller. 
 
 

SPI and USB 2.0 protocols are synchronous serial communication buses that allow a maximum data 
rate (at 48 MHz), respectively, of 12 Mbit/s and 480 Mbit/s. The EUSART can be configured as a full-
duplex asynchronous system or as a half-duplex synchronous system. In the present application it is 
used in a full-duplex configuration with a data rate of 19.2 Mbit/s. 
 
The solution described above in general terms has been considered the one which better fulfils 
component optimization, housing location and cost requirements. 
 
 
2.1. USB Pen Device 
 
The USB Pen is the hardware device designed to interface Adipsmeter and any computer used to run 
the LipoSoft application. Fig. 3 presents the USB Pen designed and produced. 
 
 

 
 

 
Fig. 3. LipoTool component: USB Pen. 
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The LipoTool USB Pen needs a microcontroller with USB peripheral modules. In addition another 
microcontroller was used. The two microcontrollers allow that each one engages a basic functionality. 
The PIC18LF2550 manages the USB communication with the computer. The SPI peripheral of the 
second microcontroller PIC18F26K20 is dedicated to the communication with the antenna. The 
communication between the two microcontrollers could be made by SPI and EUSART. But the 
EUSART peripheral is used to avoid overloading effects of peripheral SPI already in use for the 
communication with the antenna. 
 
The USB peripheral in the microcontroller PIC18LF2550 requires an external oscillator with a clock 
frequency of 4 MHz. Exceptionally the PIC18F26K20 has an internal oscillator of 16 MHz and can 
deliver 4 MHz clock frequency for the PIC18LF2550. Then, the use of PIC18F26K20 avoids the 
additional components like the oscillator and several electrical circuitry elements. 
 
The PIC18LF2550 is powered at 5 V through the computer USB port. The radio transceiver module 
MRF24J40MA has to be powered at 3.3 V and so the PIC18F26K20 microcontroller too. For this 
purpose a linear regulator is used. However, the two distinct supply voltages for the microcontrollers 
do not represent a problem for the system, because the PIC18LF2550 recognizes the signal of 3.3 V as 
a logic level 1. This solution simplifies the communication antenna circuitry reducing components for 
adapting voltage levels. In fact, with antenna communication it would be essential to fit five signal 
voltage levels, while between microcontrollers there is only one. Therefore this electrical approach is 
more robust and will contribute for a more stable performance. 
 
Considering all the features presented above the selected solution proved to be robust, provides data 
processing efficiency and minimizes data loss with reduction of components number. These 
achievements are valuable for giving to the LipoTool system the ability to explore the dynamic time 
response of subcutaneous tissues. 
 
Fig. 5 represents a simplified diagram of the connections that exist in the USB pen, the interface 
device between the Adipsmeter and the computer. 
 
 

 
 

Fig. 5. USB Pen diagram. 
 
 
2.2. Adipsmeter Device 
 
The Adipsmeter measuring device, Fig. 6, also has to process information coming from different 
sources, such as the LipoSoft application running in a computer and the Adipsmeter switching actions 
introduced by the user. Therefore, the use of a microcontroller is also necessary. 
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Fig. 6. Skinfold calliper Adipsmeter. 
 
 

The Adipsmeter microcontroller receives information from four different sources: the operator 
(through the LipoSoft interface and from the Adipsmeter switches), the digital encoder and the linear 
regulator, specified in Table 1. 
 
 

Table 1. Bidirectional information transmission between Adipsmeter and LipoSoft. 
 

    Information Source 
    Operator 
   

Encoder 
Linear 

Regulator Adipsmeter (switches) LipoSoft 

In
fo

rm
at

io
n 

R
ec

ep
ti

on
 

Adispmeter 
Measurement 
information 

Low 
battery 
warns  

 Starting  
measurement 

 Reset encoder 
 On/Off push button  

 Selection of the protocol  
acquisition time 

 Adipsmeter auto shutdown 
interval definition for 
inactive mode 

 Remotely shutdown 
 
 

The Adipsmeter sends encoder data, battery status and protocol acquisition time status information to 
the LipoSoft. 
 
The PIC18LF2431 microcontroller has a quadrature encoder interface (QEI) peripheral essential for 
the digital encoder measurement system. It accepts two phase inputs and one index input from the 
incremental encoder. The QEI has 16 bits counter position, detects the direction of rotation and it is 
possible to set a noise filter [7]. 
 
The Adipsmeter operates at 3.3 V powered by the linear regulator MAX884. With a consumption of 
around 35 mA guaranties about 25 hours autonomy. The linear regulator maximizes battery life by 
combining ultra-low supply currents and low dropout voltages [8], which is significant for a portable 
device. 
 
The Adipsmeter electronic modules block diagram is presented in Fig. 7. 
 
 

 
 

Fig. 7. Adipsmeter electronic modules block diagram. 
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3. Transceiver Module 
 
The MRF24J40MA is a surface mount module integrating crystal, internal voltage regulator, matching 
circuitry and PCB antenna. The module interfaces Microchip PIC® microcontrollers via a 4-wire serial 
SPI interface, for interrupt, wake, reset, power and ground. The MRF24J40MA module has received 
regulatory approvals for modular devices in the United States (FCC), Canada (IC) and Europe (ETSI). 
Modular approval eliminates the need for expensive RF and antenna design, allows the final user to 
place the MRF24J40MA module inside a final product and does not require regulatory testing for an 
intentional radiator (RF transmitter) [9], which is important for later marketing perspective. 
 
The power voltage for these antennas should be 3.3 V on an average consumption of 19 mA when 
receiving data, 23 mA for data transmission and 2 µA in sleep mode. 
 
Fig. 8 shows the MRF24f40MA module. 
 
 

 
 

Fig. 8. MRF24f40MA module soldered on the USB Pen PCB. 
 
 

The MiWi P2P Wireless Protocol results from the simplification of the ZigBee protocol and it is one of 
the wireless protocols that are supported by the MRF24J40MA module. 
 
The main difference between the MiWi P2P protocol and the IEEE 802.15.4 is the handshaking 
process (the complex process of joining a network). A device can join only a single device as its parent 
after the initial handshaking [5]. 
 
The various stages of the typical handshaking of IEEE 802.15.4 are graphically presented in Fig. 9. For 
starting the handshaking a device sends out a beacon request. Thereafter, all devices available for 
connecting to any other will respond with a beacon message. The first device collects all the beacons 
and decides which one to use in order to establish the handshake. Then it sends out an association 
request command. After a predefined time, the first device issues a data request command to get the 
association response. The device on the other side of the connection sends the association response. 
 
The MiWi P2P protocol is designed to act in direct and simple connection process communication 
topologies, like star and P2P. For this protocol it uses multiple connections instead of the simple 
connections used by IEEE 802.15.4. For this reason the association process executed by the MiWi P2P 
protocol requires only two steps: the requesting device sends out a P2P connection request command 
and any device within radio range responds with a P2P connection response command which ends the 
handshaking [10]. This process can therefore create multiple connections by establishing a P2P 
topology. Since the association process uses the Media Access Control (MAC) layer, the probability of 
collision between the posts is largely diminished. Fig. 10 shows the above presented explanation. 
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Fig. 9. IEEE 802.15.4™ Typical handshaking. 
 
 

 
 

Fig. 10. MIWI™ P2P wireless protocol handshaking process. 
 
 

Taking into account that communication will take place only between two devices, the Adipsmeter and 
the USB Pen, the PEER-TO-PEER (P2P) protocol and typology has been selected due to its simplicity. 
To apply this wireless protocol it is necessary to program the microcontroller firmware and wire the 
module transceiver. This module has to be connected to the microcontroller via a 4-wire serial SPI 
interface, interrupt, wake, reset, power and ground, and MCU system resources, including the clock for 
generating the communication frequency of 2.4 GHz. 
 
The protocol begins with specific functions that define the Personal Area Network identifier, the 
Media Access Control commands, and sets the used channel. It is also possible to enable some 
functions (sleep mode, go to sleep, wake up from sleep, energy detection scan, find out least noise 
channel, indirect message, etc.). 
 
Therefore, the devices proceed to the handshaking procedure previously described. After handshaking 
the communication is established and the bidirectional data transfer packets will occur. 
 
Whenever the devices handshake occurs, the Adipsmeter will expect a proprietary validation 
procedure to begin data transmission and the operator can finally assess the patient. 
 
The communication will use three bytes for the information from Adipsmeter to USB Pen and one byte 
in reverse communication, beyond the bytes required for the communication protocol. 
 
When the operator initiates a measurement procedure, the encoder data will be within the first two 
bytes and in the third byte will carry on information about the battery and protocol time status. 
 
 
4. Conclusions 
 
The enormous diffusion, availability and low cost of today’s technology has to be applied to better 
serve the human being. 
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Recent technology has been used for designing, implementing, testing and tuning a hardware solution 
reported in this work. It proved to be robust, to bring data processing efficiency and to decrease data 
loss, at low cost. It is also important the ease with which it is possible to install the USB Pen in 
computers. 
 
These achievements made LipoTool system a more effective body composition assessment tool with 
high accuracy, allowing automatic data processing and recording in a database, offering the user easy 
handling and not requiring technicians with high degree of expertise. As a novel characteristic it will 
allow LipoTool to conduct innovative studies based in dynamic tissue response evaluation. In fact,  
Fig. 11 shows an example of the information recorded during a skinfold measurement procedure, the 
main novelty of LipoTool. 
 
 

 
 

Fig. 11. Tricipital skinfold dynamic tissue response. 
 
 

It is always tricky to report a technology development due to the constant and quick evolution of 
electronic market offer. Therefore, at present new options could have been selected. Even so, the used 
solution proved to be reliable in everyday field work, considering that 5 prototypes are already in use 
in different research units. 
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Abstract: In this paper, we explore fuzzy logic based approach for lateral control of aircrafts.. Here 
the effect of roll on yaw and that of yaw on roll is taken into account. So the system will have greater 
accuracy and efficiency than the application of two separate controllers. This design will significantly 
reduce instability and increases maneuverability, as compared to existing control systems. 
Copyright © 2012 IFSA. 
 
Keywords: Aircraft, Fuzzy logic controller, Roll, Yaw. 
 
 
 
1. Introduction 
 
The development of autopilots closely followed the successful development of powered man-carrying 
airplane by the Wright brothers [1]. The first automatic flight controller in the world is designed by the 
Sperry brothers in 1912. The Sperry brothers developed an autopilot that is sensitive to the movements 
of an aircraft. When an aircraft deviated from a particular flight route, this autopilot adjusted the pitch, 
roll and heading angles of an aircraft. Then, in 1914, the Sperry brothers demonstrated this autopilot at 
the Paris air-show. To demonstrate the effectiveness of their design, Lawrence Sperry trimmed his 
airplane for straight and level flight and then engaged the autopilot [1]. Since then, the fast 
advancement of high performance military, commercial and general aviation aircraft design has 
required the development of many technologies; these are aerodynamics, structures, materials, 
propulsion and flight controls [2]. Currently, the aircraft design relies heavily on automatic control 
systems to monitor and control many of the aircraft subsystems [2]. Therefore, the development of 
automatic control systems has played an important role in the growth of civil and military aviation [1]. 
Modern aircrafts are much more complex and includes a variety of automatic control system. 
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Generally, an aircraft is controlled by three main surfaces. These are elevator, rudder and ailerons. 
Pitch control can be achieved by changing the lift on either a forward or aft control surface. If a flap is 
used, the flapped portion of the tail surface is called an elevator. Yaw control is achieved by deflecting 
a flap on the vertical tail called the rudder and roll control can be achieved by deflecting small flaps 
located outboard toward the wing tips in a differential manner [1]. These flaps are called ailerons. 
Elevator, rudder and ailerons are depicted in Fig. 1. 
 
 

 
 

Fig. 1. Aerodynamic controls of an aircraft [1]. 
 
 

In this study, an autopilot is designed to control the yaw angle and roll angle of an aircraft. In aircraft 
modeling phase, the aerodynamic forces (lift and drag) as well as the aircraft’s inertia are taken into 
account [4]. This is a third order, nonlinear system which is linearized about the operating point [4]. 
An intelligent controller (FLC) is developed for the lateral control of an aircraft system. Performance 
of the controller is analyzed with respect to the desired yaw and roll angles. 
 
 
2. System Modeling 
 
2.1. Modelling of Lateral Control System 
 
Flight control system has been designed using mathematical models of the aircraft linearized at various 
flight condition parameters varied with the flight operating conditions. This work is developed to 
control the roll and yaw angles of an aircraft in order to stabilize the system. The importance of this 
work is that here the effect of roll on yaw and that of yaw on roll is taken into account. So the system 
will have greater accuracy and efficiency than the application of two separate controllers. The aircraft 
being considered in this work is a standard NAVION Transport aircraft [1]. The specifications are 
given below: 
 
General equations for aircrafts [1]: 
 

 = (ft/ )  = ( )  = ( ) 

 = (ft/s)  = ( )  = ( ) 
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 = (ft/s)  = ( )  = ( ) 

 = (ft/ )  = (ft/ )  = ( ) 

 = ( )  = ( )  = ( ) 

 
 

Table 1. The lateral directional derivatives stability parameters [3]. 
 

General 
Aviation 
Airplane: 
NAVION 

Y-Force 
Derivatives 

Yawing Moment 
Derivatives 

Rolling Moment 
Derivatives 

Pitching 
Velocities    

Side Slip Angle    
Rolling Rate    
Yawing Rate    
Rudder 
Deflection    

Aileron 
Deflection    

 
 
The equations governing the motion of an aircraft are very complicated set of six nonlinear coupled 
differential equations. However, under certain assumptions, they can be decoupled and linearized into 
the longitudinal and lateral equations [5]. Yaw and Roll controls are lateral problem and this work is 
developed to control the yaw and roll angles of an aircraft for yaw and roll control in order to stabilize 
the system when an aircraft performs the yawing and rolling motions. The control surfaces of aircraft 
are shown in Fig. 2. 
 
 

 
 

Fig. 2. Yaw, Roll & Pitch motion of Aircraft [6]. 
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The forces, moments and velocity components in the body fixed frame of an aircraft system are shown 
in Fig. 3 where L, M and N represent the aerodynamic moment components; the term p, q and r 
represent the angular rates components of roll, pitch and yaw axis and the term u, v and w represent the 
velocity components of roll, pitch and yaw axis. 
 
 

 
 

Fig. 3. Definition of forces, moments and velocity components in a body fixed frame [1]. 
 
 
Referring to Fig. 3, the rigid body equations of motion are obtained from Newton’s second law, see 
[1]. But, a few assumption and approximation need to be considered before obtaining the equations of 
motion. Assume that the aircraft is in steady-cruise at constant altitude and velocity, thus, the thrust 
and drag cancel out and the lift and weight balance out each other. Also, assume that change in pitch 
angle does not change the speed of an aircraft under any circumstance [5]. Under these assumptions, 
the lateral directional motion of an aircraft is well described by the following kinematic and dynamic 
differential equations. 
 
 

 
(1)

 
 

 
(2)

 
 

 
(3)

 
Equation (1), (2) and (3) are nonlinear and they can be linearized by using small-disturbance theory. 
According to small-disturbance theory, all the variables in the equation (1), (2) and (3) are replaced by 
a reference value plus a perturbation or disturbance, as given in equation (4). 
 
 

 ; ;  

; ;  

; ;  
 
  (4)
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For convenience, the reference flight condition is assumed to be symmetric and the propulsive forces 
are assumed to remain constant. This implies that, 
 
 v = p = q = r =φ =ψ =0 (5)
 
After linearization the following equations (6), (7) and (8) are obtained, see [1]. 
 
 

 (6)

 
 

 
(7)

 
 

 
(8)

 
The lateral directional equations of motion consist of the side force, rolling moment and yawing 
moment equations of motion. It is sometimes convenient to use the sideslip angle Δβ instead of the 
side velocity Δv . These two quantities are related to each other in the following way: 
 
 

 
(9)

 
Using this relationship and if the product of inertia Ixz=0, the lateral equations of motion can be 
rearranged and reduced into the state space form in the following manner. 
 
 

 =   +   (10)

 
For this system, the input will be the aileron deflection angle and the output will be the pitch angle. In 
this study, the data from NAVION Transport [1] is used in system analysis and modeling. The lateral 
directional derivatives stability parameters for this airplane are given in Table I. Before finding 
transfer function, let’s plug in numerical value given Table I by using equation (10). 
 
 
2.2. Yaw Transfer Function 
 
This section presents the yaw control for yaw angle of an aircraft system. So, the aileron deflection 
given in equation (10) is not used. 
 
 

 =   +   (11)

 
Transfer function from rudder deflection angle to yaw angle is given the following equation (12) 
 
 

=  (12)
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2.3. Roll Transfer Function 
 
 

 =   +   (13)

 
Transfer function from aileron deflection angle to roll angle is given in the following equation 
 
 

=  (14)

 
 
3. Design Process of Proposed Controller 
 
3.1. Fuzzy Logic Controller (FLC) for Yaw Control 
 
In most research literature, a fuzzy controller system is commonly defined as a system that emulates a 
human expert. In this case, the knowledge of the human operator would be put in the form of a set of 
fuzzy linguistic rules. These rules would produce an approximate decision in the same manner a 
human would do. The fuzzy controller is composed of four elements. These are fuzzification, rule 
base, inference mechanism and defuzzification. A block diagram of a fuzzy control system is shown in 
Fig. 4. 
 
 

 
 

Fig. 4. The basic structure of fuzzy logic based controller [3]. 
 
 

In Fig. 5, the values of error (e(k)) and its change (Δe(k)) occurring during the operation of the system 
form the crisp inputs of the system. These two inputs defined as in (16) and (17). 
 
 e(k)=r(k)-y(k) (16)
 
 Δe(k)=e(k)-e(k-1) (17)
 
r(k), y(k) and k are expressed as the reference input, the actual output of the system and the sampling 
step respectively. These crisp inputs e(k) and Δe(k) are converted to fuzzy membership value on the 
fuzzy subsets negative big (NB), negative small (NS), zero (ZZ), positive small (PS),positive big (PB) 
etc The input “Error” consists of the following seven membership functions :-Big Negative Error 
(BN): Negative Error (N): Small Negative Error (SN):.No Error (Z): Small Positive Error (SP): Small 
Positive Error (P) Big Positive Error (BP). 
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Fig. 5. Error membership functions. 
 
 

The “Rate of Error” input (Fig. 6), which represents the rate of the error input, consists of five 
membership functions. Big Negative (BN) Small Negative (NE): Zero Acceleration (ZR): Small 
Positive (PE): Big Positive (BP). 
 
 

 
 

Fig. 6. Rate of error membership functions. 
 
 

The output of the system (Fig. 7) consists of seven membership functions as:-Big Negative Angle 
(BNT), Normal Negative Angle (NNT), Negative Angle (NT), Zero Thrust (ZT): Positive Angle (PT): 
Normal Positive Angle (NPT), Big Positive Angle (BPT). 
 
This fuzzy membership values are used in the rule base in order to execute the related rules so that an 
output can be generated. A rule base consists of a data table which includes information related to the 
system. A fuzzy control that has thirty-five rules is realized. These rules have been utilized in 
designing the controller and the rules are defined in Table 2. 
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Fig. 7. Output membership functions. 
 
 

Table 2.The Fuzzy rule base. 
 

INPUTS BN NE ZR PE BP 
BN BNT NNT NNT NT ZT 
N NNT NT NT ZT PT 
SN NNT NT ZT ZT PT 
Z NT NT ZT PT PT 
SP NT NT ZT PT PT 
P NT ZT ZT PT NPT 
BP NT ZT PT PT NPT 

 
 
An inference mechanism emulates the expert’s decision making in interpreting and applying 
knowledge about how best to control the plant. A defuzzification interface converts the conclusions of 
the inference mechanism into the crisp inputs for the process. 
 
 

 
 

Fig. 8. The rule surface generated. 
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3.2. Fuzzy Logic Controller (FLC) for Roll Control 
 
The crisp inputs e(k) and Δe(k) are converted to fuzzy membership value on the fuzzy subsets negative 
big (NB), negative small (NS), zero (ZZ), positive small (PS),positive big (PB) etc The input “Error” 
(Fig. 9) consists of the following five membership functions Big Negative Error (NB),Small Negative 
Error (NS.),No Error (ZZ.),Small Positive Error (PS).Big Positive Error (PB). 
 
 

 
 

Fig. 9. Error membership functions. 
 
 

The “Rate of Error” input (Fig. 10), which represents the rate of the error input, consists of five 
membership functions. Big Negative (NB): Small Negative (NS): Zero Acceleration (ZZ) Small 
Positive (PS): Big Positive (PB) 
 
 

 
 

Fig. 10. Rate of error membership functions. 
 
 

The output of the system (Fig. 11) consists of seven membership functions as:- Big Negative Angle 
(NB): Small Negative Angle (NS), Zero Thrust (ZZ): Small Positive Angle (PS): Big Positive Angle 
(PB). 
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Fig. 11. Output membership functions. 
 
 
This fuzzy membership values are used in the rule base in order to execute the related rules so that an 
output can be generated. A rule base consists of a data table which includes information related to the 
system. A fuzzy control that has thirty-five rules is realized. These rules have been utilized in 
designing the controller and the rules are defined in Table 3. 

 
 

Table 3.The Fuzzy rule base. 
 

INPUTS NB NS ZZ PS PB 
NB NB NB NS NS ZZ 
NS NB NS NS ZZ PS 
ZZ NS NS ZZ PS PS 
PS NS ZZ PS PS PB 
PB ZZ PS PS PB PB 

 
 

 
 

Fig. 12. The rule surface generated. 
 
 

An inference mechanism emulates the expert’s decision making in interpreting and applying 
knowledge about how best to control the plant. A defuzzification interface converts the conclusions of 
the inference mechanism into the crisp inputs for the process. 
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4. Application and Results 
 
An aircraft lateral control system is simulated using FLC and the related simulation results are 
presented and discussed. Matlab/Simulink model block diagram of this system is shown in  
Figs. 13 and 14. 
 
 

 
 

Fig. 13. Matlab/Simulink model for the roll control system. 
 
 

 
 

Fig. 14. Sub system for lateral controller. 
 
 
In this system we had taken the cross-coupling effect of yaw and roll on each other. Instead of deriving 
the cross-coupled transfer function, Matlab/Simulink blocks are interconnected to get the required 
cross coupling. 
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Fig. 15. The response of the system for yaw angle. 
 
 

 
 

Fig. 16 Step response for roll angle. 
 
 
5. Conclusion 
 
In this paper, the model of an aircraft lateral control system that is helpful in developing the control 
strategy for an actual aircraft system was designed for Matlab/Simulink environment and control 
methods were proposed for this system. The effect of roll control surface on yaw and vice versa is also 
taken into consideration. The system will consider the cross coupling between the transfer functions so 
it will be more efficient and accurate than separate controller designs Using a fuzzy controller will 
result in an excellent overall response of the system. .It can be seen from the results that the Fuzzy 
controller is not only controlling the nonlinear system, but also giving the desired efficiency.Future 
work will be mainly on designing a single fuzzy controller that will control both the yaw and roll 
simultaniously.Practically obtained results show that FLC controller relatively gives the best 
performance and using such controller increases speed of the time response. 
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Abstract: The paper describes an experimental study carried out for S- tube configurations made of 
copper and aluminum for an indigenously developed setup of Coriolis mass flow sensor integrated 
with virtual instrumentation. The material of the tube, location of sensors, L/D ratio and drive 
frequency have been found to be influencing design parameters on the performance of Coriolis mass 
flow meter. In the present study, water has been used as fluid and Copper (Cu) and Aluminium (Al) 
have been used as the tube material. The mass flowmeter has been calibrated through virtual 
instrumentation for a linear relationship between phase shift and mass flow rate. LabView (Laboratory 
Virtual Instrumentation Engineering Workbench) has been used for processing the vibration signal 
through Data Acquisitions and signal conditioning unit. The experimental results indicate that there 
exists almost a linear relationship between mass flow rate and the phase difference in vibration signals of 
two limbs of the S tube. The results also indicate the best sensor location for the optimum performance 
of the instrument. Copyright © 2012 IFSA. 
 
Keywords: S shape, Coriolis phenomenon, Vibration, Electromagnetic sensor. 
 
 
 
1. Introduction 
 
Volume flow rate approach leads to inherent errors due to density variations. Highly accurate and 
instantaneously sensitive mass flow metering capability is available in state of art Coriolis mass flow 
meters which uses the Coriolis phenomenon as its working principle. 
 
The Coriolis phenomenon offers unprecedented accuracy and reliability in measuring materials flow in 
process industries. It has no moving parts (apart from a small-amplitude vibration of the flow tube), 
thus reducing maintenance problems [1, 2]. Sultan and Hemp [3] observed a linear variation of time 
lag with the flow velocity for a Coriolis flowmeter with a stainless steel U tube and working fluids as 
kerosene and water. The metrological features of commercial Coriolis mass flow sensors were 
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compared on the basis of elastic suspension, as the torsional stiffness depends upon fluid temperature 
and pressure. The temperature and pressure dependence alters the metrological properties; in their 
research work attempt was made to highlight this effect through elastic suspension. The capacitive 
type sensor was used to detect motion. Cascetta et al. [4–6] observed that there exists a linear 
relationship between mass flow rate and time lag exists for different frequencies. Adiletta et al. [7, 8] 
used the same concept of elastic suspension and extended this to twin straight pipe and U tube 
configurations. Reliable Coriolis mass flow rate measurement depends on consistent, reliable 
oscillation which is determined by number of factors such as: the density of the liquid, the balance of 
the tubes, the dampening caused by the flow stream itself, and the physical isolation of the tubes from 
the environment. Compromising even one of these factors may degrade the performance of Coriolis 
mass flow sensor [9]. Gupta et al. [11] studied the performance of U, S, L and STAIR shape 
configuration of Coriolis Mass flow meter. They obtained a linear relationship between mass flow rate 
and phase difference for different shapes of tubes made of PVC, Aluminium material. But their study 
was limited up to the horizontal orientation. Recently, Sharma et al. [12-13] performed their 
experimental study for different Configurations of U tube made of Copper and Aluminium. A linear 
relationship between phase difference and mass flow rate and the impact of various input parameters 
was reported. 
 
The literature dealing with Coriolis Mass flow meter reveals that most of the studies which have been 
performed are mainly limited to straight tube, U tube, L tube, and S tube configurations. The research 
activities in the area of Coriolis mass flow sensor indicates that the effectiveness of the role of design 
parameters like location of sensors, dimensions of tube, and materials in improving the performance of 
the Coriolis mass flow meter. There is a need to understand the influence of each parameter, 
particularly, in improving the performance with an aim to maximize its accuracy. Very few studies 
concerning the S tube configuration of CMF are available but these are restricted to horizontal 
orientation only. No research work is available for S shape CMF in vertical orientation. Therefore, the 
present work is planned to study the performance of S Type of CMF in vertical orientation for various 
parameters. The primary objective of present work is aimed to study the influence of various 
parameters on the characteristics of the S-tube configuration of the Coriolis mass flow meter. The main 
focus of present study was to probe deeper into the influence of parametric variation of drive 
frequency and sensor location on the Coriolis action in copper and aluminum ‘S’ tube configurations 
with an objective of minimizing error in mass flow measurement by getting optimum values of design 
parameters. The present study has been carried out with water as a fluid because it generates maximum 
Coriolis Effect at lower flow rates [10]. 
 
 

2. Working Principle 
 
The Coriolis Mass flow meters works on the Coriolis phenomenon. Coriolis Effect is the result of 
generation of a normal force due the combined effect of two different velocity acts in a plane. The 
Coriolis force results an apparent deflection of the path of an object that moves within a rotating 
coordinate system. The main steps of the working of a Coriolis Mass flow meter are: 
 In a Coriolis Mass Flow Meter an angular motion is provided to the tubes conveying fluid. This 

angular movement can be either a steady rotation or a harmonic vibration. 
 This external vibratory motion given to the tube causes the particles of flowing fluid to undergo 

Coriolis acceleration. 
 The combined effect of fluid velocity V and angular velocity ω is different in two straight limbs. 

Therefore, the directions of Coriolis force are different in two limbs. 
 These different forces causes oscillatory motion of the tube, very small compared to external 

harmonic vibration. 
 A time lag (phase shift) existing between vibrations of two limbs is detected by the two 

electrodynamic sensors. 
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The direction of the Coriolis force in case of S shape configuration of CMF is shown in Fig. 1. The 
Coriolis forces, generated in limb 1 and limb 2 are equal in magnitude but opposite in direction try to 
distort two limbs in opposite direction. The distortion of the tube in terms of phase difference is 
measured by two electrodynamic sensors. This phase difference is the desired output of a Coriolis 
Mass flow rate. 
 
 

 
 

Fig. 1. A schematic of S tube configuration. 
 
 

3. Experimental Setup 
 
The indigenously developed experimental setup of CMF basically consists of a hydraulic unit, an 
excitation unit, an instrumentation unit. The detailed schematic of an experimental set up is shown in 
Fig. 2. 
 
 

 
 

Fig. 2. A photographic view of experimental setup of Coriolis Mass Flow meter. 
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4. Experimentation Scheme 
 
Inductive proximity sensors is used for motion sensing as these are sensitive to metal objects, they are 
helpful in eliminating any unwanted noise generated from the surroundings and inherently resistant to 
dust, humidity and oil in industrial environment. The vibration exciter is used in the present study to 
give desired excitation to the Coriolis mass flow meter. A strong isolated base has been provided so as 
to damp the vibration and thus avoid movement of exciter or transfer of stray vibrations to the sensor 
stand or the testing bench [12, 13]. The present work utilizes the concept of virtual instrumentation 
platform to perform the fast data analysis. Data acquisition and its processing can be conveniently 
implemented on a digital platform. A PC platform is chosen as the processing hardware for the case of 
coding. The signal was acquired to the PC from the sensors using NI DAQ card (USB-6211). It 
consists of two 32 bit counters operating at 80 MHz. It also consists of a 16 bit A/D converter which 
continuously samples the signal. A visual programming language (LabView) is used for processing the 
data in real time. 
 
The input and Output parameters of the experimental study are indicated in Table 1. The experiments 
have been performed for different drive frequency, sensor location, configuration for Copper and 
Aluminum. The drive frequencies have been chosen around the natural frequency for a specific 
Configuration of S Shape tube of Coriolis Mass flow meter. The natural frequencies have been 
determined through Modal analysis on ANSYS 11 as depicted in Table 2. A detailed experimental 
procedure used in the present study to obtain experimental results is discussed through a flow chart 
given in Fig. 3. 
 
 

Table 1. Input and Output parameters 
 

Input parameters 
Output 
variable 

Mass flow rate 0.0-0.2 Kg/sec 
Sensor location, SL (from the lower fixed end in cm) Configurations 

[L x D] SL1 SL2 SL3 
50  40 7.5  20 32.5 

50  30 7.5 15 22.5 

Drive frequency Around the natural frequency as given in Table 2 
Material of tube Aluminium (Al), Copper (Cu) 
Height of tube (D) 30-40 cm 
length of tube (L) 50 cm 
Inner diameter (di) 12.7 mm 
Outer diameter (do) 10.9 mm 

Phase 
difference in 

degree 

 
 

Table 2. Natural frequencies of Different Configuration of S shape tube. 
 

Tube Material Configuration L(cm)  D(cm) Natural frequency (in Hz) 
50  40 23 

Copper (Cu) 
50  30 27 
50  40 34 

Aluminium (Al) 
50  30 43 
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NO 

START

Input sensor location SLi, and drive 
frequency fj, where i=1,2,...m., j=1, 2..n 

Set drive frequency fi 

Initialize i=1, i++ 

Set the sensor location SLi. Switch on the 
instrumentation unit (Electromagnetic 
Flowmeter, signal conditioner, DAQ), 
Excitor and computer. 

Initialize j=1,j++

Continuously run the LABVIEW program after 
browsing a proper text file according to the 
state of the Experiment. In this step, phase 
shift at no flow saved in selected text file. 
Choose the most repeated value of phase shift. 

Switch on the hydraulic unit and vary the 
flowrate. Browse the text file corresponding to 
each flow rate. Choose the most repeated value at 
each flowrate. 

Subtract the no flow phase shift from the phase 
shift at each flowrate. This is the desired phase 
shift at the corresponding flowrate. 

Plot the graph between phase shift and mass
flowrate. This is the desired plot showing the
linear relationship with positive slope.

If i=m If j=n

   STOP

NO

 
 

Fig. 3. A flowchart for the detailed experimental procedure. 
 
 
5. Result and Discussion 
 
The experiments have been conducted to study the influence of parameters as sensor location, different 
drive frequency, different configuration for Copper and Aluminium Material. The Fig. 4 shows sample 
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of the front panel of the LabView program .The front panel basically gives the information about the 
frequency of the harmonic signal received by the sensor, magnitude spectrum and phase difference. 
 
 

 
 

Fig. 4. Front panel of LabView program. 
 

 
The experimental results for various influencing parameters of the CMFS have been plotted and discussed in the 
following sections. 
 
 
5.1. Calibration of the Coriolis Mass Flow Meter 
 
The instrument has been calibrated for a linear relationship between phase shift and the mass flow rate 
measured by electromagnetic flow meter for various sensor locations and drive frequencies for Copper 
and Aluminium material. It may be observed from the Fig. 5 to Fig. 8 that the phase shift and the mass 
flow rate have almost a linear relationship. The instrument gives the maximum phase shift at the 
natural frequency of the tube configuration. This observation is consistent with the results of earlier 
studies by Gupta et al. [11] for different horizontal tubes and Sharma et al. [12, 13] for vertical U 
tubes. 
 
Another notable observation from the Fig. 5 to Fig. 8 is that the slope is higher for Aluminium tube 
than Copper tube. This indicates that the sensitivity of the instrument is better for Aluminium material, 
however, the measurement process is more noisy in case of Aluminium material. Further, the values of 
phase difference are higher when the excitation is made at natural frequency of the tube. 
 
 
5.2. Combined Influence of Drive Frequency, Sensor Location and Mass Flow Rate 
 
In order to have a more physical insight into the intractive influence of drive frequency, sensor 
location and mass flow rate on the performance of Coriolis mass flow meter, the 3D surface contours 
have been plotted. 3 D surface plots have been plotted into two section, one for [50  40] configuration 
and second is configuration [50  30] for both material Copper and Aluminium.These configurations 
have been chosen since these are used in most of the industrial application. 
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Fig. 5. Phase shift vs. Mass flow rate for Copper [50  40] tube. 
 
 

 
 

Fig. 6. Phase shift vs. Mass flow rate for Aluminium [50  40] tube. 
 
 

 
 

Fig. 7. Phase shift vs. Mass flow rate for Copper [50  30] tube. 
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Fig. 8. Phase shift vs. Mass flow rate for Aluminium [50  30] tube. 
 
 

 
5.2.1. Configuration [50  40] 
 
For configuration [50  40] the experimental 3-D surface plots are shown in Fig. 9 through Fig. 11. 
The variation of phase shift with mass flow rate and drive frequency for copper SL1 (7.5 cm) has been 
shown in Fig. 9 (a). The maximum phase shift takes place at drive frequency of 23 Hz and mass flow 
rate of 0.20 Kg/s. The variation of phase shift with mass flow rate and drive frequency for aluminium 
SL1 (20.0 cm) is depicted in Fig. 9(b). It may be observed that the maximum phase shft occurs at drive 
frequency of 27 Hz and mass flow rate of 0.20 Kg/s . 
 
 

 
 

(a) Copper [50  40] 
 

(b) Aluminium [50  40] 
 

Fig. 9. Variation of phase shift with mass flow rate and drive frequency. 
 
 

Fig. 10(a) depicts the variation of phase shift with drive frequency and sensor location for copper at 
mass flow rate of 0.10 Kg/s. The maximum phase shift occurs at a drive frequency of 23 Hz and near 
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about SL3 (32.5 cm). Fig. 10(b) depicts the variation of phase shift with drive frequency and sensor 
location for copper for mass flow rate of 0.10 Kg/s. The maximum phase shift occurs at a drive 
frequency of 273 Hz and near about SL1 (7.5 cm). Fig. 11(a) depicts the variation of phase shift with 
mass flow rate and sensor location for copper at drive frequency of 24 Hz. The maximum phase shift 
occurs at SL3 (32.5 cm). Fig. 11(b) depicts the variation of phase shift with mass flow rate and sensor 
location for copper at drive frequency of 24 Hz. The maximum phase shift occurs at near about to 
SL1(7.5cm). 
 
 

  
 

(a) Copper [50  40] 
 

(b) Aluminium [50  40] 
 

Fig. 10. Variation of phase shift with drive frequency and sensor location. 
 
 

 
 

(a) Copper [50  40] 
 

(b) Aluminium [50  40] 
 

Fig. 11. Variation of phase shift with mass flow rate and sensor location. 
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5.2.2. Configuration [50  30] 
 
For configuration [50  30] the experimental 3-D surface plots have been shown in Fig. 12 through 
Fig. 14. These plots show the influnce of the variables sensor location , drive frequency and phase 
difference for Copper and Aluminium. The results obtained for the configuration [50  30] show the 
similar trends as observed for the configuration [50  40]. Copper and Aluminium tubes of CMF offer 
some distinction in results due to their distinct material properties as modulas of elasticity and modulas 
of rigidity, density. 
 
 

  
 

(a) Copper [50  30] 
 

(b) Aluminium [50  30] 
 

Fig. 12. Variation of phase shift with mass flow rate and drive frequency. 
 
 

  
 

(a) Copper [50  30] 
 

(b) Aluminium [50  30] 
 

Fig. 13. Variation of phase shift with mass flow rate and sensor location. 
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(a) Copper [50  30] 
 

(b) Aluminium [50  30] 
 

Fig. 14. Variation of phase shift with sensor location and drive frequency. 
 
 

6. Conclusions 
 
The performance of a Coriolis mass flowrate meter for an S- tube configuration has been studied. The 
influence of tube material, configuration, sensor location and drive frequency on the performance of 
the Coriolis mass flowrate meter has been studied. The experimental setup has been calibrated and 
verified for linear relationship of phase shift and mass flow rate with water as a working fluid. It has 
been observed that the mass flow meter shows its optimum performance with maximum phase shift at 
the natural frequency of the tube. The optimum sensor location for the chosen experimental conditions 
has been observed to be sensor location 1 for Al based S-tubes and sensor location 3 for Cu based  
S-tubes. The Coriolis mass flow meter has been observed to have the higher sensitivity for Aluminum 
than Copper but the measurement process is more noisy for Aluminium than the copper. 
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Abstract: A six-axis heavy force sensor, which is of great significance in huge manipulators, is 
developed based on the Stewart structure. By combining force analysis of multi-axis heavy force sensors 
on huge manipulators and “Shape from motion” calibration method, a calibration method on machine for 
multi-axis heavy force sensors is presented. Simulations of calibration processes for two-axis, three-axis 
and six-axis heavy force sensors are conducted respectively, and calibration experiment for two-axis 
heavy force sensor is conducted on the six-axis heavy force calibration equipment. The calibration 
results according to the calibration method on machine agree well with the least-square method, and the 
calibration method solves the difficult problem of calibration on multi-axis force measurement of the 
huge manipulator arm. Copyright © 2012 IFSA. 
 
Keywords: Six-axis heavy force sensor, Calibration, On machine, Shape from motion. 
 
 
 
1. Introduction 
 
With the ability of measuring three force components and three torque components, the six-axis force 
sensor is a kind of important and challenging sensors and utilized in many scientific areas. In many cases, 
such as the huge manipulator, the forces are so heavy that it is impossible for the traditional six-axis 
force sensor to measure. Measurement of multi-axis heavy force is crucial for coordinated control of the 
huge manipulator, so six-axis heavy force sensor is urgently needed. In order to solve the contradiction 
of multi-axis and heavy force, Jia et al. have presented a six-axis heavy force sensor based on the Stewart 
structure with the method of load sharing in the parallel mode [1]. 
 

http://www.sensorsportal.com
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Although the contradiction of multi-axis and heavy force is solved by load sharing, calibration of these 
sensors are difficult. For the traditional six-axis force sensors, there are several calibration methods. 
 
Li et al. adopted the calibration algorithm of piecewise linear approximation based on the principle that 
undetermined function could be approximated, based on the function approximation theory, with some 
simple functions such as polynomial or piecewise polynomial when the function values were known on 
the defined point set [2]. This method improves the measurement accuracy of static calibration while the 
random errors could not be decreased. 
 
Neural network can be used to calibrate six-axis force sensors. Owing to the self-learning function of 
neural network, it can approximate model through self-learning system without establishing a precise 
mathematical and physical model. Yao et al. used the Neural Network to calibrate a six-axis force/torque 
robot sensor [3]. Compared with the least-square method, this method was proved to be more efficient 
and accurate. Liang et al. carried out a calibration and decoupling test based on Neural Network for a 
six-axis force/torque sensor which was to provide decoupled and accurate force/torque information for 
the closed-loop control of the manipulator system [4]. The results showed that the sensor had high 
measurement sensitivity, good linearity, and weak couplings between dimensions. 
 
These measurement methods are not suitable for the multi-axis force sensor of the manipulator, because 
it is difficult to calibrate the sensor with the arm on the calibration equipment. Therefore, calibration on 
machine is necessary for this working condition. 
 
Voyles et al. presented the calibration method of “shape from motion” based on “shape and motion 
decomposition” techniques from computer vision [5]. The method was presented to reduce the burden of 
data collection for applied forces. Oddo et al. found that the “shape from motion” method performed 
with accuracy comparable to traditional least-square method, but eliminated the need for explicit 
knowledge of all the applied load vectors, yielding fast and precise calibration results [6]. These applied 
forces are related through the simple constraint that all applied calibration forces are of the same 
magnitude. Fortunately, the character of the method is suitable for calibration on machine. 
 
In this paper, a six-axis heavy force sensor based on the load sharing method was fabricated. The force 
analysis of the end operator of the huge manipulator was conducted. The results agreed well with the 
condition of “Shape from motion” method. Simulations of two-axis, three-axis and six-axis heavy force 
sensor calibration on machine with “Shape from motion” method were conducted. And multi-axis heavy 
force sensor calibration on machine with “Shape from motion” method was conducted. 
 
 
2. Shape from Motion Calibration Method 
 
The load and measurement of the multi-axis force sensor are defined as m and z  respectively. Kim et al. 
showed that the relationship between z  and m  can be expressed as [5] 
 
 T Tz m S  , (1)
 
where, Tz  is the 1 p  measurement vector, Tm is the 1m  load vector, and S  is the m p shape 
matrix. There are p  sensing elements and m  degrees-of-freedom for the multi-axis force sensor. And S  
is the pseudo inverse of the calibration matrix C  
 
 T[ ]S C  , (2)
 
If n force vectors are applied and the measurements are collected, Equation (1) can be expressed as the 
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matrix equation 
 
 Z MS , (3)
 
where Z  is the n p measurement matrix and M  is the n m  applied force matrix. 
 
In order to obtain S  and M  from Z , singular value decomposition ( SVD ) is performed on Z  
 
 Z U V  T , (4)
 
where, U is the n n  orthogonal matrix,   is the n p  ''diagonal" matrix, and V  is the 
p p orthogonal matrix. 

 
Assuming the proper rank of Z  is r , the projection of Z  onto an r -dimensional space (for r p ) is 
 
 T* * * *Z = U V = MS , (5)
 
where, *U  is the first r  columns of U , * is the diagonal matrix of the first r  singular values, and T*V  

consists of the first r rows of TV . Then M and S can be estimated as 
 
  (6)
 
 

 (7)

 
Given any invertible r r matrix A , 
 
  (8)
 
If an appropriate matrix A  can be obtained, then 
 
  (9)
 
  (10)
 
 
3. The Process of Calibration on Machine with Shape from Motion Method 
 
When a work piece is grabbed by the griper, the six-axis heavy force is applied on the arm of the 
manipulator. A multi-axis heavy force sensor is mounted on the arm, which is shown in Fig. 1. 
According to Kim [7], the force vector and the moment vector can be expressed as 
 
 

x y zF a a a     x y zF F F , (11)
 
 

x y zM a a a     x y zM M M , (12)
 
where, xF , yF  and zF  are the applied forces along the x , y  and z directions respectively, and 

xM , yM  and zM are the applied moments along the x , y  and z directions respectively. 
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The weight of an unknown object can be calculated as 
 
 2 2 2F g   x y zm F F F , (13)

 
where, m  is the mass of the object and g is gravity acceleration. 
 
 

 
 

Fig. 1. Force analysis of the manipulator arm. 
 
 
In the case of grabbing an unknown object, the position vector from the coordinate origin of the 
multi-axis heavy force sensor to the center of the work piece can be written as 
 
 

x y zl = a a a  x y zl +l +l , (14)
 
where xl , yl  and zl  are the length from the coordinate origin (O ) of the sensor to the object along 

x , y , z directions respectively, then moments can be calculated by the below equations 
 
 M l F  , (15)
 
where [ ]M  x y zM M M , [ ]l  x y zl l l , and [ ]F  x y zF F F . Equation (15) can be rewritten 

through calculation as 
 
     


   

    

x y z z y

y z x x z

z x y y x

M l F l F

M l F l F

M l F l F

, (16)

 
The equation above can be rewritten in the matrix form as 
 
 0

0

0

 
         
  

z y

x y z x y z z x

y x

l l

M M M F F F l l

l l

, (17)

 
Thus, the multi-axis heavy force applied on the arm of the manipulator can be denoted as 
 



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 130-142 

 134

 1 0 0 0

0 1 0 0

0 0 1 0

 
         
  

z y

x y z x y z x y z z x

y x

l l

F F F M M M F F F l l

l l

, (18)

 
With rotation of the gripper around the axis, six-axis forces with the same magnitude and different 
directions are applied on the six-axis heavy force sensor. Then the “Shape from motion” method can be 
employed to obtain the calibration matrix of the six-axis heavy force sensor. 
 
 
4. Model of the Six-axis Heavy Force Sensor 
 
Fig. 2 shows the six-axis heavy force sensor based on the Stewart structure. The six-axis heavy force 
sensor is composed of an upper platform and a lower platform connected with six measuring limbs, 
where the connections are composed of spherical joints [8]. The coordinate systems {o1} and {O1} in  
Fig. 2 are attached to the centers of the upper and the lower platforms respectively. The centers of the 
spherical joints are denoted as ib and iB  ( 1,... 6i , ) respectively [9]. To bear six-axis heavy forces, the 

upper and the lower platforms are hollowed and the sensor is connected on the load sharing beam with 
the parallel mode. Then most of the force is endured by the load sharing beam, and only a little of the 
force is delivered to the six measuring limbs. So the six-axis heavy force can be measured by the forces 
of the six measuring limbs. Jia et al. [1] derived the relationship between the six-axis heavy force F and 
the force set f of the six rods, which is expressed as 
 
 1[ ( ) ( )]

TF F
f fF G SM G f     ll/ E A , (19)

 
 

 
 

Fig. 2 Model of the six-axis heavy force sensor. 
 
 
5. Simulation of Multi-axis Force Sensor Calibration  

with “Shape from Motion” Method 
 
5.1. The Finite Element Model of Six-axis Heavy Force Sensor 
 
In order to investigate the validity of the “Shape from motion” calibration method, finite element model 
of the six-axis heavy force sensor is established with Finite Element Analysis software ANSYS. The 
beam44 element is used for load sharing beam and measuring limbs of the Stewart platform. The shell63 
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element is selected as the upper platform. The upper node of each measuring limb is coupled with the 
same coordinate node on the upper platform in X, Y, and Z directions, and then coupled nodes can be 
considered as spherical hinge. In order to ensure the upper platform to be a rigid platform, mpc184 
element is applied between the upper node of load sharing beam and each node of the upper platform. 
The lower node of each measuring limb is constrained in three directions X, Y and Z. The total 
degrees-of-freedom of the lower node of the load sharing beam are set to zero. Fig. 3 shows the FEM 
model made in ANSYS software. 
 
 

 
 

Fig. 3. The finite element model of the six-axis heavy force sensor with 30 kN sensing range. 
 
 
5.2. Simulation of Two-axis Force Calibration with “Shape from Motion” Method 
 
Different two-dimensional heavy forces shown in Fig. 4 are applied on the centre of the upper platform 
in different directions. The magnitudes of different forces are the same, which are set to one unit, then, 
Equation (1) can be rewritten as 
 
 

11 12 13 14 15 16
1 2 3 4 5 6

21 22 23 24 25 26

[ , , , , , ] [cos ,sin ] 
 

  
 

j j j j j j j j

s s s s s s
z z z z z z

s s s s s s
, (20)

 
where,  j is the angle between X-axis and F , and 1 2 3 4 5 6[ , , , , , ]z j j j j j j jz z z z z z  is the force set of the six 

measuring limbs. 
 
 

 
 

Fig. 4. Schematic diagram of two-axis force calibration of the sensor. 

j
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The output matrix can be denoted as  1 2 3 4 5 6 7 8; ; ; ; ; ; ;Z z z z z z z z z ，each element of which is an output 

vector of the six rods. Singular value decomposition (SVD) is employed to decompose Z , and “motion” 
matrix M and “shape” matrix S are obtained. But they are not the true “motion” and “shape” matrixes. 
The true “motion” and “shape” matrixes are indeterminate by an affine transformation A . Then the 
constraint condition of input vector should be applied to obtain A . The constraint condition is 

2 2cos sin 1  j j . The inverse matrix of A is denoted as 11 121

21 22

A  
  
 

a a

a a
，M is denoted as 

，then we have 
 
 

11 12
1 2

21 22

[cos ,sin ] 
 

    
 

j j j j

a a
m m

a a
, (21)

 
According to the constraint condition, we have 
 
 2 2 2 2

11 12 1 11 21 12 22 21 22( ) ( ) ( ) 1  2 2
j1 j j2 j2m a a +2m m a a a a +m a a = , (22)

 
Taking 2 2

11 12( )a a , 11 21 12 22( )a a a a and 2 2
21 22( )a a as variables, a group of equations can be obtained 

with different j in Equation(22). If the solutions of the equation groups are 1k , 2k and 3k , we have 

 
 2 2

11 12 1

11 21 12 22 2
2 2

21 22 3

  
  
  

a a k

a a a a k

a a k

, (23)

 
There are four parameters but only three independent equations in Equation (23), so matrix A is set to an 
upper triangular matrix. Substituting solutions of Equation (22) to Equation (23), matrix -1A can be 
obtained by calculation as 
 
 

1 0 0132 0

0 0 0132

.

.
A  

  
 

, (24)

 
Substituting -1A  to Equations (9) and (10), calibration matrix C  can be obtained. However, matrix C  
is not the real calibration matrix; it should be rotated and scaled by a pair of precise load 0m  and 

measurement value 0z . The angle of 0m  and 0Cz is denoted as , ( )Rot  is the transformation matrix 

from 0Cz to 0m , then the calibration matrix can be denoted as 

 
 

0
0

0

( )
m

C Rot
Cz

 , (25)

 

where, 
cos sin

( )
sin cos

Rot
 


 

 
   

, precise load  0 30000 0m  , and output vector 

 0 -6625.5 3277.0 3348.5 3348.4 3277.0 -6625.5z  are employed to align the calibration matrix. 
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0

-1.5093 0.7465 0.7628 0.7628 0.7465 -1.5093

4.7864 1.0604 -3.7266 3.7261 -1.0604 -4.7866
C

 
  
 

, (26)

 
Substituting Z and 0C to Equation (3), the calculated input value is shown in Fig. 5. The result agrees 

well with the load input. 
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Fig. 5. The recovered two-axis force. 
 
 

Arbitrary two-axis force  T
12158 21425F  is applied to the finite element modal, the internal force 

of the six measurement rods can be obtained, which is 

 T-2714.5 -2784.4 -2726.0 5440.1 5440.6 -2655.7f  . With f and 0C , the obtained two-axis force 

is  T
12158 21426F  , so the result verifies the correctness of the calibration matrix. 

 
 
5.3. Simulation of Three-axis Heavy Force Sensor Calibration with “Shape from Motion” Method 
 
Three-axis forces shown in Fig. 6 are applied on the centre of the upper platform in different directions. 
If the magnitudes of the three-axis force are set to one unit, then Equation (1) can be rewritten as 
 
  

 

1 2 3 4 5 6

11 12 13 14 15 16

21 22 23 24 25 26

31 32 33 34 35 36

, , , , ,

cos sin ,sin sin ,cos    



 
 
 
  

i i i i i i

i i i i i

z z z z z z

s s s s s s

s s s s s s

s s s s s s

, (27)

 
where,  cos sin ,sin sin ,cos    i i i i i is the motion vector, i is the angle between the X-axis and the 

projection of F on the xOy plane, and  i is the angle between the Z-axis and F . 
2 2 2(cos sin ) (sin sin ) cos 1      i i i i i  is the constraint of motion. 1A  is set to an upper triangular 

matrix which is denoted as following 
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11 12 13

-1
22 23

33

0

0 0

A

 
   
  

a a a

a a

a

, (28)

 
 

 
 

Fig. 6. Schematic diagram of the three-axis force calibration of force sensor. 
 
 

The ith row of M is denoted as 1im , 2im  and 3im , then the constraint equation can be expressed as 

 
 2 2 2 2 2 2 2 2 2

1 11 12 13 2 22 23 3 33

1 2 12 22 13 23 1 3 13 33 2 3 23 33

( ) ( )

2 ( ) 2 2 1

     

   
i i i

i i i i i i

m a a a m a a m a

m m a a a a m m a a m m a a
, (29)

 
We solve for 2 2 2

11 12 13( ) a a a , 2 2
22 23( )a a , 2

33a , 12 22 13 23( )a a a a , 13 33a a and 23 33a a  in Equation (29). 

The calibration matrix C can be obtained by Equation (10) and Equation (2). At last, to align the 
calibration matrix with our desired reference system, a pair of known vectors z and m  is introduced to 
rotate and scale it appropriately, and the oriented calibration matrix 0C can be expressed as 

 
 

0

-1.5093 0.7465 0.7628 0.7628 0.7465 -1.5093

4.7864 1.0604 -3.7266 3.7261 -1.0604 -4.7866

3.9060 3.9060 3.9061 3.9060 3.9060 3.9060

C

 
   
  

, (30)

 
To verify the correctness of the calibration matrix, arbitrary three-axis force 

 T
7786 6243 13279F  is applied on the finite element modal. The measurement of the force set of 

the six rods is  T-1161.5 218.77 245.88 2625.4 2615.4 -1144.4f  . With the measurement f and 

the calibration matrix 0C , the calculated three-axis force is  T
7786 6243 13279F  , which is in 

accordance with the applied three-axis force, as shown in Fig. 7. 
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Fig. 7. The recovered three-axis force. 
 
 
5.4. Simulation of Six-axis Heavy Force Sensor Calibration with “Shape from Motion” Method 
 
Simulation of calibration to the finite element model of the six-axis heavy force sensor is shown in  
Fig. 8. The spacial force arm r is mpc184 element. The projection of r  on X-axis, Y-axis and Z-axis 
are xr , yr and zr . If a three-axis force   x y zf f f  is applied on the arm, three-axis moment 

    x y z can be obtained, and then the six-axis force can be expressed as 

 
 1 0 0 0

0 1 0 0

0 0 1 0

  
 
         
  

z y

x y z x y z x y z z x

y x

r r

f f f f f f r r

r r

, (31)

 
Equation (31) is the same as Equation (18), which shows that “Shape from motion” calibration method is 
feasible for the calibration of the six-axis heavy force sensor. 
 

 
 

Fig. 8. The six-axis force calibration of the sensor. 
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Equation (31) shows that the relationship between three-axis force and moment is linear. Then the rank 
of “Shape” matrix is 3. Then the “Shape from motion” calibration procedure of the six-axis force sensor 
follows a similar development as the three-axis force sensor procedure. Six-axis force is denoted as 
M =     x y z x y zf f f , and the three-axis force applied on the force arm is denoted as 

M =   x y zf f f , then 

 
 

, 

(32)

 
where, S is the “shape” matrix of M and S is the “shape” matrix of M . The relationship between S  
and S can be expressed as 
 
 

 (33)
 
M and S can be obtained according to the calibration method of three-axis force. Three force arms are 
selected, then three “shape” matrixes 1S , 2S and 3S are obtained. According to Equation (33), we have 
 
 

 

(34)

 
Then S can be obtained via Equation (34). According to the procedure above, the calibration matrix 
 
 

0

-1.5389 4.9144 -3.3750 -3.3754 4.9144 -1.5395

4.7864 1.0604 -3.7266 3.7261 -1.0604 -4.7866

3.9065 3.9065 3.9044 3.9057 3.9056 3.9045

0.4777 0.2364 -0.2415 0.2413 -0.2362 -0.4777

0.0029 -0.4152 0.4123 0.4122 -0.4151 0.0031

0.07

C 

97 -0.0796 0.0796 -0.0795 0.0795  -0.0797

 
 
 
 
 
 
 
 
 

, (35)

 
To verify the correctness of the calibration matrix, six-axis force 

 T10000 5000 8000 300 500 800F   is applied on the finite element model of the six-axis heavy 

force sensor. Measurement of the force set of the six rods 

is  T-1091.7 -274.62 3509.2 1128.3 3632.1 -4855.3z  .With z and 0C , the calculated six-axis force 

is  T10003 4999 7999 300 500 800F  , which agrees well with the applied six-axis force. 

 
 

6. Experiment of Multi-axis Heavy Force Sensor Calibration on Machine 
 
Two-axis force calibration on machine can be conducted on the calibration equipment, which is shown 
in Fig. 9. A six-axis heavy force sensor with 30kN sensing range is mounted on the calibration 
equipment, and 30 kN force is applied to eight sides of the sensor respectively. A 8 6 measurement 
matrix is obtained. The matrix is decomposed with “Shape from motion” method, and the calibration 
matrix is obtained. 
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Fig. 9. Calibration of the two-axis heavy force sensor with “Shape from motion” method. 
 
 
Two-axis forces are applied on the sensor, and the measurement values of six rods are substituted into 
calibration equations from the “Shape from motion” method and the least-square method respectively. 
The measurement results are shown in Table 1. Results show that the “Shape from motion” method can 
be applied to calibration of multi-axis heavy force sensor on machine, and the measurement results are 
close with the least-square method. 
 
 

Table 1. Result comparison of two calibration methods. 
 

“Shape From Motion” method The least-square method 
Applied force (N) 

Measurements (N) Error (%) Measurements (N) Error (%) 
Fx=4000 4072 1.8 4044 1.1 
Fy=6000 5920 1.3 5904 1.6 

 
 
5. Conclusions 
 
Combining the “Shape from motion” calibration method and the working conditions of the manipulator, 
a calibration method on machine is presented. To analyze the feasibility of the method for calibration of 
six-axis heavy force sensor, a finite element model of the six-axis heavy force sensor is established. 
Calibration simulations for two-axis, three-axis and six-axis forces are conducted, and the simulation 
results demonstrate that the correct calibration matrix can be obtained by the “Shape from motion” 
method. The two-axis force calibration experiment on machine is conducted on the six-axis heavy force 
calibration equipment. And the measurement results are close with the least-square method. The 
feasibility and validity of the calibration method are verified. 
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Abstract: A new approach for humidity sensing is reported. The sensor is based on ordered 
nanoporous titanium dioxide (TiO2) thin film over silver palladium coated nonporous alumina 
substrate. Porous TiO2 thin films were prepared by emulsification-gelation technology using 
hydrolysis and reflux process. Coating optimization was achieved and hydrophilicity of the TiO2 thin 
film was determined. SEM results revealed that pores were distributed uniformly throughout the 
sample, which enhanced the adsorption of water molecule over the film. Raman study clearly 
confirmed the anatase and rutile phase of TiO2 thin film. Electrical sensing response was calculated 
using impedance measurement. It was found that at an optimized coating thickness the sensitivity of 
our humidity sensor was suitable for commercial applications. Copyright © 2012 IFSA. 
 
Keywords: Humidity sensor, TiO2, Thin films, Sol-Gel, Raman spectroscopy. 
 
 
 
1. Introduction 
 
Thin film technology is found to be in many applications including microelectronics, optics, magnetic, 
hard and corrosion resistant coating, micro-mechanics etc [1-7]. Progress in each of these areas 
depends upon the ability to selectivity and controllability on deposited thin film thickness ranging from 
tens of angstroms to micro meter with specified physical properties. This, in turn, requires control 
often at the atomic level of film microstructure and microchemistry. There are a vast number of 
deposition methods available and in use today [8-10]. Titanium dioxide(TiO2) is being used in a great 
variety of applications. It has been investigated for humidity and gas-sensing behavior. It has three 
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different crystallographic forms: brookite, anatase and rutile. Anatase is metastable and converted 
irreversibly into rutile at high temperature. Its preparation is fundamental to obtain properties suitable 
for gas-sensing applications such as: structural stability, porosity and high surface-to-volume ratio in 
order to emphasize surface effects. The sensing properties of TiO2 films are based on surface 
interactions of reducing or oxidizing species, which affect the conductivity of the films. TiO2 films 
have been made by a variety of techniques such as e-beam evaporation, magnetron sputtering 
technique, anodization, chemical vapour deposition (CVD) and sol-gel technique. Among the different 
methods for the preparation of thin TiO2 film, sol-gel method has many advantages, particularly the 
possibility of producing large surface. The films are generally deposited by dip-coating, but may also 
be deposited using spin coating, the sol-gel processes are particularly efficient in producing thin, 
transparent layers on various substrate. Numerous literature reports on the fabrication of TiO2 thin 
films by sol-gel dip coating technique using many types of titanium alkoxides as precursors. In this 
work, we report the fabrication of TiO2 nanostructured films from sol–gel technique and their 
application as humidity sensors. The impedance spectroscopy technique was used in order to evaluate 
the electrical behavior of the samples under different atmospheres and temperatures. 
 
 
2. Experimental 
 
2.1. Development of Porous Titania Sensor 
 
For making capacitive type humidity sensor, films are developed on a silver palladium coated α-
Alumina Substrate of size (20 mm  20 mm  1 mm). Second electrode is formed on film coated 
substrates. It is then finally fired at 900 oC for curing the electrodes (Fig-1). The film on the silver 
palladium surface is used as transducing layer for sensing the ambient trace moisture. The effective 
dielectric of the porous layer undergoes a large change when water vapour diffuses to the inner regions 
of the pore structure and absorbs on the porous layer. The capacitive sensor developed in this work 
consists of a non porous substrate coated with silver palladium on which the thin films are deposited of 
thickness 120-150 nm. It is covered by another porous electrode of silver palladium. Contacts are 
taken from the two parallel silver palladium electrodes. The water vapour is free to diffuse through the 
porous electrodes to the porous titania film shows increase in capacitance. 
 
 

       
 

Fig. 1. TiO2 humidity sensors. 
 
 

2.2. Preparation of TiO2 Thin Film 
 
Fig. 2 shows the flow chart of the preparation of TiO2

 
thin film using sol-gel method. TiO2

 
was 

synthesized with titanium (IV) isopropoxide(TIP) as its precursor. TiO2
 
sol was prepared by adding 

appropriate amount of isopropanol to a 50 ml beaker containing 3.6 ml of TIP. This mixture was 
stirred vigorously for 10 min using a magnetic stirrer. Subsequently, 1N HCl was added after adding 
DI water(Millipore, USA) and the mixture was rigorously stirred for 2 hr with the flask sealed with 
Parafilm to avoid any loss of isopropanol and/or water by evaporation during mixing . This mixture 
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has a molar ratio of TIP: isopropanol: H
2
O: HCl of 1:27:5:20. The hydrolysis and the 

polycondensation of titanium alkoxides proceed according to the following scheme, 
 

Ti(OR)4 + H2O            Ti(OR)3(OH) +ROH 
 

Ti(OR)4 + Ti(OR)3(OH)           Ti2O(OR)6 +ROH 
 

Ti(OR)4 +2H2O            TiO2 +4ROH 
 
A TiO2 film was formed on the silver palladium coated alumina substrate by dipping it into the 
solution and pulling it up at a constant rate by a dip coater machine. This process is optimal for 
producing highly uniform coatings, by simple control of the thickness through control of the speed of 
withdrawal from the coating solution. The dip coated alumina substrate along with first electrode was 
therefore left to dry at ambient temperature followed by heating at 60 oC. The dried films were further 
heated in a muffle furnace to 450 oC at a heating rate of 100 oC/hr and maintained at this temperature 
for 1 hour. Then, the films were cooled down to room temperature at similar cooling rate. 
 
 

 
 

Fig. 2. Flow chart for the preparation of TiO2 thin films. 
 
 
2.3. Coating Optimization 
 
The repeated direct sol-gel coating tends to crack due to the presence of large strain upon heat 
treatment and densification. So optimization in coating process is an essential factor for developing a 
rigid, uniform and crack free thin films. We have made two samples with different number of coating 
for optimization. 
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3. Results and Discussion 
 
3.1. Morphologies of Coatings 
 
The morphologies of TiO2 thin film coatings are shown in Fig. 3. It can be seen from Fig. 3 ((i), (ii)) 
that the sample (a), which has four times coatings has uniformity and no obvious cracks appear. It 
showed the successful preparation of porous TiO2 thin films with uniform and interconnected pore 
distribution throughout the entire sample. From Fig. 3 ((iii), (iv)) shows the sample which have five 
times coatings, and it was observed that the films was dense and smooth surface but full of cracks exist 
in the coating. These results reveal that for making uniform and crack free thin film of TiO2, times of 
coating should not exceed more than four, and this is confirmed by repeating the said experiment 
several times. 
 
 

 
 

Fig. 3. SEM images of TiO2 thin film annealed at 900 0C  
of sample (a) ((i), (ii)), and sample(b) ((iii), (iv)). 

 
 
3.2. The Analysis of Contact Angle 
 
Contact angle measurements (Fig. 4) were carried out to detect the surface nature of the TiO2 thin 
films which in turn showed the affinity towards the selective target. In measurement, a water droplet is 
placed on the surface and adjusts its objective for the horizontal direction to make eyepiece cross 
thread parallel to substrate surface. Table 1 shows that the water contact angles decreased with the 
number of TiO2 coating of film (Fig. 5). The reason was that in corporation of TiO2 thin film on siver-
palladium coated alumina substrate decreased the roughness of the surface and increased the surface 
free energy.  
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(a) 75o 
 

(b) 60o 
 

(c) 50o 
 

   
 

(d) 45o 
 

(e) 40o 
 

(f) 35o 
 

Fig. 4.Variation of contact angle with different surface (a) alumina substrate, (b) silver 
Palladium coated alumina substrate, (c)first coating of TiO2, (d)second coating of 

TiO2, (e)third coating of TiO2, and (f)fourth coating of TiO2. 
 
 

Table 1. Coating thickness dependent contact angle study. 
 

 Surface No. of Coating Contact Angle(θ) 
(a) Alumina Substrate Nil 75o 

(b) 
Alumina Substrate + 
Silver Palladium 
(1st Electrode) 

Nil 60o 

(c) 
Alumina Substrate + 
Silver Palladium 
(1st Electrode) 

One 50o 

(d) 
Alumina Substrate + 
Silver Palladium 
(1st Electrode) 

Two 45o 

(e) 
Alumina Substrate + 
Silver Palladium 
(1st Electrode) 

Three 40o 

(f) 
Alumina Substrate + 
Silver Palladium 
(1st Electrode) 

Four 35o 

 
 

 
 

Fig. 5.Variation of contact angle with no. of coatings. 
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3.3. Raman Spectra of TiO2 Thin Film 
 
Among the various techniques to characterize TiO2, Raman spectroscopy has certain unique 
advantages, as it is very sensitive to nanocrystallinity of anatase and rutile TiO2. 
 
The Raman spectrum between 100 and 1000 cm-1 of TiO2 is shown in Fig. 6. As it can be seen, a well-
defined Raman peak is located at 141.57 cm-1 which clearly corresponds to anatase phase. The 
spectrum of TiO2 rutile, prepared from a xerogel and calcined at high temperatures, showed two main 
peaks at 446.04 and 609.41 cm-1. It is observed that both the phases coexist even after the annealing 
process. 
 
 

 
 

Fig. 6. Raman spectra of TiO2 thin film. 
 
 
3.4. Sensing 
 
The sensor was characterized in a controlled chamber with temperature maintained at 30 0C. The ppm 
vs. moisture inside the chamber was varied from 20 RH%-90 RH% in a controlled manner with the 
help of needle valve which controls the moisture level. The corresponding change in capacitance was 
measured by Keithley 4200 model. For calibration, commercial moisture sensor (SHAW, UK) was 
used in parallel with the controlled chamber. 
 
Fig. 7 showed that the capacitance of the sample increases almost linearly with relative humidity. This 
is due to the absorption property of the dielectric film whose ionic conductivity increases due to the 
water content in the pores of the film. Once the pores are being filled with water content, the dielectric 
property will be predominant over the conductivity of water [11]. 
 
 
4. Conclusions 
 
In this work TiO2 based humidity sensor was fabricated. Thin film TiO2 humidity sensor was 
fabricated using dip coating technique. The sample showed a good variation in its capacitance with 
variation in the relative humidity which can be translated into voltage or current as desired. 
Hydrophilic surface was created by measuring contact angle after each coating that increase the 
surface energy. A sophisticated electronic system was developed using these films as sensing element, 
which could successfully detect low level RH% of moisture at room temperature. 
 



Sensors & Transducers Journal, Vol. 142, Issue 7, July 2012, pp. 143-149 

 149

10 20 30 40 50 60 70 80 90 100

910

920

930

940

950

960

970

980

990

C
p

ac
it

an
ce

 (
p

F
)

Relative Humidity (RH%)  
 

Fig. 7. Variation of capacitance with relative humidity. 
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