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Editorial 
 
 

Dear Readers ! 
 
It is my great pleasure to introduce the first print issue of Sensors & 
Transducers journal. The journal is publishing since 2000 in electronic 
format and now it has became very popular periodical research journal 
among other sensor related publications.  
 
In 2013 we are going to publish twelve regular issues and some special 
issues with extended papers from different sensors, MEMS and 
measurements related conferences. In this year we are also going to start 
publication of thematic issues.  

 
This issue, that you hold in your hands, is a special issue, which contains twenty selected and 
extended papers from The 3rd International Conference on Sensor Device Technologies and 
Applications (SENSORDEVICES' 2012) and The 6th International Conference on Sensor Technologies 
and Applications (SENSORCOMM' 2013), which taken place on 19-24 August, 2012  in Rome, Italy 
under the NetWare 2012 conference umbrella organized by the  International Academy, Research and 
Industry Association (IARIA).  
 
There were 703 submitted papers for all NetWare conferences, 232 from which were accepted after 
review. After the conference, 25 papers have been selected by our editorial board to be extended for 
journal's publications. Finally, we have included 20 articles in this special issue. Many of them where 
selected as the "Best Papers" based on the reviews of the original submission, the camera-ready 
version, and the presentation during the SENSORDEVICES' 2012 and SENSORCOMM' 2012 
conferences. 
 
I hope you will enjoy this special issue. 
 
With best wishes, 
 
 
 

 
 
 
Sergey Y. Yurish 
Editor-in-Chief 
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10 Top Reasons to Include SENSORDEVICES 
Conference in your Calendar of Events  

 
Sergey Y. Yurish 

IFSA President, Ramon Otero, 42C, 1-5, Castelldefels, Barcelona, 08860, Spain 
Tel.: + 34 93 6366866, SYurish@sensorsportal.com 

 
 

In the last few years many changes have taken 
place in the area of sensors and transducers; a large 
World expansion of industrial activities has been seen 
with increasing demands for technologist and 
designers in fast growing application areas like 
communications, automotive, multimedia and 
consumer products, with companies fighting to keep 
and increase their world share. 

During my 27 years research career I have visited 
more than 70 conferences, workshops and 
symposiums in more than 20 countries. There are 
some very popular and prestigious sensors related 
conferences in the world. Launched four years ago 
the international,  annual SENSORDEVICES 
conference organized by the International Academy, 
Research and Industry Association (IARIA) in the 
frame of NetWare conference umbrella [1-3], has 
taken a prominent place among them and quickly 
earned a well-deserved popularity to be now well 
established as one of the major sensors events. The 
conference reflects dynamic development of the 
sensor industry from technological and application 
points of view to be attractive for researchers, 
developers, vendors and users. In this article, I would 
like to highlight some excellent features of the 
SENSORDEVICES and SENSORCOMM 
conferences. 

 
1) Interdisciplinarity. In addition to the 

SENSORDEVICES conference some other sensors 
and communications related conferences take place 
under the same umbrella in the same place and time: 
first of all it is International Conference on Sensor 
Technologies and Applications (SENSORCOMM), 
International Conference on Advances in Circuits, 
Electronics and Micro-electronics (CENICS), 
International Conference on Quantum, Nano and 
Micro Technologies (ICQNM) and International 
Workshop on Sensor Networks for Supply Chain 

Management (WSNSCM). One registration fee lets to 
visit all of them and get all conferences proceedings. 

 
2) Work in Progress and Research Ideas 

Tracks.  This is a unique feature of all IARIA's 
conferences. Work in Progress submissions are 
targeting proposed doctoral thesis, where no final 
results and final data are presented, but new ideas are 
sketched. Any other, non-doctoral proposal, yet 
potential new idea, is also welcome. Submissions in 
this category are evaluated and accepted following 
the same procedures used for the regular papers, with 
the distinction that the reported results might not be 
final, up-front impressive, or showing advancing the 
state-of-the-art. However, a submission must be a 
witness of potential novel and promising results. 

Research Ideas track is another unique feature of 
IARIA's conferences. This category is dedicated to 
new ideas in their early stage. Contributions might 
refer to PhD dissertation, testing new approaches, 
provocative and innovative ideas, out-of-the-box, and 
out-of-the-book thinking, etc. The contributions for 
Ideas will be presented in special sessions, where 
more debate is intended. 

Both tracks are very suitable for early stage PhD 
students as well as for short (up to two years) 
different joint European research projects for results 
dissemination. So, new track titled 'Sensors and 
Transducers for Non-Destructive Testing' will be 
started in 2013 in order to be used in conjunction 
with appropriate projects' meetings. 

 
3) Oral or Poster Presentation ? Both ! 

Normally, all presentations for IARIA's conferences 
are scheduled as oral presentations. In addition, if 
authors want, they can present also a poster for the 
same paper. It is an excellent opportunity to get much 
more feedback in comparison with other conferences, 
where presentation is limited only by oral or poster 
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form, which is determined not by authors but an 
organizing committee only. 

 

 
 

Fig. 1. NetWare 2012 conference session. 
 
4) Three Publications during One Year: Paper, 

Article and Book Chapter.  Is it really possible ? 
Yes, it is. Due to quick post conference  publications 
in IARIA journals and Sensors & Transducers 
journal (ISSN 1726-5479) [4], selected and extended 
conferences papers can be published as journal 
articles. In addition, if a paper or article contains 
state-of-the-art review, it can be recommended for 
publication as a book chapter (after appropriate 
extension) in Advances in Sensors: Reviews book 
Series, published by IFSA Publishing [5]. It is one 
more great opportunity for researchers who 
participate in short-term research projects. 

 
5) Attendees from Academia and Industry.  

The close interaction of the different communities, 
i.e. academia, industry and vendors is essential 
advantage of IARIA's conferences. It is a reason, why 
every presentation on SENSORDEVICES conference 
generates in twice more questions and debates in 
comparison with other sensors related conferences. 

Another reason is a very careful and high quality 
cross review process. So, there were 703 submitted 
papers for all NetWare conferences in 2012, 232 
from which were accepted after review. 

 
6) Tutorials, Keynote Presentations and Panel 

Discussions. The tutorial programme is an important 
element in SENSORDEVICES event bringing as it 
does the key speakers in those topic areas that are of 
great current interest. Every NetWare conferences 
umbrella includes some tutorials, keynote 
presentations and panel discussions given and 
moderated by world, internationally renowned 
experts in the field: leading researchers and big 
companies industrial representatives. All this, 
including tutorials are free of charge for conferences 
participants. 

 
7) Excellent Location and Time. All IARIA's 

conferences are organized in excellent places in the 
World: in "must see" big cities as Rome, Barcelona, 
Venice, Lisbon, Porto; beautiful islands such as 
Reunion in Indian Ocean or St. Maarten in Caribbean 
sea; or alpine ski resort Chamonix / Mont Blanc, 
(France). It was a great pleasure for me to swim in 

Caribbean sea in January 2011 at +28 0C, when the 
temperature in Paris was -6 0C ! 

Please do not miss the coming 4th International 
Conference on Sensor Device Technologies and 
Applications (SENSORDEVICES' 2013) conference 
that will take place in Barcelona (Spain) at 25-31 
August 2013 [2]. Barcelona - a charming, old, 
tourists attractive Mediterranean  city with long 
cultural traditions, surrounded by a vacation area 
with clear sandy beaches, warm sea water and 
numerous summer resorts - is the ideal backdrop for 
successful conference. 

Bringing SENSORDEVICES conference to 
Barcelona (Spain) is also reflecting another trend, 
namely the fact that high tech is finally finding its 
way into an area formerly associated with agriculture 
and tourism. Domestic and international companies 
are establishing their presence in and around 
Barcelona, many of them in high technological 
related fields. This befits Barcelona to stage major 
conferences in sensors related areas. 

Starting on Sunday with some pre-conference 
tutorials and finishing on Friday by a conference tour, 
it gives to conference attendees an excellent 
opportunity to use a cheapest weekend tariff for air 
flights tickets. 

 
8) Social Program and Conference Tour. It is 

not a secret that a lot for fruitful collaborations 
started during conferences' receptions and gala 
dinners. And I do not understand conference 
organizers, who ignore this important conference 
tradition, or make it very formal: 19:00 start, 21:00 
finish. Fortunately, IARIA's conference's gala dinner 
is quite differ, and as usually includes an interesting 
show program. A visit to Barcelona cannot be 
completed without an evening social event, and 
NetWare' 2013 will be no exception. 

A lot of attendees have a long trip to visit a 
conference location. Some of them must cross oceans 
by air. So, the NetWare conference umbrella in 2012 
has been visited by 261 attendees from 59 counties. It 
is naturally, to propose them a conference sightseeing 
tour, because of they have not any guarantee to visit 
these places again. But, there are well know sensors 
related conferences with 'zero' activity for such 
service. In contradict to them, IARIA's conferences 
organizers beside an interesting technical programme 
organize attractive event - a special conference 
sightseeing tour during the last day to offer the 
opportunity for informal talks in a relaxed 
atmosphere. Please see appropriate conferences 
videos (NetWare 2010, 2011, 2012 and GlobeNet' 
2011) online at IFSA Internet-based Television 
Network [6]. 

 
9) Awards and IARIA Fellowship. It is not 

necessary to write any more how different paper 
awards and prestigious fellowships are important for 
every researcher's career development. The best 
papers are selected during each of conference 
sessions at IARIA's conferences. As usually, the 
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same papers are selected later by Editorial Board for 
publication as articles in Sensors & Transducers 
journal by independent way. It means very good 
concordance between two independent selection 
processes.  

The IARIA fellowship is given in recognition for: 
 Outstanding scientific research results endorsed 

by international peers; 
 Exceptional scientific contribution to the IARIA 

events; 
 Continuous leadership roles in IARIA 

conferences. 
The IARIA fellowship program is a reward for 
exceptional volunteers and implies a continuous and 
sustainable support. The IARIA Board expects that 
IARIA Fellows continue to be examples of scientific 
honesty towards the international community. It is 
also assumed that the IARIA Fellows manifest an 
increased level of voluntarism for IARIA events, the 
only way IARIA Fellowship has a sense and 
recognition. 

 
10) Friendly and Professional Staff. Coming to 

any of IARIA's conference first of all you will meet 
the same, very professional and friendly staff. At the 
first time I have met a few of Board Members on the 
3rd International Conference on Advances in Circuits, 
Electronics and Micro-electronics (CENICS) in 2009 
on Malta. They have asked me what I think if to 
organize a sensors related conference devoted to 
sensor devices (hardware) aspects ? I immediately 
agreed with this great idea, and the 1st International 
Conference on Sensor Device Technologies and 
Applications (SENSORDEVICES' 2010) has taken 
place in Venice (Italy) in 2010. 

Finally, big thank you to all who have made the 

conference programme a success. This is a team 
effort with people who have willingly given their 
time and energy: the Board, the Organizing 
Committee, the Chairs, the Technical Program 
Committee members who reviewed numerous papers, 
and last but by no means least,  the Conference 
Secretariat and Logistics, who have had to deal with 
many important duties during these events. 

All described above is a big reason, why I mark 
() the coming  SENSORDEVICES' 2013 and 
SENSORCOMM' 2013 conferences as the 'must be 
visited' events No.1. And  I truly believe that you will 
also enjoy this event ! Please do not miss the deadline 
for papers: 30 March 2013. See you in Barcelona ! 
 
 
Web Links 
 
[1]. International Academy, Research and Industry 

Association (IARIA) web site: http://www.iaria.org/ 
[2].The 4th International Conference on Sensor Device 

Technologies and Applications (SENSORDEVICES' 
2013), 25-31 August 2013: 
http://www.iaria.org/conferences.html 

[3]. The 7th International Conference on Sensor 
Technologies and Applications (SENSORCOMM' 
2013), 25-31 August 2013: 
http://www.iaria.org/conferences.htm 

[4]. Sensors & Transducers journal (ISSN 1726-5479), 
www.sensorsportal.com/HTML/DIGEST/Submission.h
tm 

[5]. Modern Sensors, Transducers and Sensor Networks 
(Book Series: Advances in Sensors: Reviews), Vol. 1, 
ed, by Yurish S. Y., IFSA Publishing, 2012): 
www.sensorsportal.com/HTML/IFSA_Publishing.htm 

[6]. IFSA Internet-based Television Network (IFSA web 
site): http://www.sensorsportal.com/VIDEO/index.htm 
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Abstract: In this paper, basing on the results of previous studies, we present an information processing 
architecture that aims to lessen the distance between sensors and applications in as much humanly unsupervised 
way as possible. With the impressive growth of todays computational and miniaturization technologies, it is 
likely that the distance between sensors and applications could be covered by one single device or system only. 
Practically, it happens that experts such as system integrators or engineers are often needed to fill in the gap. 
The proposed computational model uses the notion of ‘holon’, a concept that is well suited for multi-level 
information processing, from the raw data level up to the knowledge-oriented information level. For test 
purposes, a data analysis platform called H-GIS that grounds on the current proposal has been employed and a 
case study has been commented. Copyright © 2013 IFSA. 
 
Keywords: Information processing, Smart sensors, Intelligent sensors, Holons, Applications. 
 

 
 
1. Introduction 
 

Traditionally, sensors have been used by 
practitioners and engineers as transducers of physical 
quantities into instrumental signals mainly for 
measurement purposes. 

Nowadays, in the era of information technologies, 
sensors are becoming ubiquitous and are no more 
used by experts only. Most of us even ignore to bring 
a bunch of sensors (accelerometers, gyroscopes, 
gravitometers, etc.) always with them, embedded in 
their smartphones. Certainly, since the target users 
have changed, also the original idea of sensor as 
simple physical transducer has to be rethought in 
favor of an up-to-date perspective.  

Modern sensors can be smart observers of the 

reality they are immersed in and, in the longer run, it 
is not so hard to think they will behave so 
intelligently to be proactive, understanding the 
context where they are actually being used and thus 
providing only the relevant information to the user 
(for example that a gas leakage has been detected and 
it is better to move to a safe destination). 

Our credence is that for this scenario to become 
real sensors have to evolve in terms of ‘process 
observers’: i.e., they should be able to manifest a 
higher interface to the application level of the hosting 
system by providing a measure of the situation they 
are sensing more than a raw value.  

In this paper, we present an information 
processing architecture that aims to lessen the 
distance between sensors and applications. This 
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attempt is made possible thanks to a number of 
previous studies and is further supported by a 
recently developed data analysis platform that 
grounds on the proposal reported here. 

The remainder of the paper is as follows: Section 
II discusses the current technological solutions 
employed to bridge the sensors/applications gap and 
a prospective view is also provided; Section III 
reports on research outcomes that can be applied 
through the information processing chain; Section IV 
enlightens the current proposal; Section V comments 
the case study of air quality monitoring performed 
with heterogeneous low-cost data sources; Section VI 
draws conclusions. 

 
 

2. Problem Overview 
 
It is a matter of fact [1] that there is a language 

gap between practitioners working with 
measurements and experts in Artificial Intelligence 
(AI). This is reasonable since, at a first impression, 
they account for very different domains. However, 
such domains are strictly linked in real-world 
situations.  

To make an example, let us consider SCADA 
systems. They heavily rely on sensors but they also 
need a certain amount of human intelligence for data 
output to be properly used (e.g., for supervisory 
control purposes).  

Under this view, the information processing chain 
from sensors to applications begins with raw data 
acquisition and finishes with a human action: thus, 
the aspects of measurements and intelligence become 
the endpoints. In this paper, the aim is shrinking this 
chain.  

As a result, a new generation of scalable systems 
architectures has to be developed to traverse the 
entire information processing chain from end to end; 
in the sequel, the focus is on what is there in between. 
 
 
2.1. The Information Processing Chain  

from Sensors to Applications 
 

At the very core of any sensor, there is a 
transduction action permitting the transformation of 
measurands into analogue output. This is what 
exactly a traditional sensor does. 

The next stage is to convert the analogue signal 
through an ADC into byte streams to interface the 
sensor with the digital world and make measurement 
signals available for higher-level processing [2].  

At this stage of the chain, IEEE has played a 
pivotal role by promoting a sensors standardization 
process through the IEEE-1451 family of transducer 
interface standards [3]. In particular, the IEEE-1451 
has mainly addressed the engineering aspect of 
connection transparency. The purpose is to aid 
transducer manufacturers in developing smart devices 

that can be interfaced to networks, systems, and 
instruments in a plug-and-play fashion. 

Smart sensors standardization attempts to bridge 
the gap between measurements and information 
processing since these types of sensors are conceived 
on purpose as hardware/software transducers for 
bringing the measured physical signal to an 
application target level. 

However, smart sensors do not offer support to 
high-level information processing requirements such 
as, for example, the possibility to host self-correction 
on board, performing data integration and fusion, 
managing local alarms to reduce the network and the 
host load.  In other words, until the smart sensor 
embedded logic remains fixed, it is not customizable 
to the requirements of any specific application 
context. 

In response to these limitations, a new family of 
intelligent sensors capable to deal with the increasing 
complexity of modern applications is required. 

As of the latest couple of years, a new class of 
devices referred to as ‘intelligent sensor hubs’ is 
attracting the focus of the market and the academia. 
These can be viewed as sensor platforms endowed 
with a microcontroller unit that pre-process and 
aggregate external sensor data. An example of this 
new sensor generation is the MMA9550L motion 
sensing platform from the Freescale company, 
housing a 14-bit 3-axis accelerometer together with a 
32-bit CPU, I2C, SPI and other GPIOs. The low-
power and small size enable applications in mobile 
phones, portables devices and also medical and 
industrial applications. 

 However, the bare availability of a 
microprocessor does not suffice to provide an 
intelligent framework alone. Sensory data, in fact, 
have to be processed in accordance to an 
interpretation model (ontology) shared with the 
potential end-users of the information processing 
task. 

Typical limitations related to application-level 
tasks such as (to cite a few) effective customization, 
data fusion and self-calibration require to employ 
some kind of ‘software intelligence’ currently not 
addressed by the available standards. 

 
 

2.2. The Information Processing Chain  
as will be 

 
It seems that nowadays there is a “gray zone” 

where hardware-oriented and knowledge-oriented 
approaches are mixing up to fit the requirements of 
complex real-world applications. 

As a proof to this assumption, it suffices 
observing that in the last couple of years there has 
been a growing debate on the adequacy of the term 
“smart sensor” to functionalities typical of intelligent 
information processing [4]. The debate is a cue to our 
confidence that the concept of sensor is broadening in 
the direction of AI [5] and  intelligent agents 
technologies [6]. 
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Moving towards software-oriented approaches, 
the conundrum is the availability of a standardized 
sensory data interpretation model having the same 
efficacy as smart sensor standards have for hardware-
oriented issues. 

As of 2012, the Semantic Sensor Network (SSN) 
ontology addressed by W3C answers the need for a 
domain-independent and end-to-end model for 
sensing applications by merging sensor-focused, 
observation-focused and system-focused views [7]. 
These standards support the development of services-
based architectures, but do not provide semantic 
interoperability, which is generally left to ad-hoc 
engineering solutions. These heavily depends on the 
state-of-the-art of technology and research and, 
ultimately, on application designers' and developers' 
skills.  

When dealing with information processing at the 
semantic level, one major problem is semantic 
ambiguity because there can be multiple ontologies 
available; furthermore, a reference knowledge [8] 
crafted by domain experts may not be always at hand. 
Unfortunately, semantic disambiguation is considered 
to be one of the most relevant and difficult problems 
in AI [9] with entailments also in the sensor research 
field [10, 11]. 

In the hopefully foreseeable view, a new 
generation of technological solutions will endow 
sensor embedded logic with semantic interoperability 
and scalability. Fig. 1 displays the predicted 
technological trend. 
 
 

HW-oriented 
technologies 

[PAST] 

Knowledge-oriented 
technologies 
[FUTURE] 

WE ARE HERE 

traditional 
sensors 

smart 
sensors 

intelligent 
processing 

semantic
scalability

 
 

Fig. 1. The evolution path of sensor technologies  
as envisioned in this paper. 

 
 
3. Related Work 
 

Research in AI is not new to the previously 
presented sensors/applications information 
processing chain.  

For example, as shown by early works on sensor-
equipped mobile robots in 80s [12], the problem of 
organizing and traversing different granularity levels 
according to both enrichment or abstraction criteria is 
a central issue from the system engineer’s point of 
view. 

In more recent years, the aspect of knowledge 
granularity has been intensively studied in the 
framework of granular computing (GrC) [13]. 

According to Bargiela and Pedrycz [14], GrC as 

opposed to numeric computing (which is data-
oriented), is knowledge-oriented and accounts for a 
new way of dealing with information processing in a 
unified way. 

Since knowledge is basically made of information 
granules, information granulation operates on the 
granule scale thus defining a sort of ‘pyramid of 
information processing’ where low levels account for 
ground data and higher levels for symbolic 
abstraction. 

Even A/D or D/A conversions can be revisited 
and generalized in the framework of GrC. In fact, 
after the A/D conversion process, digitalized 
measurement values become containers of 
information granules that need to be given sense by 
means of some computational task.  

 
 

3.1. Agent-based Approaches 
 
As previously seen, another central aspect of 

sensors technology in view of effective applications 
is the interface with the hosting system. It is worth 
saying that the aspect of communication is a major 
issue also in the AI field. 

Knowledge-oriented communication protocols 
and architectures have been extensively studied in the 
field of multi-agent systems (MAS) [15, 16] and 
human-machine interaction (HMI) [17, 18].  

Since late ‘90s, MAS have blossomed a countless 
variety of engineering applications, ranging from 
comparatively small systems for personal assistance 
to open, complex, mission-critical systems for 
industrial applications [19-21].  

Although MAS have been largely proven to be a 
relevant methodology in distributed intelligence 
systems modelling, a number of challenges arise in 
their design and implementation [22]. The most 
important are: problem decomposition, 
communication, global coordination, technology 
issues, decision-making.  

To deal with these problems, in [23] a MAS-
based multi-layer communication architecture was 
introduced. The rationale was that, by using an 
adequate ontological approach [24], it is possible to 
define a system having the ability to both perform 
knowledge extraction and provide information to 
unskilled users. Communication flow starts at the 
top-level, in consequence of the user query 
submission, and propagates down the hierarchy 
toward database level, where data are structured, 
confronted and used to make predictions. Then, 
information flow is pulled back to the high level of 
the hierarchy to provide a suitable response to the 
user. 

Despite its effectiveness, the architecture 
dependence on the application-specific ontology 
remains troublesome. Changes occurring either in the 
problem semantics or in the granularity level 
description have a significant impact on the overall 
system re-engineering process. In other words, this 
architecture is “flat” with respect to the problem 
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description: in case ontology was granulated in a 
different manner, this would require rewriting some 
or every single agent of the architecture. At this 
stage, the concept of 'holon', introduced by Arthur 
Koestler in late 60s [25], comes into play. 

 
 

3.2. Holons 
 
Holons and holonic systems can be considered as 

a recent evolution of agents and MAS. In particular, 
holon is a recursive agent [26] with peculiar 
computational aspects such as self-modularity and 
self-organization.  

Since the offspring, several holon-based systems 
have been presented in the literature, especially in the 
last decade [27-31]. However, the impact of the 
holon paradigm in the scientific literature goes 
beyond application and regards a radical paradigm 
shift [32] in complex systems modeling. 

In 1998, Thompson and Hughes [33] introduce a 
theoretical model to describe (human and computer) 
activities within a given organization. The work was 
led by the aim of finding an improved solution to the 
design of computer integrated manufacturing 
systems. 

According to the authors, a manufacturing 
enterprise can be represented as a network of semi-
autonomous cells, “alike and fractal in nature”, with 
the common purpose to satisfy the ‘supply=demand’ 
equation. Interesting enough, the cells have a 
dynamic existence: they exist as long as they have a 
role to play; their specialization depends on the 
process involved. 

This kind of ‘cooperation in autonomy’ 
capitalizes on the property of emergence: some 
complex system behaviors are evident only at a 
higher echelon, as it happens in biological systems. 
Granularity levels are then properly accounted for 
without the need of an external top-down 
decomposition imposed by a hierarchy of 
commands/control, but only referring to a system-
subsystem part-whole decomposition. 

The use of this paradigm as a conceptual means 
for describing complex systems is properly called 
‘holonic modeling’ and leveraged a number of 
subsequent studies especially in both Business 
Process Engineering [34] and Computational 
Intelligence [35]. 

 
 

3.3. Holarchies 
 
Self-nested hierarchies of holons are called 

'holarchies': with respect to MAS, they account for a 
more general concept of agent organization 
comprising multiple nested granularity levels. At the 
base of a holarchy, atomic holons are found, i.e., 
holons that cannot be further decomposed according 
to the problem context. 

It is noteworthy that holons and holarchies, due to 
holon intrinsic recursiveness, can be considered as 

two faces of the same coin viewed at two adjacent 
granularity levels [36]. Consequently, holon 
encapsulates in a single concept that of system of 
arbitrary complexity thus overcoming the part/whole 
and abstraction/enrichment dichotomy [37] that 
traditionally impedes Reductionist approaches [38]. 
As a result, the holonic view is highly suitable for 
modeling complex problems under a multi-
granularity levels holistic [32] perspective.  

 
 

3.4. Holonic Information Processing 
Architecture 

 
The same recursive concept of holon 

encompassing multi-level agent-based architectures 
can be used to setup an information processing 
framework for dealing with data interpretation at an 
arbitrary semantic granularity. 

In [39], an abstract architecture for processing 
sensor data at multiple granularity levels has been 
introduced. Each level accounts for a different scale 
of information granules (in the Zadeh’s sense [40]) 
that can be represented by means of linguistic 
descriptions (whatever fuzzy [41] or categorical), i.e., 
ultimately by words [42]. The architecture can be 
viewed as a composition of two layered parts: 

 the holonic transduction layer (HTL) and  
 the holonic ontological layer (HOL). 
The HTL is the computation-oriented layer. It 

works with numbers and implements all the 
transduction functions necessary to map a measured 
input signal into an output digital value and vice-
versa. The HTL interfaces directly with the hardware 
level (i.e., sensors) for data acquisition. 

The HOL is the knowledge-oriented layer. HOL 
works with symbols and operates in between the user 
and the underneath computational model managed by 
the HTL. It is convenient to think to the HOL as an 
agent-based architecture where agents are able to 
perform information processing tasks at different 
granularity levels. 

As an example, let us suppose that the HOL 
accounts for the concepts of ‘ppm’ and ‘ammonia’ 
and is able to answer the query about the 
concentration of ammonia at a given sampling time. 
When asked for this information, the HOL calls the 
function PPM(ammonia) that is present in the HTL. 
The function outputs a number representing the part-
per-million concentration of NH3 at a given sampling 
time k. Such number is thus encoded in a reply 
message produced by the HOL as a response to the 
querying user. 

It could happen that ammonia computation cannot 
be performed by one single function call with an 
acceptable accuracy due to high cross-sensitivity of 
the ammonia sensor. In this case, the HOL could ask 
for data coming from other sensors, collect all data, 
and infer on the presence and accurate concentration 
of ammonia basing on the holonic-based 
computational inference mechanism introduced in 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 5-13 

 9

[43] and applied in [44][45] for the case study of 
low-cost gas sensors. 

 
 

4. Proposal 
 
Our proposal is summarized by the model 

depicted in Fig. 2. It is an evolution of the abstract 
architecture based on the two previously mentioned 
information processing layers, namely: HOL and 
HTL. 

HOL and HTL together can be viewed as the 
super-holon representing the entire system holarchy. 
The two layers are now characterized as follows: 

In the HOL (upper part of the holarchy) there is a 
holon managing the problem ontology; 

In the HTL (lower part of the holarchy) there is a 
recursive MAS made of an encapsulation of holons at 
the lower levels. The MAS supervises information  
coding/decoding between adjacent levels. 

The novelty lies in that an agent (being it a human 
user or a machine) is put explicitly inside the model, 
thus becoming part of it. This allows complementing 
hardware-oriented issues with knowledge-oriented 
ones within one single conceptual framework. 

One important feature of this model is the 
scalability gained thanks to the intrinsic recursivness 
of the employed holonic model. In particular, holons 
should be considered as knowledge-oriented 
computational objects acting all through the 
information processing task from numeric to 
symbolic levels and vice-versa. 

 
 

 
 

Fig. 2. Proposed holonic architecture (extension of a 
previous work [39]). The backbone is represented by the 
hardware enabling both communication and computation. 
Knowledge-oriented information processing is performed 
recursively by the MAS at different granularity (software) 
levels. 

 
 
As the figure shows, the model is built around the 

dialogue among holons at any possible granularity 
level.  At the maximum possible abstraction level 
there is, generally, a human user who queries the 

subordinate levels for knowledge-oriented tasks. 
When a holon receives a query from the higher 

level, it decodes the message, eventually asks 
subordinate holons for fresh data or new actions, then 
performs computation at its level and finally encodes 
results to reply to the querying holon. 

The holons at the lowest level receive data from 
the real world using a set of sensors. Furthermore, 
these holons can handle various actuators to operate 
in the real world. As a result, information processing 
is operated across different granularity levels in both 
bottom-up and top-down fashion: from the 
sensors/actuators lowest level to the application-
dependent level to produce effective information and 
from the upper level back to the lowest level to 
perform numerical computation. 

This multi-level information processing model 
has been the driver for developing a data analysis 
platform called H-GIS (Holonic-Granularity 
Inference System, website: http://www.hgis.it). The 
tool is specifically conceived to focus on 
measurement data interpretation at multiple 
granularity scales by employing the modeling 
framework of the holonic systems. Practically, H-GIS 
main feature is to extract unsupervised inferential 
models from data according to a computational 
intelligence technique basing on the heuristics 
presented in [43]. The next section will be devoted to 
present an H-GIS case study as a validation test for 
the current proposal. 

 
 
5. A Case Study 
 

According to our experience gathered in previous 
research projects (see [46] for more details), air 
quality monitoring systems characterized by strong 
heterogeneities (different operating conditions, 
unobservable variables affecting measurements, etc.) 
pose a challenge to the data analyst.  

As representative case, it is useful to consider air 
pollution in an industrial and densely-populated area. 
In this context, pollution can be ascribed to different 
factors such as traffic jam in main roads and gaseous 
emissions of neighboring factories. However, it is 
difficult to state with certainty which pollution source 
is responsible for the actual value, say PM10, 
measured both at a given time and at a certain 
location. The underlying dispersion model is utterly 
difficult to estimate due to changing atmospheric 
conditions (e.g., wind direction and strength, 
temperature and relative humidity). In fact, semantic 
heterogeneity additions to the information processing 
gap between sensors raw data and application 
requirements: as a consequence, human intervention 
is generally needed to supervise the monitoring 
process.  

Here we report on a test performed in a real-world 
scenario, the industrial city of Taranto (south Italy) 
chronically affected by high pollution especially in 
proximity of the industrial area.  

The area hosts one of the biggest steel factory in 
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Europe, an oil refinery, a cement factory, a port; all 
these facilities are located at the borders of the 
residential district of Tamburi. Recently, Taranto’s 
court imposed to suspend the neighboring steel 
production due to studies of experts stating that 
factory emissions are being causing above-average 
cancer rates in the area. This further testifies the 
importance of technologies to enable and support 
effective air quality monitoring policies. 

With specific reference to our experiments, the 
aim was to understand if data obtained from air 
pollution low-cost sensors placed few miles away 
from the industrial area could be correlated with 
nearby weather stations information. For this 
objective to be achieved, we employed the H-GIS 
data analysis platform based on top of the theoretical 
model presented above. 

 
 

5.1. Experiment Setting 
 
The data acquisition system was placed at the first 

floor of the II Faculty of Engineering of Politecnico 
di Bari, in a room of the Computer Science 
Laboratory approximately (2 miles away from the 
industrial area, direction N/W), with a ventilation 
system driving air flux from the outdoor. 

The weather station is placed in proximity to the 
industrial area (approximately 4 miles north from it, 
in the town of Statte); data are displayed on a Web 
page where they are taken from periodically by a 
Web crawler that stores results in a database hosted 
in our Laboratory. 

 
 

5.2. Methodology  
 
From our point of view, it was interesting to 

answer the following question: can two monitoring 
stations measuring the same phenomenon from 
different observation points (e.g., different locations 
and sensors) be combined together to obtain more 
valuable information than the one provided by that 
sources considered apart? 

In order for the answer to be found, experiments 
have been organized as follows: a data acquisition 
campaign has been run for approximately one year 
throughout 2011, thus obtaining two dataset clusters, 

one for the weather station and the other one for the 
air pollution sensors. Then, the cluster of air pollution 
sensors has been analyzed with H-GIS, and the 
relative model has been extracted. Afterwards, the 
weather data have been also considered and a new 
analysis has been performed with H-GIS to obtain a 
new model. Data fusion between the two clusters 
consisted in putting the data matrices (rows for data 
and columns for measurement variables) together in a 
data file. Data synchronization was guaranteed by a 
pre-processing step mapping air pollution sensors 
data and weather data into the same time window. 
 
 
5.3. Example Results 

 
In this sub-paragraph, we report on an experiment 

run across two days from 06-15-2011 at 15:59:47 to  
06-16-2011 at 19:09:39. 

As for the air pollution sensors dataset is 
concerned, we considered the three low-cost gas 
sensors, namely Figaro TGS2602 (air contaminants), 
Hanwei MQ131 (ozone), Hanwei MQ136 (sulfur 
dioxide).  

In all these sensors, the sensing material is a metal 
oxide semiconductor (generally tin oxide). When 
their sensing layer is heated at a certain temperature 
in the air, oxygen is adsorbed on the crystal surface 
with a negative charge. By withdrawing electron 
density from the semiconductor surface, adsorbed 
oxygen gives rise to Schottky potential barriers at 
grain boundaries, and thus increases the resistance of 
the sensor surface. Reducing gases decrease the 
surface oxygen concentration and thus decrease the 
sensor resistance. The overall process causes a 
decrease in the resistance Rs of the sensing layer that 
can be measured against a standard value R0 
gathered at optimal test condition. Sensor datasheets 
are given as Rs/R0 values against part-per million 
(ppm) concentrations. 

In sum, due to their manufacturing process, the 
employed sensors show a high cross-sensitivity, i.e., 
they respond to multiple contaminants at once, 
making it difficult to discriminate which gas has been 
actually measured. Fig. 3 shows the datasheet 
provided by manufacturers: it is easy to notice that a 
measured resistance value corresponds to more than 
one possible outcome in terms of ppm. 

 
 

 
 

Fig. 3. Datasheet of the employed sensors. Notice that multiple curves are needed to characterize each sensor behavior due to 
their sensitivity to multiple gases (low selectivity). 
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Despite the high cross-sensitivity, the chosen 
triplet is sufficient to disambiguate certain 
contaminants (carbon dioxide, ammonia and sulfur 
dioxide) with acceptable accuracy, in accordance 
with results presented in [10]. As counterproof,  

H-GIS has been run on the sensors data and relations 
among sensors have been found (view Fig. 4a for 
details) as expected. 
 

 
 

 
 

Fig. 4. Above (a): TGS2602 interpretation obtained by H-GIS using only sensors data for the model extraction phase. Gray 
points represent unexplained samples; blue points represent samples interpreted by means of the logic-numeric condition 
displayed in the brown box. Sensor values are expressed in ppm (part-per-million); Below (b): TGS2602 interpretation 
obtained by H-GIS using both sensors and weather data for the model extraction phase. Notice that now certain peak points 
have been interpreted. Sensor values are expressed in ppm (part per million). 
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In non-peak zones, TGS2602 behavior can be 
explained in terms of numeric conditions involving 
other sensors values in accordance with results in 
[10][11] (blue points). The found condition 
corresponds to the following logical pattern: 

IF  
    MQ136 value is between [0, 3] ppm AND 
    MQ131 value is between [0, 4] ppm 
THEN 
   TGS2602 value is between [0, 0.08] ppm 

 
Unfortunately, we notice that the extracted model is 
not capable of explaining the peaks measured by the 
TGS2602 sensor (gray points). 

On the contrary, when also weather data are 
considered and the model extraction process is run, 
single peak emissions can be interpreted in terms of 
numeric conditions involving both gas sensors and 
weather variables. An example pattern is the 
following: 

 
IF  
    MQ136 value is between [5, 7] ppm AND 
    MQ131 value is between [45, 55] ppm AND 
    Relative Humidity value is more than 78 % 

AND 
    Wind direction value is between [270, 290] 

deg° 
THEN 
    TGS2602 value is between [0.08, 0.12] ppm 
 

Fig. 4b reports this example where the presence of 
the wind direction variable allows inferring on the 
district possibly causing the measured emissions, 
which is compatible with the position of the 
industrial area. 
 
 
6. Conclusions 
 

In this paper, a computational model that fills the 
current information processing gap between sensors 
and applications has been introduced. 

At the theoretical level, the model is based on the 
concept of holon, a self-modular entity spawned in 
the field of AI as an evolution of agents and MAS 
technologies. 

At the practical level, a knowledge discovery 
platform called H-GIS that implements the proposed 
model philosophy has been used for test and 
validation purposes.  

Primary results show that our proposal may 
leverage knowledge-oriented applications in the 
sensors field. 
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1. Introduction 
 

A Wireless sensor network (WSN) is a set of 
sensors or actuators connected together through a 
wireless connection. WSNs are nowadays commonly 
used in various domains because the absence of wire 
helps the deployment and decreases the installation 
cost. 

The main components of a sensor/actuator are 
some sensing or acting units, a micro-controller, a 
transceiver and a power unit. 

Basic objectives of sensor networks were 
accuracy, flexibility, cost effectiveness and ease of 
deployment. As these properties are now taken for 
granted, low power consumption and reliability are 
the next steps to consider. This paper which is an 
extended version of [1] presents our approach to 
improve these aspects through a rule-based 
middleware [2] enforcing a coordination protocol on 
top of the communication protocols imposed by the 
different WSNs. Once the high-level coordination 
protocol understood by the sensors/actuators, it is 

possible to control from the application side the 
control (sleep/awake) of the sensors and the 
transactional processing of operations involving a 
group of sensors / actuators. 

The paper is organized as follows. Section 2 
introduces the problem to solve. We describe in 
Section 3 our approach based on the high level 
coordination protocol enforced by our middleware 
and the design of smart sensors able to react smartly 
to this protocol. Section 4 presents the hardware we 
considered. In Section 5 and 6 we exemplify our 
approach both for power consumption and reliability. 
We conclude in Section 7. 

 
 

2. Problem to Solve 
 
The usual way actuator/sensor wireless networks 

are designed does not help to solve the two problems 
of reliability and power consumption as described 
here after. 

 

http://www.sensorsportal.com


Sensors & Transducers Journal, Vol. 18, Special Issue, January 2013, pp. 10-19 

 15

2.1. Reliability 
 
Most of the time the wireless communication 

policy in WSNs is only best effort. In addition, 
sensors are battery powered for autonomy reasons 
and they may stop their activities or decrease the 
wireless signal strength just because the battery is 
partially or totally discharged. Thus, there is no 
guaranty that a sent message is eventually received. 

A traditional way to enforce reliability in an 
asynchronous system in presence of failures is to 
embed the operations involving the sensors/actuators 
within transactions [3]. For instance, we consider to 
open a window (actuator) and to store this 
information in a database responsible for keeping the 
state of the system. If this is not embedded in a 
transaction, it may happen that the change in the 
database is done while the actuator is not reachable or 
on the contrary that the window is opened but the 
database is locked for some external reasons. As a 
transaction unrolls a two-phase commit (2PC) 
protocol if an actuator is not reachable in the first 
phase (i.e. reservation) then the transaction is aborted 
preventing the database update. Obviously, this 
makes sense only if the transaction protocol really 
involves the actuator and not only the gateway 
otherwise a failure may happen in between the 
gateway and the actuator after the commit of the 
transaction. 

We propose to implement smart sensors/actuators 
that directly provide the required transactional 
capabilities. 

 
 

2.2. Power Consumption 
 
Power consumption is the sum of the powers 

consumed for sensing and computing activities plus 
the power used for the delivery of information 
through the radio. In general, both of these parts can 
be slept when they are not used. However, the main 
issue is precisely to define when they are not used. 
Indeed, we can distinguish two categories of sensors. 
The first one, based on an alarm (e.g. presence 
detector) can be easily slept until something external 
happens. On the contrary, the second type (e.g. 
temperature sensor) regularly emits the information 
without any idea if it is useful or not for the 
application. Among the improvements proposed, we 
may find systems that offer configuration facilities 
allowing the user to define the delay between two 
emissions. It is also possible to avoid emitting the 
information if it did not change or if the change is 
inside a given interval that can be configured [4]. 
However, even if these efforts are noticeable it is far 
to be optimal because in general the user has little 
information to efficiently configure the sensors in 
advance since most of the knowledge appears during 
the execution of the application. 

Part of the solution is to let the initiative of the 
application to interrogate the sensors (pull mode) 

rather than trying to optimize its emission rate (push 
mode). This is the direction we investigated. 

 
 

2.3. Our Approach 
 
Our approach is based on the combination of a 

rule based middleware which coordinates the actions 
of a group of software components through a high 
level protocol. This protocol, thanks to a limited yet 
effective set of primitives allows on the one hand to 
control the interrogation of the sensors from the 
application side and on the other hand to embed a set 
of operations on sensors, actuators and software 
components within transactions. 

In addition, we have designed sensors/actuators 
aware of this protocol and then able to behave like 
first class components of our middleware. In other 
words, we replaced the classical approach where the 
sensors are accessed via a gateway with no control on 
what is actually done beyond the gateway to an 
architecture unrolling our protocol until the physical 
devices. The transport layer of the sensor network is 
in this case a vehicle for our coordination protocol. 

The usage of this protocol together with sensors 
aware of this protocol proposes a response to the both 
mentioned issues: power consumption and reliability. 

We describe in the next sections the middleware 
and its protocol and the global design of our 
sensors/actuators both at the software and hardware 
levels. 

 
 

3. Architecture Approach: Software 
 

3.1. Coordination Middleware 
 
The middleware provides a uniform abstraction 

layer that eases the integration and coordination of 
the different components (software and hardware) 
involved in WSNs.  

It relies on the Associated Memory paradigm 
implemented in our case as a distributed set of bags 
containing resources (tuples). Following Linda [5] 
approach the bags are accessed through the three 
following operations: 

 rd() which takes as parameter a partially 
instantiated tuple and returns a fully instantiated 
tuple from the bag whose fields match to the input 
pattern; 
 put() which takes as parameter a fully 
instantiated tuple and insert it in the bag; 
 get() which takes as parameter a fully 
instantiated tuple, verifies its presence in the bag 
and consumes it in an atomic way. 
 

The bag abstraction can encapsulate real tuple spaces 
but also databases, services, event systems, sensors 
and actuators. 

For the database we can consider each table as 
one bag and the read/write/delete primitives 
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can be directly mapped onto our rd(), put() 
and get(). 

For a remote service (web service, rpc, ...), the 
partially instantiated tuple passed to the rd() 
operation corresponds to the input parameters of the 
service. The bag performs internally the required 
operation by calling the appropriate remote service 
via the appropriate protocol and the output 
parameters are concatenated to the input one to 
constitute the resource to be returned. 

A bag can also maps an event-based system since 
a rd() corresponds to a subscribe and a put() to 
a publish. 

From the sensor point-of-view, a couple of bags 
map a set of sensors and contains the resources 
corresponding to basic information: e.g. tuples 
(sensorid, value, timestamp) or 
(sensorid, type) allows to model all the data 
and metadata required to manipulate sensors through 
the rd()or the get() operations. 

For the actuators, the put() operation is used to 
introduce tuples under the form (actuatorid, 
function, parameter1, parameter2).  

Once inserted, the bag can actually trigger the 
correct action on the physical actuator with the 
appropriate parameters. 

The tree operations rd(), get() and put()} 
are used by the Production rules [6] to express the 
way these resources are manipulated in the classical 
pre-condition and performance phases.  

The rules are enacted by dedicated components 
called coordinators. 

 
Precondition phase: It relies on a sequence of 

rd() operations to find and detect the presence of 
resources in several bags. This can be sensed values, 
result of service calls or states stored in tuplespaces 
or databases. The particularity of this phase is that: 
 the result of a rd() operation can be used to define 

some fields of the subsequent rd() operations;    
 a rd() is blocked until a resource corresponding to 

the pattern is available; 
 a rd() operation at the right hand side of a 

blocked rd() is not active and will invoke its bags 
only when the previous rd() receives a response. 

This mechanism allows to wake up and access the 
sensors only when it is required by the application. 

 
Performance phase: It combines the three 

operations rd(), get() and put() to 
respectively verify that some resources found in the 
precondition phase are still present, consume some 
resources or insert new resources. 

In this phase, the operations are embedded in 
Distributed Transactions [3]. 

 
This ensures several properties that go beyond 

traditional production rules. In particular it ensures 
that: 

 

 we can verify the important conditions 
responsible for firing the rule (precondition) are 
still valid in the performance phase; 
 the different involved bags are effectively all 
accessible. 

These properties can improve reliability provided that 
the sensors are aware of the coordination protocol. 

 
 

3.2. Protocol Aware Sensor 
 
In order to make the sensors/actuators capable to 

understand the coordination protocol we need to 
implement at the sensor level the different operations 
that will be invoked during the enactment of the 
rules. 

In addition, we need to implement at the client 
side stubs that encapsulate the communication layer 
in order to provide to the coordinator the way to 
invoke transparently the remote bags. 

 
Stub: We briefly describe how the stub mechanism is 
used in our middleware in 0.  

When the coordinator needs to access a given 
bag, it asks the name server in order to obtain the 
stub that will be used to invoke the rd(), get()} 
and put() operations. 

 
 

 
 

Fig. 1. Stub mechanism. 
 
 
The name server stores the information related to 

the stubs as resources of one of its bag called Stubs. 
A stub is inserted by each bag in the name server at 
starting time. Once obtained by the coordinator the 
latter just calls the appropriate primitives via the stub 
and has no idea about the way they are implemented.  
This means that the transport layer is completely 
hidden at this level. 
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A corresponding skeleton able to receive and 
decode the requests coming through the stub is 
present at each bag. 

A stub allows to invoke two distinct rd() 
operations: one for the precondition phase that may 
block when no corresponding resource is currently 
available and one for the performance phase which is 
decomposed into a pre_rd() and 
commit_rd()or abort_rd() according to the 2 
Phase-Commit used to enforce the transaction. 

The get()} and put() operations are also 
decomposed in two parts for the same reasons. 

Another point concerns the management of the 
sensor wake-up since we consider that the sensor is in 
sleep mode by default, and wakes up before calling a 
primitives of the protocol. Then a signal, whose role 
is to wake-up the sensor, is sent to it before any 
request.  

Moreover, we consider that the sensor returns in 
sleep more right after the termination of the rd() 
and the commit_*() or abort_*() (where * can 
be rd, get or put). This signals can be based on 
different technologies, this is discussed further. 

 
Skeleton: at the sensor side. We consider now, 

the treatment to be done at the micro-controller side 
for operation of the precondition and performance 
phases.  

The only operation required in the precondition 
phase is the rd() operation. It has the following 
behaviours: 

 If a resource is available (i.e. a value may be 
read and returned immediately) then the read is 
non-blocking. This corresponds to sensors like 
temperature or humidity measuring most of the 
time a physical value. The resource based on the 
sensed value is directly returned to the stub call 
and nothing else has to be done. 
 If a resource is not available then the read 
needs to be blocked until a resource becomes 
available. This corresponds to sensors like 
presence sensor or threshold detector that are bind 
to an alarm. 
As it would not be efficient on a power 

consumption point of view to let the sensor alive just 
to block the rd() operation, we implement it in a 
different way. 

The value returned to the rd() warns the calling 
stub that nothing is currently available and that the 
sensor will take the initiative to send the resource 
when it becomes available. At the stub level, we just 
block. 
When the sensor receives the alarm (e.g. detection of 
a presence), which wakes it up, the resource is 
returned to the stub along with an identifier which 
allows the stub to retrieve to which rd() it 
corresponds. The resource remains stored locally in 
RAM at the sensor level for the performance phase. 
The sensor can return in sleep mode and the stub can 
end the process corresponding to this rd().  

For the performance phase, during the pre_*() 

operations, the sensor/actuator has to store 
intermediate information that will be used during the 
commit_*() or abort_*() operations: i.e. the 
considered resource passed as parameter. 

For the pre_rd() and pre_get() the 
concerned resource, if available, is locked to prevent 
any other pre_*() operation coming from other 
transactions to be initiated. If the resource can be 
locked, ok is returned and the lock status is locally 
stored. Otherwise notok is returned. 

For the pre_put() we verify that the operation 
is possible: for instance that the actuator can be 
manipulated or that it remains enough energy to 
accomplish the required action. Accordingly, ok or 
notok is returned. 

When the commit_*() is invoked the 
considered operation is effectively done: for a 
commit_rd() no particular action on the resource 
need to be done. On the contrary for a 
commit_get() the resource is removed 
(consumed). Finally for a commit_put() the 
action is done on the actuator, generally 
parameterized according to the resource.  

If an abort_*() is received then nothing need 
to be done since this indicate that the overall 
transaction has failed. 

In all cases (commit_*() or abort_*()), 
the intermediate information (locks, ...) need to be 
cleaned since it is no longer useful. 

 
Model of a sensor/actuator network object. To 

define a prototype object that encapsulates a 
sensor/actuator network we can consider the 
following set of bags required for its management. 

For the sensors part we have the following bags. 
 Sensors: stores the sensor id and the value 
read; 
 TimeStamp: stores the id and last reading 
time; 
 Log: stores the id and reading time; 
 Type: stores the id and its type (i.e.: 
temperature, ...). 
 
For the actuators part we have specific bags for 

the different types of actuators. These bags 
implement for the put()the actual action to be 
realized to act on the physical actuator.   

With a classical approach, this object would be 
located at the gateway level as shown on 0 with the 
first object. 

With a smart sensor approach, we have 
decomposed the set of bags in order to let some of the 
bags at the gateway level and to move the others at 
the micro-controller side. 

Sensors and TimeStamp bags which contain 
respectively the value associated to a sensor and the 
timestamp corresponding to the last sensed value are 
implemented on the micro-controller side. All the 
other bags are implemented at the gateway side. The 
main reason is these bags contain information that 
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either records the sensed value or store some status 
updated very sparsely. Thus, in order to save memory 
space and power-on time on smart sensor we keep 
these bags on the gateway level and we implement 
the bags which makes sense at the micro-controller 
side. For instance, if we need to access the log of the 
successive values read by a temperature sensor, it is 
not required to ask the micro-controller itself, this can 
be done at the gateway level.  On the contrary, the 
current temperature needs to be asked to the micro-
controller. 

 
 

 
 

Fig. 2. Sensor network object: the smart sensor approach. 
 
 
For an actuator, we implement the bag which is 

responsible for the real action on the environment on 
the micro-controller side since we want to ensure the 
transactional property. Some verifications are done 
during the pre_put() operation. For instance we 
can verify that the rotation we would like to do on a 
motor is possible without damage. We could also 
verify that the command is sensible: to ask to close a 
window that is already close is typically something 
that is not normal. We can also verify that the 
actuator is physically able to do the requested 
command or that the remaining energy is enough to 
perform the action. In case of trouble, a notok is 
returned. 

 
 

4. Architecture Approach: Hardware 
 
This section presents the hardware details of the 

different smart sensors we implemented.  
 
 

4.1. The Platforms 
 
We have considered three embedded platforms to 

experiment different levels of performance at the 

microcontroler level and different communication 
standards: OpenPicus Flyport (Wifi-802.11) [7], 
Atmel SAM3N-EK (802.15.4) [9] and Arduino Pro 
3.3V (802.15.4) [11]. 

These three architectures are widely used for their 
low power and low cost characteristics. They all three 
offer easy-to-use development environments 
avoiding most of cross-compilation problems and 
micro-controller driver development part. 

  
OpenPicus Flyport (Wi-Fi): This platform is 

based on a Microchip MRF24WB0MA/RM Wi-Fi 
chip and a Microchip PIC 24F 16bits processor. The 
board embeds a small web-server, running on top of 
FreeRTOS operating system. This web-server allows 
to encapsulate remote function call through simple 
URLs over HTTP protocol with a mechanism closed 
to cgi-scripts. This is very similar to what is done in 
our middleware for the default transport layer within 
the stub. This allowed us a straight forward 
implementation of the smart sensor. This is one of the 
reasons behind the choice of this board.   

For the integration of physical sensors/actuators, 
the board offers eighteen digital I/Os and four analog 
inputs.  Digital pins can be mapped between one I2C, 
one SPI, four UARTs and nine PWMs. Three 
different external interrupts can wake up the Flyport 
from standby mode. 

The associated communication link is a classical 
Wi-Fi which allow a very easy integration in existing 
installation with a range that may cover the entire 
floor of a building.  

 
Atmel SAM3 (802.15.4): We have used a 

SAM3N-EK board that was available in our 
laboratory with a Cortex-M3 32bits based micro-
controller. This board offered a convenient 
experimentation framework and as the Atmel 
environment allows, with a same API, to target every 
ARM and AVR micro-controller belonging the 
Atmel family the solution is quite generic. This is the 
reason why we used this platform. 

The ARM Cortex-M3 core is used by many 
constructors, including ST Microelectronic, Atmel 
and Texas Instrument, to build low power but still 
powerful chips.  

The board offers 64 I/Os including PWMs, I2Cs, 
SPIs, UARTs and ADCs.  Some I/Os are connected 
at on-board LCD, buzzer, SD card host, user switch, 
RS232 connector or touch sensors. Sixteen different 
external interrupts can wake up SAM3N-EK from 
standby mode. 

We used for the communication Digi-XBee series 
one modules[Xbee], which provides IEEE 802.15.4 
wireless networking protocol. A module is connected 
to the board via one UART and another is plugged on 
the gateway via an FTDI breakout board. 

We use them in peer-to-peer mode. The data rate 
is 250 Kbit/s on the 2.4 GHz RF band. The maximum 
frame length is one hundred bytes.  This is less than 
the Wi-Fi solution but with an adhoc encoding it is 
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efficient enough to allow serialized procedure calls to 
hold into a single frame. 

 
Arduino (802.15.4): The Arduino board we used 

is based on Atmel AVR 8bits architectures.  It is open 
source and supported by a large community. This is 
the reason that conducted us to use this board. 

We used the Pro 3.3 V version due to the reduced 
on-board electronics and a working voltage that 
corresponds directly to XBee modules we used for 
the communication. The XBee module is connected 
to the micro-controller via the UART interface like 
for the Atmel board. 

The board offers fourteen digital I/Os and six 
analog inputs. Digital pins support one UART, six 
PWMs and one SPI. Analogue pin could also be used 
for adding one I2C interface. Two different external 
interrupts can wake-up Arduino from standby mode. 
 
 
4.2. Power Consideration 

 
Boards: Power consumption of considered 

micro-controllers is under 10 µA at 3.3 V in standby-
mode, while it is at least 5 mA in run mode.  

However, in the case of the SAM3-EK Atmel 
board, the complete board is a development board for 
which at least one electronic device was not designed 
for low power usage. Thus, we did not considered 
this board for the power consumption experiment.   

On the contrary, openPicus Flyport and Arduino 
Pro 3.3 V boards are designed for low power, in 
particular in standby-mode. The respective 
consumption measured with a full charge lithium-ion 
battery (4.1 V) with wireless unit in the same state 
than the micro-controller are summarized in 0. 

 
 

Table 1. Consumption of the full board. 
 

Microcontroler/wireless Standby Run mode 
Arduino / Xbee 206 µA 51.1 mA 
OpenPicus Flyport/WiFi 97 µA 127.5 mA 

 
 
Wireless communication unit: XBee (802.15.4) 

[13] and WiFi (802.11) have been considered. They 
both offer power down mode to control their power 
state from the micro-controller. Respective 
consumptions are in 0. 

 
 

Table 2. Consumption of the wireless communication unit. 
 

Wireless module Standby Communication 
Xbee 10 µA 50 mA 
WiFi 0.1 µA 120 mA 

 
 
The first is more expensive in standby mode but 

can be integrated to a larger number of micro-
controllers. 

The second is more expensive in communication 
mode but it handles a bigger amount of data with a 
higher communication range. 

 
Radio control: Primitives radio wake up 

and radio go sleep are called during the board 
power down and power up procedures. In this 
way, when the micro-controllers are in run mode, the 
wireless communication link is available. We could 
have tested smarter radio power control but since our 
goal was to have the board in sleeping mode most of 
the time we did not go further in this direction. 

 
Sleep mode and wake up events: As in sleeping 

mode, the consumption is divided by at least one 
hundred, our approach is to force the sensor to be in 
sleeping mode almost all the time.  It is wake-up on 
demand either because the coordinator sends a signal 
before invoking the appropriate primitive or because 
an alarm is triggered by a physical sensor linked to 
the board. Both events raise a different interrupt 
received by the micro-controller and thus they are 
treated accordingly in order to execute the 
appropriate code (See Section 0). 

 
Wake up signal: For the wake up signal sent by 

the coordinator (gateway side) it is an open problem 
out the scope of this paper that would require further 
investigation. Then, we only propose here some 
solutions that could be used.  

The first solution is based on a simple modulated 
IR signal that can be used if the gateway is in the 
same location than the sensor. 

The second is based on a less expensive wireless 
signal [15] (e.g. 433 MHz) that can be used to this 
purpose. 

Finally, the third may consider the new passive 
RFID technology working in a range of 15 meters.  

In our first experiment we only used the IR 
solution.  
 
 
5. Example: Consumption Aspect 

 
We first illustrate our approach with a very simple 

example. Secondly, we describe a practical scenario 
where our approach could bring a significant 
improvement.  

 
 

5.1. Simple Example 
 
We consider a simple application where we 

collect external temperature in order to control the 
heating system according to the variation of the 
temperature and the speed of this variation. Then, we 
have an algorithm that defines according to a window 
of sensed temperatures the most appropriate time to 
make the next set of measures. Basically, if the 
temperature does not change a lot we increase the 
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delay between two measures and we decrease it if the 
variation grows. 
It is impossible to compute in advance the time when 
the measurements need to be done. 

The classical way is to ask the sensors to send the 
information each δt and to sleep the rest of the time. 
With δt =5 mins, we have 24*12 measures sent by 
each sensor to the gateway per day. Most of them 
will not be used at all and for some of them we have 
inaccuracy due to the acquisition rate that does not 
match exactly the algorithm needs. 

If we use a rule triggering the interrogation of the 
sensors upon the insertion of a resource by the 
algorithm, we first remove the inaccuracy and second 
we can decrease the activity of the sensors to the 
exact required number of measures.  

For our purpose, we consider that the number of 
really useful measures is only 50 per day (5 times 
less). 

 
The average power consumption PC is given by 
 

dbyModeSRunMode CRCRRC tan)1(   (1) 

 
with R the run time ratio  
 

TimeTotal

TimeRun
R   

 
We have measured that a run period (wake-up, 

send, and sleep) takes 0.04 seconds for the Arduino 
and 1 second for the Flyport.  

For the Flyport, in the classical implementation 
(C), in one day we have 24 * 12 sequences of  
1 second in run time mode. The sensor is sleeping the 
remaining part of the time. This gives the following 
ratio: 

 

510333%333.0
606024

11224 




TotalTime

RunTime
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In the smart sensor (S) implementations the time 

in run time mode is only 50 sequences of 1 second.  
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Reported to equation (1) we obtain with the 

figures of 0 the following consumption for the two:  
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For the Arduino, the run time last only  

0.04 seconds. 
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This gives the following results for the 

consumption with the two implementations. 
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If we consider a battery capacity Cap, the 

following formulae gives the saved time in hour. 
 

C

ap

S

ap

C

C

C

C
H   

 
With a capacity Cap=1300 mAh for the battery we 

save H=7892-2521 = 5371 hours i.e. 244 days for 
the Flyport and H = 6270 - 6087 = 183 hours i.e.  
8 days for the Arduino.  

The battery, with smart sensor implementation, 
allows respectively 328 days for the Flyport and 261 
days for the Arduino as summarized in the 0. 

 
 

Table 3. Battery autonomy for both approaches. 
 

Micro-controler/wireless Classical Smart 
Arduino / Xbee 253 days 261 days 

OpenPicus Flyport/WiFi 105 days 328 days 
 
 

With the classical approach the Arduino is far 
better thanks to its very low consumption in running 
mode. However, with the smart sensor approach the 
Flyport is far better than the Arduino thanks to its 
very low consumption in standby.  

 
As a conclusion, the Flyport board in the smart 

sensors implementation offers 20 % more autonomy 
to the application. The interesting result is that 
solving the power consumption issue only acting on 
the consumption of the wireless communication unit 
is probably not the unique research direction. This 
means also that using a simpler to deploy 
communication protocol (i.e. WiFi) is affordable if 
the sensors are used in a smarter way. 
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5.2. Practical Scenario 
 
We now consider a flood monitoring systems 

based on sensors that are positioned along the banks 
of a river. With such sensors, the consumption is a 
crucial point and this scenario is a perfect candidate 
for our approach. We consider the installation 
depicted in the 0. 

 
 

 
 

Fig. 3. Location and type of sensors.  
 
 

The first sensor (in grey in the figure) is located 
upstream and embeds a mechanical mechanism able 
to generate a signal when the latter is touched by the 
water. The mechanism consists of a compressed 
spring that is capable when released to generate 
enough energy to deliver a signal. Once compressed 
the spring is trapped in a water-soluble matrix. When 
the matrix is altered by the water, a signal is emitted. 
This sensor can be used only once but it is perfect for 
our scenario. 

The other sensors (in black in the figure) are 
sleeping waiting for the wake up signal discussed in 
section 0 they are distributed along the bank at key 
positions. 

These sensors are managed by coordination rules 
in order to help people to take the right decision in 
case of sinister. A simplified example of the rules is 
given in the 0. 
 

[¨TriggerSensors¨].rd(“sensor_area_33”, 
”alert”) & 

[¨Clock¨].rd(ticket,timestamp) & 
[¨Sensors¨].rd(“id_1”,val1) & 
[¨Sensors¨].rd(“id_2”,val2) & 
[¨Sensors¨].rd(“id_3”,val3) & 
COMPUTE sid = algo.extra_sensor(“area_33”, 

val1, val2, val3) & 
[¨Sensors¨].rd(sid,val4) & 
COMPUTE criticalRanking = 

algo.get_ranking(“area_33”, val2, val4) 
:: 
{  
[¨Clock¨].get(ticket,timestamp) & 
[¨Database¨].put(timestamp,”id_1”,val1) ; 
[¨Database¨].put(timestamp,”id_2”,val2) ; 
[¨Database¨].put(timestamp,”id_3”,val3) ; 
[¨Database¨].put(timestamp,”id_4”,val4) ; 
[¨Supervisor¨].put(timestamp,criticalRanki

ng) & 
}. 
 

Fig. 4. Example of coordination rule. 
 
 

In normal situation the bag TriggerSensors 
is empty and the rule is blocked waiting for 
something to happen. This means that the different 
rd() operations in the bag Sensors are not yet 
done and the sensors are all in sleeping mode with a 
minimal consumption. Thus without sinister, the 
system can stay in this configuration and last several 
years. 

As soon as the first sensor sent its signal a 
resource is present in the bag TriggerSensors 
with the identification of the area in order to use the 
appropriate corresponding settings to feed the 
situation evaluation algorithm. This resource will stay 
in the bag because it is never consumed in the 
performance phase. Thus, it will be available to all 
the instances of the rules generated all along the 
sinister management. The presence of a resource in 
the bag Clock allows on the one end to have 
temporal information (timestamp) and to pace the 
execution of the rule since we have an evaluation of 
the rule each time such a resource appears in the bag. 
This can be done for instance by the algorithm that 
can insert in the bag Clock resources at a rate 
depending on the current situation. 

The lines 3-5 correspond to the rd() of some 
sensors located to the river bank. These reads include 
the wake-up signal to put the sensors normally 
sleeping in running mode for the duration of the 
measure. 

The line 6 corresponds to a call to our algorithm 
that in the given example finds the most pertinent 
additional sensor to interrogate according to the 
current situation: e.g. past values stored in the 
historical database, the current values for our 3 
sensors or the area.  

The line 7 corresponds to the actual interrogation 
of this additional sensor. 

Finally, in line 8 we call our algorithm with the 
values read (here from the sensor 2 and the additional 
sensor) to compute the evaluation of the situation. 

In the performance phase lines 10-17, we 
consume the ticket resource stored in the Clock 
bag preventing the evaluation of other rules with the 
same ticket and thus controlling the execution pace. 
In addition in the lines 12-15 the values read from the 
sensors are stored in the historical database and the 
global criticalRanking information evaluating 
the situation is sent to the supervisor team along with 
the timestamp.   

With this simple rule we show the flexibility of 
our rule based language and we just sketch what it is 
possible to do. In a real scenario we would consider 
several rules and a more complex usage or the values 
read by the sensors but the principles would remain 
the same. 

On an energy saving point of view, we can see 
that the system uses minimal energy when no sinister 
is detected. 
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6. Example: Transactional Aspect 
 
As for the previous section we first illustrate our 

approach with a very simple example, and then we 
provide a more elaborated scenario based on the 
same principle. 

 
 

6.1. Simple Example 
 
We consider 2 servo-motors controlled 

respectively by the Arduino and the Flyport. Each of 
them can operate on 180 degrees. (see 0). They are 
configured to accept orders only in their respective 
functioning range: 0-180 for the Flyport, and 180-360 
for the Arduino. So only their combination may offer 
a full 360 angle 

 
 

 
 

Fig. 5. Combination of 2 servo-motors. 
 
 
0 presents the rule controlling the system. 
 
 
[“Application”, “Angle”].rd(angle) & 
:: 
{ 
[“Application”, “Angle”].get(angle) ; 
[“Flyport”, “Actuator”].put(“position”, 

angle) ; 
[“Arduino”, “Actuator”].put(“position”, 

“180”) ; 
} 
{ 
[“Application”, “Angle”].get(angle) ; 
[“Flyport”, “Actuator”].put(”position”, 

“180”) ; 
[“Arduino”, “Actuator”].put(“position”, 

angle) ; 
}. 

 
Fig. 6. Coordination rule controlling the 2 smart actuators. 

 
The precondition phase is reduced to a single 

rd()whose role is to obtain the angle to rotate. The 
performance phase is composed of 2 transactions that 
are triggered sequentially. The first one (lines 3-7) 
fails if the requested angle passed to the Flyport 

(line 5) is not in the interval [0:180], the second one 
(lines 8-12) fails if the requested angle passed to 
the Arduino (line 11) is not in the interval [180:360]. 

Then, according to the angle, only one of the two 
transactions is committed solving directly the 
problem. In addition, even if it was redundant here, if 
the first transaction commits, the resource angle is 
consumed and the second transaction that is 
competing for this resource would anyway fail. 
Inserting a new angle in the bag 
[“Application”, “Angle”] triggers another 
time the rule that acts on the servo-motors. 
Obviously, this is a toy example but the principle 
may be used in the following practical scenario. 

 
 

6.2. Practical Scenario 
 
We consider now a mobile robot equipped with a 

pan-tilt camera and we want to follow a moving 
object. The robot is managed by a smart board 
containing actuators for the wheel motors and sensors 
for detecting obstacles. The camera is also controlled 
by a smart board that is configured to respect the 
rotation physically allowed by the pan-tilt 
mechanism. 

We have an external software component 
interrogated in the precondition phase that computes 
from a captured image the next positions of the robot 
and the camera in order to have the object centered. 
The result is then a list of possibilities involving only 
the robot, only the camera or some combinations of 
the both. This is used in the performance phase to 
define the sequence of transactions to be tried. For 
the robot, a transaction may fail if the new position is 
incompatible with an obstacle detected by one of the 
sensors. For the camera a transaction may fail 
because it would require an impossible rotation on 
one of the two axes (pan or tilt). In the same way as 
for our toy example we can control the described 
behavior with a single rule. 

Another solution could be to have different rules 
competing for the instruction given by our 
software component. Each rule would have a single 
transaction considering one of the alternatives. This 
solution would be more efficient since all the 
possible transactions are tried in parallel and the first 
one to commit prevents all the others to commit by 
consuming the resource instruction. However, 
this solution does not allow giving a preference when 
several possibilities are acceptable. 

Finally, a combination of several rules with 
several transactions allows tuning the two 
parameters: response time and preference. 

Obviously, nothing prevent to consider a more 
complex scenario taking other parameters into 
account such as the robot speed, the distance to the 
object, etc. 
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7. Conclusions 
 
We have presented an approach to improve power 

consumption and reliability in the wireless sensor 
network area. This approach is based on a high level 
rule-based middleware that coordinates the 
operations involving the sensors and actuators. This 
offers the possibility to activate the sensors with a 
signal (external to the communication) when they are 
really needed and thus let them most of the time in 
standby mode to reduce power consumption. 

In addition the coordination protocol allows 
embedding actions on sensors and actuators within 
transactions to improve reliability and to detect 
directly at the actuator level that a requested action is 
physically impossible. This simplifies drastically the 
definition of complex scenario needing alternatives to 
reach the final goal according to an unknown or fast 
evolving context. 

By imposing discipline to the sensors and 
actuators behaviors we improve the global smartness 
of the system. 

We have implemented three different smart 
sensor boards able to understand the coordination 
protocol of our rule based middleware and we have 
tested them in different toy applications which put 
emphasis on the particular advantages of our 
approach. 

Finally, we have described two more ambitious 
scenarios which use the same principles than the one 
illustrated in our toy examples to show the usefulness 
of our approach. 
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Abstract: The application of capacitive sensing technique is widely distributed in different physical domains 
primarily because of the diversity in dielectric permittivity and due to its minimum loading error and inertial 
effects. Atmospheric ice is a complex mixture of water, ice and air which is reflected in its complex dielectric 
constant. There are many existing atmospheric icing sensors but only few are based on their complex dielectric 
permittivity measurements. This technique is very suitable because the capacitive variation in this mixture is due 
to the reorientation of water dipole in the electromagnetic radiation's oscillating field. Depending on the 
frequency, the dipole may move in time to the field, lag behind it or remain apparently unaffected. This 
variation is clearly reflected on the Cole-Cole-diagram, which is a measure of the relaxation frequency. This 
paper is a detailed understanding of some capacitive sensing techniques in general but based upon dielectric 
variations and some existing capacitive based atmospheric ice sensing techniques. It is emphasized that the 
capacitive method proposed by Jarvenin provides maximum atmospheric icing parameters hence future 
atmospheric icing sensors may utilize the proposed technique with some modifications to further reduce the 
loading errors. Copyright © 2013 IFSA. 
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1. Introduction 
 

Atmospheric icing is the term used to describe the 
accretion of ice on structures or objects under certain 
conditions. This accretion can take place either due to 
freezing precipitation or freezing fog. It depends 
mainly on the shape of the object, wind speed, 
temperature, liquid water content (amount of liquid 
water in a given volume of air) and droplet size 
distribution (conventionally known as the median 
volume diameter). The major effects of atmospheric 
icing on structure are the static ice loads, wind action 
on iced structure and dynamic effects. 

Generally an icing event is defined as period of 
the time when the temperature is below 0 oC and the 

relative humidity is above 95 %. Ice accretion can be 
defined as, any process of ice build up and snow 
accretion on the surface of objects exposed to the 
atmosphere [1]. Atmospheric icing is traditionally 
classified according to two different processes (see 
Fig. 1.), which are [1]: 

i. Precipitation icing;  
ii. In-cloud icing. 

Fig. 2 shows the type of accreted ice as a function 
of wind speed and temperature. In this figure, the 
curve shifts to the left with the increasing liquid 
water content and with decreasing object size. A 
classification of atmospheric ice is shown in  
Table 1. 
 
 

http://www.sensorsportal.com


Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 24-32 

 25

 
  

Fig. 1. Ice Types [1]. 
 
 

 
 
Fig. 2. Atmospheric ice as a function of wind speed and 

ambient temperature [1]. 
 
 

Table 1. Typical Properties of Accreted Atmospheric Ice 
[1]. 

 
General Appearance Type  

of ice 
Density 
(kg/m3) Color Shape 

Glaze 900 Transparent 
Evenly distributed 

/ icicles 

Wet Snow 300-600 White 
Evenly distributed 

/ eccentric 

Hard Rime 600-900 Opaque 
Eccentric, 

pointing windward 

Soft Rime 200-600 White 
Eccentric, 

pointing windward 
 
 
1.2. Atmospheric Icing Sensors 

 
A robust technique to detect icing and ice 

accretion rates has not yet been reported in the 
published literature. It is a challenging task to devise 
a measurement technique that can deal with both 
rime and glaze icing and can measure icing rate, load 
and duration without being affected by the icing 
event. Currently, all the ice detectors available are 
capable of measuring either one or both phenomenon 
such as detecting the icing event and measuring the 
rate of icing. As ice sensors can be integrated with ice 
mitigation systems, it is important for these sensors to 
deliver the necessary information timely enough so as 
to be able to operate anti-icing and de-icing 
mitigation strategies effectively. To distinguish 
between snow and ice can be considered to be an 
important factor for the determination of deicing 
power requirements. Hence, measurement of an icing 
event or related phenomena bounds a set of 
requirements which include the ability of a 
sensor/probe to detect icing with high sensitivity 

without being influenced by the icing incident. Icing 
measurement techniques can be classified into direct 
and indirect methods as follows: 
 
 
1.2.1. Indirect Methods 

 
The indirect methods of ice detection involve 

measuring weather conditions such as humidity, and 
temperature that lead to icing or detecting the effects 
of icing, for example, reduction in the power 
generated by the wind turbine, reduction in the speed 
of anemometers or measuring the variables that cause 
icing or variables that correlate with the occurrence 
of icing, such as cloud height and visibility [2]. 
Empirical or deterministic models are then used to 
determine when icing is occurring. Also Homola et. 
al. [3] have outlined five indirect measurement 
methods. The reduction in the speeds of anemometers 
method of Craig and Craig [4] and the noise 
generation frequency method of Seifert [5] are typical 
examples of indirect methods. 

 
 

1.2.2. Direct Methods 
 
The direct methods of ice and snow detection are 

based on the principle of detecting property changes 
caused by accretion such as mass, dielectric 
constants, conductivities, or inductance. Although 
Homola et. al.  [3] outlined twenty four direct 
measurement methods but they still need to be more 
categorized for further exploration. For more details 
on all of these categories see [6]. The categorization 
of these direct methods can be: 

i. Capacitive techniques; 
ii. Microwave techniques; 

iii. Inductance techniques; 
iv. Ultrasonic techniques; 
v. Acoustic techniques; 

vi. Infrared techniques; 
vii. Resonance techniques. 
 
 
2. Capacitive Sensing Technique  

- In General 
 
From the above categories, the capacitive 

technique is the main focus of this review. The 
capacitance depends on the geometrical arrangement 
of the conductors and on the dielectric material 
between them, C=C(, G). For example, for a 
capacitor formed by n equal parallel plane plates 
having a geometry G depending upon area A, with a 
distance d between each pair, and an interposed 
material with a relative dielectric constant r, the 
capacitance is  

 

 10  n
d

A
C r , (1) 
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where o = 8.85 pF/m is the dielectric constant for 
vacuum. Therefore, any quantity producing a 
variation in r, A, or d will result in the change in the 
capacitance C and can be in principle sensed by that 
device. 

 
 

2.1. Dielectric Constant from Electronic 
Polarization 
 

The electron orbiting a nucleus is like a harmonic 
oscillation with a natural frequency o mentioned in 
Kao [7]. The dynamic equation can be defined as, 

 
2

2 loc

d x
m x ZqF

dt


    , (2) 

 
where x is the electrons displacement, m is the 
electron mass, q is the electronic charge, Z is the 
number electrons involved, Floc is the local field 
acting on the atoms, and  is the force constant. Also 
the natural oscillation frequency is given as, 

o m   

The oscillating electron is equivalent to an 
electric dipole and would radiate energy according to 
electromagnetic theory of radiation. This energy can 
be taken as a damping mechanism and dx dt  is a 

retarding force, hence our dynamic equation is, 
 

2
2

2 o loc

d x dx
m m x ZqF

dt dt
 

      (3) 

 
From Bohr's Model, we have the potential of 

electron given as, 
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where 2h   and h is the Plank's constant. Also 

when Z=1 we have electronic polarization, 
34e o R   where R is the radius of the ground 

state orbit of Bohr's atom. Similarly, electronic 
susceptibility and dielectric constant is given as, 
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(5) 

 
 
2.2. Complex Dielectric Constant 
  

When a time varying electric field is applied 
across a parallel plate capacitor with the plate area of 
one unit and a separation of d between the plates, 
then the total current is given by: 

*
T

dD dF
J J J

dt dt
    , (6) 

 
where J is the conduction current and * is the 
complex permittivity which is introduced to allow for 
dielectric losses due to friction accompanying 
polarization and orientation of electric dipoles. 
Mathematically,  

 

 * ' '' ' '' r r oj j         , (7) 

 

where 
'
r is the dielectric storage constant and 

''
r  is 

the dielectric loss factor. Similarly loss tangent  is 
defined as, '' ' tan r r    where  is the loss angle. 

We can use the instantaneous energy absorbed per 
second per cubic centimeter is given by JT(t)F(t). 
Thus, on average, the amount of energy per second 
per cubic centimeter absorbed by the material is 

 
'' 2 2r o mW F   (8) 

 
The discrete nature of matter, and the behavior 

and interaction of those particles, can be manifested 
through their response to time varying electric fields 
with wavelengths comparable the distances between 
the particles. To measure the dynamic response, we 
can use either use time domain approach or 
frequency domain approach. From the viewpoint of 
measuring techniques, the time domain approach is 
simpler than the frequency domain approach, but 
from the viewpoint of data analysis, the time domain 
approach is more complex. However, both 
approaches should be intimately connected and 
should yield, in principle, the same results. 
   
 
2.2.1. Time Domain Approach 
  

In this we measure the time dependent 
polarization immediately after the application of a 
step function electric field or we measure the decay 
of the polarization from an initial steady state value 
to zero after the sudden removal of an initial 
polarizing field. This decay is generally referred to as 
dielectric relaxation. This approach provides 
conspicuous information about the nonlinearity of the 
dielectric behavior simply by varying the amplitude 
of the applied step function held. Experimental 
arrangement for the measurements of the time 
domain response (i.e., the transient charging or 
discharging current, resulting from the application or 
the removal of a step DC voltage) is given in Fig. 3. 

In this circuit, the switch S1 has 2 positions: one 
for turning on the step DC voltage to start the flow of 
charging current, the other for short circuiting the 
specimen to allow the discharging current to flow 
after the specimen has been fully charged to a steady 
state level. The switch S2 is used to short circuit R1 to 
provide a path for surge currents for a very short 
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period of time to protect the circuit; it also gives a 
chance to adjust the amplifier to a null position 
before recording the transient current. It is important 
to make the time constant of the amplifier which 
depends on the stray capacitance in shunt with R1, 
much smaller than the time during which the 
transient current is flowing. The specimen has the 
guard and the guarded electrodes, the outer guard 
electrode being connected to ground to eliminate 
surface leakage currents from the specimen. The 
charging or discharging current is measured as a 
voltage appearing across R1 by means of a DC 
amplifier. The voltage drop from point A to ground is 
made zero by a negative feedback in the amplifier 
circuit, which produces a voltage across R2 equal and 
opposite to that across R1 thus making the applied 
step voltage across the specimen only. The step 
voltage and the charging and discharging current as a 
function of time are also shown in Fig. 4 in which Io 
is the steady DC component of the charging current 
and the width of the step voltage is 63 seconds. 

 
 

 
 

Fig. 3. Experimental arrangement for measuring 
relaxation time [7]. 

 
 

 
 

Fig. 4. Step voltage input and current output [7]. 
 
 
2.2.2. Frequency Domain Approach 
 

We mainly measure the dielectric constant at 
various frequencies of alternating excitation fields. 
No material is free of dielectric losses and therefore 
no material is free of absorption and dispersion which 

reflects that no material is frequency independent '
r  

and ''
r . Now, using Debye Equations for a varying 

electric field Fmejt we have the relationships as: 
 

'
2 2

01
rs r

r r

  
 





 


 (9) 

 
  0''

2 2
01

rs r
r

  


 





 (10) 

 
  0'' '

2 2
0

ta  n rs r
r r

rs r

  
  

   





 


 (11) 

 
From Eq.(s) 10 and 11 we get the parametric 

equations of circle in ' ''
r r  , given as: 
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By eliminating  from eq. 12 we obtain, 
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The circle of Eq. 13 over which ''
r  is positive has 

physical significance (a semicircle). This complex 

plot of ' ''
r r   defined as Argand diagram is shown 

in Fig. 6 in which frequency is not explicitly shown. 

The variation of '
r  and ''

r  due to the variation of  

is shown in Fig. 5 which illustrates schematically the 
typical dispersion behavior for polarization in the 
relaxation regime. For simplicity, Eq.(s) 9, 10 and 11 
are based on the following assumptions: the local 
field is the same as the applied field F; the 
conductivity of the materials is negligible; all dipoles 
have only one identical relaxation time o. For more 
insight into Debye Equations for atmospheric ice and 
various forms see Mughal et. al. [8]. 

 

 
 

Fig. 5. Argand Diagram ' ''
r r  . 
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Fig. 6. Variation of ' '', ,r r    as a function of  . 

 
 

3. Capacitive Atmospheric Icing Sensors 
 
Capacitive ice sensors generate an electric field to 

detect the presence of dielectric materials. Such 
electric field radiates outward around the probe and a 
dielectric material in close proximity of the field 
affects the measured capacitance, Mughal et. al. [6]. 
This attribute enables non-invasive measurements. In 
Sihvola et. al. [9], the results indicate that the 
complex dielectric constant is practically independent 
of the structure of snow. It is also mentioned that for 
dry snow, the dielectric constant is determined by the 
density and for wet snow, the imaginary part and the 
increase of the real part due to liquid water have the 
same volumetric wetness dependence. The static 
dielectric constants rs of both polycrystalline and 
single crystals of ice have been carefully determined 
Auty [10]. Also, application electrical properties to 
the measurement of ice thickness, temperature, 
crystal orientations are presented in Evanes [11]. 
Weinstein [12], Kwadwo [13] and Jarvinen [14] 
proposed three different capacitive based ice 
detection methods, which are discussed in the 
following sections. 
 
 
3.1. Capacitive Ice Sensor by Weinstein 
 

This ice sensor proposed by Weinstein [12] as 
given in Fig. 7 can be used for the determination of 
the thickness of ice (22) on the outer surface (12) of 
an object independent of temperature and the 
composition of the ice (22). First capacitive gauge 
(16), second capacitive gauge (18), and the 
temperature gauge (20) are embedded in embedding 
material (14) located within a hollow portion of outer 
surface (12). First capacitive gauge (16), second 
capacitive gauge (18), and temperature gauge (20) 
are respectively connected to first capacitance 
measurement circuit (24), second capacitance 
measurement circuit (26), and temperature measuring 
circuit (28). The geometry of first and second 
capacitive gauge s (16) and (18) is such that the ratio 
of voltage outputs of first and second capacitive 
gauge s (24) and (26) is proportional to the thickness 
of ice (22), regardless of ice temperature or 

composition. This ratio is determined by offset and 
dividing circuit (29). 

 
 

 
 

Fig. 7. Construction of Weinstein Ice Sensor. 
 
 
In this sensor both first (16) and second capacitive 

gauge (18) are made from thin conductors with a 
thickness of approximately 0.001 of an inch. The first 
capacitance gauge (16) is connected to first 
capacitance measuring circuit (24) and second 
capacitance gauge (18) is connected to second 
capacitance measuring circuit (26) shown in Fig. 8. A 
dual timer LM556 (42), is used in an unstable mode 
to generate 7s pulses at 1.5 kHz, for example, or 
pulses at any other similar frequencies, which are 
used to trigger a monostable timer (44). The timing 
capacitor of monostable timer (44) is gauge 16. The 
output from the monostable timer is converted by the 
low pass filter (46) to produce an output DC signal 
which is directly proportional to the capacitance of 
first capacitance gauge (16). First capacitance 
measuring circuit (24) and second capacitance 
measuring circuit (26) are connected to offset the 
dividing circuit (29). The output voltage Vout of this 
offset and dividing circuit (29) for ice conditions is 
determined by the  relation,  
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V V





, (14) 

 
where V is the voltage output for the ice conditions 
and Vo is the initial voltage for no ice conditions. 
Subscripts (1) and (2) refer respectively to capacitive 
measurements from first capacitance measuring 
circuit (24) and second capacitance measurement 
circuit (26). Vout is independent of both temperature 
and ice decomposition since both effects results in 
identical scaling factors [15] resulting no changes in 
Eq.(s) 14. The variation of capacitance as a function 
of thickness is shown in Fig. 9. 

In Fig. 9 output voltages from first and second 
capacitive measuring circuits (24) and (26) for 
various thickness of ice (22) formed on the outer 
surface (12) is shown. Curve (48) represents the 
output voltage V1 from the first capacitance 
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measuring circuit (24) at a fixed temperature and ice 
impurity level. Also curve (50) represents the voltage 
output V2 from the second capacitance measuring 
circuit (26). At a fixed configuration, both curves will 
vary with temperature change or ice impurity change. 
Also it can be seen that both curves do not go to zero 
output voltage even when the ice thickness is zero. 

 
 

 
 

Fig. 8. Electrical schematic diagram of capacitance 
measuring circuit. 

 
 

 
 

Fig. 9. Ratio of capacitance gauge as a function of 
thickness. 

 
 
3.2. Atmospheric Icing Sensor by Kwadwo 
 

Kwadwo [13] has used two-cylinder probes to act 
as a capacitive ice sensor, based on the principle that 
as ice accretes on two electrically charged parallel-
arranged cylindrical probes, the measured 
capacitance increases, while the resistance decreases. 
As the super cooled water droplets collide with the 
cylindrical probes and stick on the surface, they 

freeze and ice begins to grow as shown in Fig. 11. 
The accreted ice affects the electric field generated 
by the electrically charged cylindrical probes 
resulting in an increase in the capacitance. At 
locations further from the inner region, i.e. along the 
circumference of the cylinders, the electric field lines 
are non-uniformly distributed, bulging out (instead of 
been parallel to each other), as one move away from 
the inner region. This non-uniformity of the electric 
field lines in these regions leads to a reduction in the 
electric field strength. This is known as fringing, 
which leads to decrease in capacitance. The electric 
field originating from the polarization charges on the 
surface of the ice partly shields the external electric 
field generated by the charged cylindrical probes 
leading to a reduction in the overall electric field. The 
overall voltage decreases simultaneously, because the 
electric field is directly proportional to the voltage. 
The resistance between the cylindrical probes is large 
at the start of the icing event because of the air gap 
between the cylinders. However, as ice builds up on 
the cylindrical probes, the air gap between the 
cylindrical probes decreases and the resistance begins 
to decrease exponentially. The rate of decrease is 
sensitive to the presence of water on the surface of 
the ice formed on the cylindrical probes and this 
phenomenon is used to distinguish between different 
types of ice. 
 
 

 
 

Fig. 10. Trajectory of supercooled water drops and air 
moving towards two cylindrical probes. 

 
 

 
 

Fig. 11. Ice formation at the windward side of the 
cylindrical probes. 
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3.3. Atmospheric Icing Sensor by Jarvenin 
 
In this sensor, Jarvinen [14] used the method for 

detecting the presence and the accretion of ice by first 
measuring the properties of the contaminant layer 
overlying the ice sensor. The contaminant layer's 
temperature, thermal conductivity and variation of 
total impedance versus ice sensor electrical excitation 
frequency are measured. The complex dielectric 
property subsystem monitors the dielectric property 
locus in dielectric space as the excitation frequency is 
varied from near dc to higher frequencies (using 
Cole-Cole plot) and compares the measured results 
for magnitude and shape with laboratory property 
data taken at the same temperature and stored in the 
processor. It doubles checks using external ice (based 
upon the complex dielectric measurements) sensor 
whether it is ice or rain water or deicing fluid or 
snow. If the measured results form a semicircular 
shaped locus of dielectric properties in complex 
dielectric space during the frequency scan and those 
measurements are also determined to be in agreement 
with on board stored laboratory ice data, ice is 
confirmed to be present. The presence of ice is also 
confirmed if a particular vector can be constructed 
from the measured data taken at a single preselected 
excitation frequency and found to have a vector angle 
in agreement with the vector angle from stored 
laboratory results taken at the same measurement 
conditions. In addition, complex dielectric 
measurement algorithms identify whether cracks, 
flaws or voids or increased electrical conductivity 
exist in the ice covering and sensor from their effects 
on the shape and size of the measured complex 
dielectric locus or from the length of the vector at the 
pre selected frequency. The presence of flaws, cracks 
or voids or enhanced electrical conductivity are 
determined from the values for the low frequency and 
high frequency intercepts and the value for diameter 
of the complex dielectric locus if these values are 
found to differ from those calculated for ice based on 
stored ice data. These differences, if found to exist, 
are used to correct the initially chosen ice thickness 
value based on the assumption of normal ice: ice with 
no flaws, cracks or voids or higher electrical 
conductivity, see Fig. 12. For more details on the 
mathematical principle of this type of sensing 
technique see Mugal et. al. [8]. 

Pure glaze ice in the temperature range from 0 to -
40 oC has a thermal conductivity value in the range 
2.4 to 2.6 W/mK, rain water slightly above 0 oC has a 
value of 0.6 W/mK in the same units, air 0.023 W/mK 
and a 50/50 mixture of deicing fluid is 0.41 W/mK. 
The thermal conductivity of rime ice (density  
0.38 gm/cm3) has a thermal conductivity of  
0.4 W/mK. Thus the presence of glaze ice is easily 
determined by the substantial difference in thermal 
conductivity between it and all other possible 
contaminants. More details about this can be found in 
[15]. Dielectric values are used in addition to 
discriminate between rain water, deicing fluid and 
low density rime ice. 

 
 

Fig. 12. Cole-Cole plot for pure ice, ice with flaw and ice 
with higher conductivity value [14]. 

 
 
Also this sensor uses AD5933 high precision 

impedance converter system that combines an on 
board frequency generator with a 12 bit, 1 MSPS, 
ADC. The frequency generator allows an external 
complex impedance to be excited with a known 
frequency. The response signal from the impedance 
is sampled by the on board ADC and a discrete 
Fourier transform is processed by an on board DSP 
engine. The DFT algorithm returns a real and 
imaginary data word at each output frequency. 
AD5933 chip measures total impedance magnitudes 
over the range from 100  to 10 M with a total 
system accuracy of 0.5 %. The sweep frequency 
range of the chip normally covers the range from  
1 kHz to 100 kHz. However by adding a clock 
dividing circuit we can lower the range to 10 Hz to  
20 kHz. For this sensor this range is 40 Hz to 40 kHz. 

 
 

3.3.1. From Impedance to Dielectric 
 
It is explained in [16] that ice can may be 

replaced by an equivalent circuit as shown in Fig. 12.  
The total complex impedance Z of the circuit is given 
by 
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Now if the ice is characterized by a capacitance 

C, then 
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where L is the thickness of ice, A is the surface area 
of block of ice and o is the permittivity of free space. 
Also we can write  
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which is when substituted in eq. 16 then we have 
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where  = R1C1 is the dielectric relaxation time of the 
circuit that is time taken for the voltage across the ice 
block to reach 1-e-1 = 0.63 of its final value when a 
step voltage is applied. Similarly we can also write 
the complex permittivity as 
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Fig. 13. Equivalent circuit for ice [16]. 
 
 
3.3.2. How to Measure Thickness 

 
In operation the ice detection system knowing the 

type of ice from impedance, thermal conductivity and 
or dielectric measurements, then takes the measured 
impedance value and converts it to a thickness after 
interpolation to the measured local temperature 
should that temperature not be an exact temperature 
match with the look up data. The contaminants layer 
temperature, thermal conductivity and variation of 
total impedance versus ice sensor electrical excitation 
frequency are measured and the total impedance data 
is also converted to show the complex dielectric 
properties of the overlying layer. The measured 
properties and the complex dielectric properties are 
then used first to differentiate between ice, rain 
water, deicer fluid or snow overlying the ice sensor 
and then used to differentiate between glaze and rime 
ice by comparing the results with laboratory 
measured ice data stored in computer memory 
collocated with the ice sensor. The presence of ice is 
confirmed by a measured thermal conductivity value 
in agreement with that of ice and also confirmed if its 
complex dielectric locus exhibits a semicircular 
shape with values for the diameter of the complex 
dielectric locus and for its low frequency and high 
frequency intercepts with the ordinary relative 
permittivity axis in near agreement with similar 
results calculated form the stored laboratory 
measured ice data. A second possible simplified 
means for confirming the presence of ice is also 

provided based on demonstrating that the magnitude 
and angular inclination of a vector from a point on 
the ordinary relative permittivity axis near the high 
frequency end of the complex dielectric locus, the 
vector starting near the locus. 

 
 

4. Conclusion and Future Work 
 

The mere existence of a permanent dipole 
moment in water provides structural information 
about the molecule. It is found that the dielectric 
variations in different types of ice can be very 
effective in finding the parameters such as ice type, 
ice thickness and icing rate. The patent of Jaravinen 
[14] can be considered as a benchmark as it is able to 
sense all the above parameters, hence the direct 
approach mentioned by Homola et. al. [3] is able to 
deliver maximum information. Also due to the 
variation in response of ice and snow by varying the 
electrical field; the application of Cole-Cole Diagram 
for complex dielectric constant of snow and ice is 
adequately proved. A simulation study [17] and 
analytical study [8] on the capacitive variations of 
atmospheric ice is carried out to compare the 
numerical and theoretical results with the 
experimental variations. These results can further be 
utilized/validated for the determination of 
atmospheric ice type and measurement of its rate and 
thickness. A hybrid measurement technique may also 
be considered in future for robust results. 
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Abstract: This paper presents the design of a sigma-delta interface for a heat balanced bolometer. The sigma-
delta interface acts both as digital readout circuit and as a mean of heat feedback. The heat balancing is based on 
the Electrical Substitution principle and implementation through capacitive coupling. The design from the 
functional block down to the layout is presented. Expected performance of the realized chip is evaluated through 
transistor level circuit simulation and top-simulations. The circuit is designed for a realization in AMS CMOS 
0.35 µm technology operating at 3.3 V. Copyright © 2013 IFSA. 
 
Keywords: Bolometer, Heat balanced, Electrical substitution, Sigma-delta modulator. 
 

 
 
1. Introduction 
 
Uncooled resistive bolometers are part of the thermal 
infrared detector category. In 2010, uncooled 
resistive bolometers represented 95 % of the market 
of infrared imaging system [1]. Their operating 
principle is based on the measurement of temperature 
variations due to the incident optical power. In 
parallel to research work trying to improve the 
performance of the bolometers through material or 
geometry optimization, other research works have 
focused on the development of feedback techniques to 
operate the bolometers in closed-loop mode as 
constant temperature bolometric detectors [2, 3]. All 

the proposed techniques are based on the Electrical 
Substitution principle that assumes that optical power 
can be substituted by electrically produced power. For 
integration and simplicity reasons, heat feedback is 
produced by Joule effect, considering that heat 
electrically produced can be used to equivalently 
stimulate the sensing resistor of the bolometer. This 
assumption is the basis of the Electrical Substitution 
(ES) principle also called Electric Equivalence 
principle [3, 4]. The advantages of closed-loop 
operation are numerous, including improvement of 
bandwidth and reduction of spatial noise. In 2009, a 
new configuration has been proposed for the closed-
loop operation of resistive bolometers [5]. The so-
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called Capacitively Coupled Electrical Substitution 
(CCES) configuration exhibits the advantages of 
previous configurations without their limitations in 
terms of additional material required or stability 
issues. Proofs of principle of the CCES configuration 
have been demonstrated through successive 
analogous and digital implementations with discrete 
components [5, 6]. Digital implementation, besides 
the implicit digital measurement output, exhibits 
extra performance compared to analogous 
implementation because of linearization of the 
system [4, 5]. Recently, smart-functions using a 
digital implementation of the CCES configuration 
with a microcontroller have been experimentally 
demonstrated [7]. 

In this work, we aim at integrating the electronic 
circuitry of the CCES configuration for closed-loop 
operation of resistive bolometers and for smart-
functions implementation. With a view toward 
integration of lines or matrixes of pixels, digital 
solution using a sigma-delta core is preferred to 
solution using a microcontroller. Consequently, for 
the first time to our knowledge, an integrated sigma-
delta interface for a bolometer is developed. The 
sigma-delta modulation is attractive because it 
provides a digital output, linearizes the heat feedback 
path and can be easily implemented in high-density 
CMOS technology. Such device will inherit the 
advantages and performance of the previous discrete 
realizations and will be the first step toward fully 
integrated smart infrared imaging systems. 

The paper is organized as follows. The second 
section describes the principle of the digital closed-
loop operation of resistive bolometers. The third 
section presents the design of the sigma-delta 
interface associated with the bolometer. Finally, the 
result section exhibits simulation results that illustrate 
the expected behavior and performance. 

 
 

2. Description of the System 
 
The complete system is a heat balanced bolometer 

using heat feedback through electrical substitution 
means. It is composed of a resistive bolometer, its 
readout conditioning electronics and a sigma-delta 
modulator with a feedback shaping block for the 
implementation of the CCES configuration.  

 
 

2.1. Uncooled Resistive Bolometers 
 
Resistive bolometers are composed of a sensing 

resistor on a surface thermally insulated from the 
substrate by suspension legs, as illustrated in Fig. 1.  

The operating principle is the following: the 
optical infrared (IR) power absorbed onto the surface 
of the bolometer rises the temperature of the sensing 
resistor (P/T conversion). If the sensing resistor (RB) 
is current biased (IB), then the voltage across the 
resistor (VB) measures the temperature variations 

(T/V conversion). The material of the sensing resistor 
is chosen for its high Temperature Coefficient of 
Resistance (TCR). 

 
 

 
 

Fig. 1. Top view of a bolometer pixel and equivalent 
electrical model. 

 
 
The responsivity of a bolometer characterizes the 

variations of the output voltage signal (VB) depending 
on the infrared input optical power (Popt) [8]. It is 
expressed by 
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where  is the TCR of the sensing resistor,  is the 
absorption coefficient of the absorbing surface, Geff 
and eff are the effective thermal conductance and the 
effective thermal constant respectively [8]. The eff 
depends on the heat capacity Cth of the bolometer as 
follows: eff=Cth/Geff. The equation (1) indicates that 
the more the bolometer is thermally insulated, i.e. Geff 
small, the higher the responsivity. However, the more 
the bolometer is thermally insulated, the higher the 
time constant, i.e. the slower the bolometer. This is 
the traditional tradeoff between responsitivity and 
time constant of resistive bolometers. Usually, the 
thermal conductance is designed to match the time 
constants required for imaging applications and 
therefore the responsivity is not optimized. Such 
tradeoff can be released by operation in closed-loop 
mode. 

 
 

2.2. Closed Loop Operation of Uncooled 
Resistive Bolometers 

 
Like for every sensor and generally speaking 

system, closed-loop configuration has advantages 
over open-loop configuration, including reduced time 
response and linearization. Closed-loop operation of 
resistive bolometers enables other interesting 
characteristics such as operation around a user 
defined operating point and simple selection of the 
measurement range. In the case of matrixes of 
bolometer pixels, since the closed-loop response is 
quite independent from the nominal resistance value 
of the sensing resistor, the spatial noise due to 
process discrepancies is intrinsically cancelled. 

Since the physical quantity at the input of the 
bolometer is power, i.e. a fraction of the optical 
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incoming power ηPopt, therefore the quantity applied 
for the feedback path in closed-loop operation is also 
power. For the feedback path, this power is Joule 
power, PJ, under the assumption of Electrical 
Substitution (ES) principle. Fig. 2 illustrates the 
closed-loop configuration of a resistive bolometer. 

 
 

 
 

Fig. 2. Schematic of electrical substitution feedback loop. 
 
 
The system is controlled in temperature to a set 

point defined by a bias voltage VBias. G is the gain of 
the conditioning electronics and VT the amplified 
voltage. The absorbed incoming optical power, Popt, 
is considered as a perturbation compensated by the 
Joule power PJ. The closed-loop system maintains 
the temperature of the bolometer constant by keeping 
the total amount of power constant. This amount 
corresponds to the Joule power initially applied (prior 
to exposure to optical power) in order to elevate the 
temperature of the bolometer. This initial power sets 
the static thermal working point. Fig. 3 illustrates the 
open and closed-loop mode operation of the 
bolometer [9]. A controller C(s) is inserted in the 
loop to adjust the performance of the closed-loop 
system (bandwidth, robustness, noise rejection, …). 
As usually R(s).G is large, a simple controller C(s)=1 
can be used in a first try. 

 
 

 
 

Fig. 3. Operation in open-loop and closed-loop mode, 
examples of simulated curves. (a) in open-loop mode, the 
temperature of the sensing resistor evolves with the 
variations of the absorbed incoming optical power. (b) in 
closed-loop mode, the temperature of the sensing resistor is 
kept constant by the power feedback compensation. A 
measure of the incoming optical power can be derived from 
the feedback power. 

 
 
Bolometers operating in closed-loop mode have 

been developed either with analog or digital feedback 
implementations. Digital implementation is 
interesting in that the feedback path is linearized in a 

simple way if pulsed modulated signals are used  
[4, 5] and in that the output signal is directly digital. 
The digital pulsed signals can be modulated in width 
(PWM, Pulsed Width Modulation) or in density 
(sigma-delta modulation). The major drawback of 
previously proposed digital implementation [6] is the 
need for a microcontroller with an ADC for the 
digital feedback path. We propose here to use a 
sigma-delta modulator both for the digital conversion 
and for the feedback signal generation. This approach 
is somehow comparable to that of micro-
accelerometers operating in closed-loop mode with 
sigma-delta modulators. In the case of lines or 
matrixes of bolometer pixels, this approach should 
lead to a solution better suited for integration. 

The schematic of the sigma-delta feedback loop 
for the bolometer is illustrated in Fig. 4, with a 
controller C(s)=1. 

 
 

 
 

Fig. 4. Schematic of sigma-delta feedback loop for the 
bolometer. 

 
 
The output bitstream corresponding to the 

measurement at the output of the sigma-delta 
modulator would have to be digitally filtered by 
decimators so as to get the output signal with the 
format resolution allowed by the oversampling rate. 

The feedback shaping is here to implement the 
capacitively coupled electrical substitution (CCES) 
that enables easy setting of the system [5, 6]. In the 
case of the CCES implementation, the pulsed 
modulated signal is shifted to high frequencies by 
modulation with a carrier and then capacitively 
coupled onto the sensing resistor of the bolometer. 
The objective is to dissociate the electrical and 
thermal working points according to a frequency 
basis. This implementation can be applied to any kind 
of uncooled resistive bolometer. Considering here the 
sampling frequency of the sigma-delta modulator of 
the interface, the frequency domains of the circuits 
can be represented as shown in Fig. 5. 
The sigma-delta interface for heat balanced 
bolometer using CCES configuration requires three 
main functional blocks, as illustrated in Fig. 6:  
 

(1) A sigma-delta modulator; 
(2) A feedback shaping block; 
(3) A decimator filter.  
 

The rest of the paper describes the design of those 
blocks and their integration into a CMOS chip. 
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Fig. 5. Spectral domains of the heat balanced bolometer 
with the sigma-delta interface. The target bandwidth of the 
system is 10 kHz, the sampling frequency of the sigma-
delta modulator is between 1 and 5 MHz and the heat 
feedback modulates a carrier which frequency is between 
70 MHz and 800 MHz. 
 
 

 
 

Fig. 6. Schematic of the bolometer with the sigma-delta 
interface. The integrated circuit realized is highlighted 

by the dashed box. 
 
 
3. Design of the Circuit 

 
The design was made using austriamicrosystems 

AMS 0.35 µm CMOS technology (C35B4C3) with 
nominal 3.3 V supply voltage. 

Considering the area of the die for this first 
realization, two interfaces were designed in order to 
achieve two output resolutions: 8-bit and 16-bit, for a 
system bandwidth in closed-loop mode of 10 kHz. 
Those characteristics drove the choice of the 
topology of the sigma-delta modulator as detailed in 
the section 3.1.1. 

Mainly because of its simpler realization 
compared to continuous design, discrete time design 
has been chosen for the sigma-delta modulator core 
of the interface; such design type is also more robust 
towards clock phase jitter. This simplicity and this 
robustness come at the cost of higher power 
consumption. But power consumption is not actually 
a main concern in this first integration realization. In 
the same way, higher performance in terms of high 
input frequency range or intrinsic anti-aliasing 
filtering of the continuous time design are not 
required for this sigma-delta interface. Indeed, 
targeted closed-loop system bandwidth is 10 kHz, far 
from frequencies requiring continuous design, 
furthermore the conditioning electronics of the 
bolometer already acts as anti-aliasing filter. All 
these considerations reinforce the choice of discrete 
time design and consequently the choice of switched 

capacitor architectures. 
The overall circuit is fully differential. This 

choice is motivated by the advantages of differential 
structures compared to single-ended ones. Fully 
differential implementation enhances the signal-to-
noise ratio by 3 dB since the swing of the signal is 
doubled. Moreover, differential implementation 
eliminates common-mode perturbations and 
improves power-supply rejection. Especially, the 
fully differential implementation rejects noise from 
the substrate as well as parasitic effects such as clock 
feed-through, i.e. the coupling via parasitic 
capacitance of the switch transistor between clock 
signal and the analog signal passing through the 
switch, but also charge injection, i.e. electrical 
charges present into the channel of the MOS 
transistor when turned on and discharged at the input 
and the output of the switch when turned off leading 
to a change in the amount of electrical charges stored 
in the capacitor.. Those characteristics are possible at 
the cost of a bit more complex electronics for the 
control of the common-mode voltage. 

 
 

3.1. Sigma-delta Modulator 
 
3.1.1. Structure 
 

The issue results from the resolution requirements. 
The peak signal-to-noise ratio (SNR) of an ideal nth 
order sigma-delta modulator with an oversampling 
ratio (OSR) and a B-bit DAC in the feedback loop can 
be expressed as [10]: 

 
    

76.102.6

1212
2

3
log10

12
2























eq

n
B

N

OSR
n

dB

dB

SNR

SNR



 

(2) 

 
where Neq is the equivalent number of bits, i.e. the 
resolution. 

Although this formula reveals that increasing 
either B, the OSR or n can lead to the desired 
resolution, those various parameters don’t impact the 
stability and the linearity of the structure in the same 
manner.  

A single bit DAC in the feedback loop leads to the 
best linearity [11, 12]. Besides, single loop 1st and 2nd 
order topologies are intrinsically stable. Given those 
considerations and the fact that the required system 
bandwidth is low (about 10 kHz) therefore allowing 
high values for the oversampling ratio, the chosen 
topologies are illustrated in Fig. 7. For the 8-bit and 
16-bit resolutions, respectively a 1st order structure 
with OSR of 64 and a 2nd order structure with OSR of 
256 were chosen.  

In both cases, the structure is composed of 
integrator(s), a comparator and a 1-bit DAC. The 2nd 
order is composed of two integrators with gains a and 
b respectively -0.5 and -2.0 to avoid saturation and to 
control the voltage swing. 
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(a) 
 

 
 

(b) 
 

Fig. 7. Block diagrams of the single loop 1-bit  
modulators. (a) 1st order topology, one feedback, 8.1-bit 
equivalent resolution with an OSR of 64. (b) 2nd order 
topology, two integrators and two feedbacks, 17.8-bit 
equivalent with an OSR of 256. 

 
 
Compared to classical architectures, in the case of 

this application dealing with the interface of a heat 
balanced bolometer, an extra input on the first 
integrator is used to add a component to the signal. 
This extra input is a bias input (VPbias) that sets the 
static thermal working point, i.e. the Joule power 
applied in absence of incoming optical signal.  

 
 
As mentioned earlier, switched capacitor circuitry 

was chosen leading to the classical fully-differential 
structure illustrated in Fig. 8 (only the 2nd order 
structure is represented). 

The OTA with the two capacitors, Csam and Cint, 
respectively the sampling capacitor and the 
integration capacitor, forms an integrator. The gain of 
the integrator is given by the ratio -Csam/Cint. The 
sampling capacitor is determined by noise 
requirements due to the kT/C noise of the switches. 
The kT/C noise stands for the thermal noise of the 
switches charging a capacitance C. Csam is 
determined so as to reduce the kT/C noise beneath the 
quantization noise of the converter, Pe. This 
condition is met according to the following equation 
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q, here 3.3 V, by 
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The noise floor of the converter is mainly 

determined by the sampling capacitor of the first 
integrator. From eqs. (3&4), it can be calculated that 
a 500 fF sampling capacitor matches the 
requirements for the 8-bit and 16-bit equivalent 
resolutions of the 1st and 2nd order structures 
respectively. 

 

 

 
 

Fig. 8. Schematic of the single-loop, 1-bit DAC, 2nd order sigma-delta modulator. 
 
 
The sigma-delta modulator is clocked at 

1.25 MHz and 5 MHz respectively for 1st and 2nd 
order structures to match the input bandwidth of 
10 kHz and the required OSR. Two-phase non-
overlapping clock signals with delayed outputs are 
used (clk1, clk1’, clk2, clk2’). The delayed clock 
signals enable the so-called bottom plate sampling 
configuration. In this configuration, the switches 
clocked by clk1 and clk2 are opened and closed 
slightly ahead of switches clocked by clk1’ and clk2’ 

respectively to reduce signal-dependant charge 
injection onto sampling capacitors. Also double 
sampling correlation (DSC) is implemented to reduce 
the flicker noise and to eliminate the offset 
contributions of the OTA [13]. For that purpose, 
additional capacitors, Csto, are placed at the input of 
the OTA. Let us consider the first integrator stage, 
during the first phase of the clock signal, clk1, also 
called sampling phase, the inputs (in+ and in-) are 
sampled across Csam1 while the amplifier offset is 
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sampled and stored on Csto1. During the second clock 
phase, clk2, integration phase, the input signal is 
integrated while the offset is subtracted. 

The common-mode voltages of the first 
integrator, Vcm1+ and Vcm1-, are used to set the static 
thermal working point; they correspond to the VPbias 
signal of Fig. 6. They enable to add a component to 
the signal as illustrated by the eq. (5), where Ts is the 
sampling period of the sigma-delta modulator. 

These inputs can also be used as built-in stimuli 
useful for self-test, self-calibration or self-
identification as illustrated in [7, 9], i.e. useful to 
upgrade the bolometer into a smart-bolometer. The 
common-mode voltage of the second integrator, Vcm2, 
is unique and is set at half the supply voltage. 
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3.1.2. Implementation 
 

The integrators are built around folded-cascode 
OTA with gain above 60 dB to ensure the chosen 
resolution [14]. Folded-cascode OTA was chosen for 
stability reasons and for its high gain-bandwidth 
product, here over 100 MHz. The high gain of this 
single stage OTA stems from the high output 
impedance of the circuit taking advantage of the 
cascode technique. Unlike for the two-stage OTA, the 
stability compensation is directly achieved by the 
output load capacitance provided this load capacitance 

is much larger than any parasitic capacitance. This is 
the case here with sampling and integration 
capacitance of the order of 500 fF. The common-
mode feedback circuitry mandatory for fully 
differential structures is a switched-capacitor 
common-mode feedback (CMFB) circuitry. Hence it 
is adapted to high output swing, low power and does 
not exhibit stability issues.  

 
 

3.1.2.1. Folded-cascode OTA 
 
The choice of the folded-cascode OTA structure 

is motivated by its high gain, its high gain-bandwidth 
product and the fact that it does not exhibit stability 
issues. Its performance makes the folded-cascode 
structure widely used for the realization of sigma-
delta modulators [12].  

The requirements for the folded-cascode OTA 
are: 
(1) A gain over 60 dB, to ensure the right operation 
of the sigma-delta modulator [14], 80 dB taking into 
account a parasitic margin in [12]; 
(2) A phase margin around 60°, i.e. a good 
compromise between stability and step-response; 
(3) A minimum slew-rate of 33 V/µs, to ensure a rail-
to-rail voltage swing within half of period.  

The folded-cascode OTA, shown in Fig. 9, is 
fully differential and requires a common-mode 
feedback circuit for the control of common-mode 
output voltage at Vdd/2. This circuit is shown in 
Fig. 10.  

 

 

 
 

Fig. 9. Schematic of folded-cascode OTA. The load capacitor corresponds for the simulation to the capacitance charge of the 
folded-cascode OTA, i.e. the integration capacitor, the sampling capacitor and the common-mode feedback capacitor. The 
differential amplifier pair (M21/22) is biased by a high swing cascode current mirror (M1-M5). The folded-cascode wide-
swing structure (M13-M16) is biased by currents sources (M17-M20). 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 33-46 

 39

 

 
 

Fig. 10. Switched capacitor common-mode feedback 
circuit.  

 
The sizing of the transistor gives a theoretical 

gain of 84 dB. The gain is oversized to compensate 
for the effects of parasitic resistors and capacitors 
once the circuit is realized. The practical sizing of the 
transistors of the folded-cascode OTA can be found 
in [15]. 

The CMFB circuit controls the common-mode 
voltage of the output at Vdd/2 [16, 17]. An external 
voltage, VCMREF, sets the reference voltage of the 
common-mode feedback at Vdd/2. This voltage 
enables the common-mode feedback circuit to control 
in closed-loop the common-mode voltage of the 
output.  

The sizing of the capacitors of the switched 
capacitor CMFB circuit results from a compromise 
between two opposite considerations. First, 
capacitors should be large enough to make parasitic 
phenomena negligible close to the switches, charge 
injection and clock feed-through for example. But 
large capacitors negatively impact the occupied area 
and increase the load of the OTA. Consequently, C2 
and C1 were chosen 0.5 pF and 0.1 pF respectively. 

Switched are transmission gates because they 
exhibit acceptable Ron variations over full signal 
swing and eliminate in 1st order the clock feed-
through, i.e. the coupling between the clock signal 
controlling the switch and the signal passing through 
the switch. Once the common-mode voltage is 
defined at the output nodes after startup, the 
common-mode is controlled by the negative feedback 
action of the common-mode feedback circuit [16]. 
For example, let us consider an increase of the 
common-mode at the outputs (Vout+, Vout-). Then the 
common-mode feedback voltage VCMFB rises and 
increases the current in both M19 and M20, 
consequently decreasing the output common-mode 
voltage, thus stabilizing it. 

Schematic simulations and post-layout 
simulations from extracted view confirm the 
expected performance of the OTA, see Fig. 11. 
Schematic and post-layout simulations match. 
Characteristic data of the amplifier obtained from 
simulation are: gain 68 dB (Fig. 11 (a)), phase margin 
57°, gain-bandwidth product 107 MHz, slew-rate 
53 V/µs (Fig. 11 (b)) and power consumption 
4.4 mW. Fig. 11 (c) illustrates the proper functioning 
of the CMFB circuit. The convergence of the output 
common mode around 1.65 V, i.e. Vdd/2, can be 
observed within the first microseconds of the 
simulation.  
 

 
 

(a) 
 

 
 

(b) 
 

 
 
Fig. 11. Simulation results from schematic and post-layout 
extracted circuit. (a) Frequency analysis of the designed 
folded-cascode OTA (PSS+PAC simulation with Cadence 
Spectre). Gain is over 60 dB and bandwidth is around  
50 kHz. Phase margin not shown here is around 60°.  
(b) Slew-rate of the differential outputs of the designed 
folded-cascode OTA, schematic and post-layout.  
(c) Transient simulation illustrating the convergence of the 
common-mode around Vdd/2 (1.65 V) during the 2.5 µs at 
the beginning of the graph; differential input signal (top), 
differential output signal (bottom). 
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3.1.2.2. Comparator 
 
The comparator is made of a dynamic-latch 

structure – Lewis-Gray type – shown in Fig. 12(a). 
Despites its poor performance in terms of 
comparison’s speed and offset, this structure is 
simple to realize and fits the requirements of the 
sigma-delta interface working at a relatively low 
frequency (1.2 to 5 MHz). A high positive feedback 
speeds up the decision and a SR-latch at the output 
prevents the output of the comparator from toggling 
back during the reset phase of the comparator. The 
output swings from 0 V to Vdd. 

In order to reduce the kick-back noise 
phenomenon, i.e. the coupling of the high swing 
output variations to the input of the comparator 
through parasitic capacitance of the input transistors, 

the Lewis-Gray stage is preceded by an OTA pre-
amplifier shown in Fig. 12(b). Characteristics 
extracted from simulation for the pre-amplifier are a 
gain of 20 dB in a bandwidth over 50 MHz in typical 
conditions. 

 
 

3.1.2.3. Clock Driver 
 
The switched-capacitor integrators require a two-

phase non-overlapping clock signal, and since 
switches are made of transmission gates, the 
complementary clock signals are also generated. The 
clock driver is realized with logic gates and delay 
cells as depicted in Fig. 12(c). 
 

 
 

 

 
(a) 
 

 
(b) 

 

 
(c) 

 
(d) 

 
Fig. 12. Schematic of fundamental elements of the sigma-delta interface. (a) Lewis-Gray structure of the comparator for the 
sigma-delta modulator. The SR-latch prevents the output of the comparator of toggling back during the reset phase.  
(b) OTA pre-amplifier for the comparator of the sigma-delta modulator. (c) Clock driver generating the four non-
overlapping clock signals. (d) Voltage Controlled Oscillator (VCO), made of a chain of inverters.  
The output frequency is tuned by the voltage, Vctrl, controlling the transition time of the inverters. 
 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 33-46 

 41

3.2. Feedback Shaping Block 
 

The role of the feedback shaping block is to 
translate the pulse-density modulated bitstream of the 
sigma-delta modulator output to the high frequency 
domain. The feedback shaping block involves a 
Voltage Controlled Oscillator (VCO), a mixer and a 
programmable attenuator as illustrated in Fig. 13.  
 
 

 
 

Fig. 13. Feedback shaping. 
 

 
The VCO is a chain of inverters forming a ring 

topology whose frequency can be tuned between 
70 MHz and 800 MHz. The mixer consists in a 
transmission gate controlled by the pulse-density 
modulated bitstream signal from the sigma-delta 
modulator. The programmable attenuator is a ladder 
of cascaded transmission gates with different ON 
resistances. The selected gain, GFB, defines the 
measurement range of the closed-loop system. An  
8-bit selection word allows changing the 
measurement range over more than two orders of 
magnitude. Taking advantage of the two distinct 
working phase of the sigma-delta modulator, the 
sampling phase and the integration phase, the 
feedback is only applied during the integration phase 
(clk2) not to disturb the sampling phase (clk1). 

 
 

3.3. Decimator 
 

A decimator filter is designed for the 1st order 
sigma-delta modulator. Generally speaking, a k-order 
decimator is a Cascaded Integrator Comb filter, or 
CIC filter. It consists in k cascaded integrator stages 
clocked at the sampling frequency, fs, followed by a 
rate change by a factor L, followed by k cascaded 
comb stages running at fs/L. The order of the 
decimator, k, depends on the order of the sigma-delta 
modulator, L, and must verify the relation  

 
1 Lk  (6) 

 
For the 1st order sigma-delta modulator, a 2nd 

order decimator is chosen with a structure shown in 
Fig. 14.  

The size of the registers and operators, for a kth 
order decimator with Ni bit wide bitstream input, is 
given by: 

  OSRkNN iINC log  (7) 

 
For the 1st order sigma-delta modulator with 1-bit 

DAC and 64 OSR, the size is therefore 13 bits. 
 
 

 
 

Fig. 14. Structure of the 2nd order decimator for the 1st 
order sigma-delta modulator. 

 
 

The first bloc of the decimator is a data size 
converter bringing the 1-bit wide bitstream into a  
13-bit wide signal. Two’s complement coding is used 
and the size of the registers evaluated by formula (7) 
prevents overflow and loss of data. The blocs of the 
decimator are realized with the standard cells of the 
foundry library, i.e. full adders and latches. A 6-bit 
counter generates the divided by 64 clock signal, fs/L, 
for the down-sampling register and comb stages. 
 

 
3.4. Complete Sigma-delta Interface 
 
3.4.1. Overall Functioning 
 

A complete view of the sigma-delta interface in 
the case of the 2nd order sigma-delta modulator is 
shown in Fig. 15. The sigma-delta interface is 
inserted into the complete heat balanced system 
comprising the bolometer and its conditioning 
electronics. The input of the system is the incoming 
optical power onto the bolometer. The incoming 
optical power induces variations of the resistance of 
the bolometer sensing resistor. This variation is 
converted into a differential voltage signal by the 
current biasing IB2 and IB1 of the sensing resistor and 
reference resistor. This differential voltage is 
amplified and comes at the input of the sigma-delta 
modulator (in+, in-). 

One of the outputs of the sigma-delta modulator, 
out-, provides a pulsed density coded measure signal 
while the other output, out+, is used for the heat 
feedback. The bitstream from out+ is combined with 
the integration phase clock signal (clk2) to ensure 
that the feedback is not applied during the sampling 
phase (clk1). 

The resulting digital signal modulates a carrier 
generated by the tunable VCO. A programmable gain 
enables to adapt the scale of the feedback signal to 
the bolometer, depending on its resistance. Finally, 
the heat feedback signal is applied back to the 
bolometer through the coupling capacitor. 
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Fig. 15. Complete architecture of the heat balanced bolometer with sigma-delta interface. The structures in the grey boxes 
are the one implemented in the realized chip. The shapes of the signal are represented at the different stages of the system. 
The signal at the input of the system varies in baseband in a 10 kHz bandwidth. The signal is amplified and converted into a 
bitstream sampled at 5 MHz (case of the 2nd order sigma-delta structure) which mean value evolves according to the input 
signal. The feedback shaping block translates this signal up to higher frequencies (several tens of MHz) and couples it back 
to the sensing resistor of the bolometer. Since the bolometer is a low bandwidth system, it acts as a filter towards this high 
frequency signal and only reacts to the root-mean square value of the modulated signal, i.e. to the Joule power of this signal. 
 
 
 
3.4.2. Setting Elements 
 
The system operation is controlled by three signals. 
Firstly, the electrical bias point, VBias, is determined 
by the currents IB1 and IB2 flowing through the 
resistor of the bolometer and in the reference resistor.  
Secondly, the thermal working point is determined by 
the differential voltage (Vcm1+-Vcm1-) added at the first 
integrator stage. This differential voltage generates 
heat feedback in absence of incoming optical power 
so as to elevate the temperature of the bolometer 
above the ambient temperature and allow the proper 
functioning of the closed-loop system.  
Thirdly, the programmable gain stage enables tuning 
of the gain of the system and so selecting the 
measurement range of the system. 
 
 
4. Layout of the Circuit 

 
The circuit is implemented in a 0.35 µm CMOS 

technology, in a 2.3 mm×2.3 mm die area. The 
resulting layout is depicted in Fig. 16. 

A particular attention was paid to the differential 
input pairs of the folded-cascode OTA and the pre-
amplifiers. Those pairs were laid out using common 
centroid geometry to minimize the effects of process 
gradients causing unwanted effects such as offset.  

The overall circuit operates in discrete-time and 
uses switched capacitor circuitry. Hence a particular 
attention was paid to the design of the capacitors. 
Capacitors are divided into elementary capacitor units 
of 125 fF. The capacitors of the circuit are realized as 

arrays of those elementary units surrounded by 
dummy elementary units. The upper electrode plate of 
the capacitors is connected to high-impedance node 
because they usually exhibit less parasitic 
perturbations than the lower electrode plate [18]. 

 
 

 
 

Fig. 16. Layout of the sigma-delta interface for the 
heat balanced bolometer. Inset, picture of the realized 
chip. The chip includes two sigma-delta modulators, 
one 1st order modulator and one 2nd order modulator, a 
2nd order decimator filter realized for the 1st order 
modulator and a feedback shaping block. The realized 
chip is 2.3 mm×2.3 mm, and holds 47 pads. 
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5. Simulation Results, Expected 
Performance 

 
Simulations performed to verify that the design 

fulfills the requirements are time consuming. 
Therefore, once the performance validated, the 
blocks are modeled to carry out top-level simulations. 
The top-level simulations of the complete system are 
performed using Simulink®. 

 
 

5.1. Sigma-Delta Simulation 
 

The electrical simulation results confirm the 
expected performances of the 2nd order sigma-delta 
modulator. The density of the pulses of the bitstream 
varies linearly according to the input signal (Fig. 17).  

Since the voltage to power conversion (V/P) is 
linear with this type of modulation, the feedback path 
is entirely linear. 
 
 

 
 

Fig. 17. Transient simulation of the 2nd order sigma-
delta modulator. Inset, duty cycle versus DC input from 

transient simulations. 
 
 
5.2. Complete System 
 
5.2.1. Schematic Validation 
 

Simulations of the complete system were 
undergone to validate the circuit before fabrication. 
Especially post-layout simulations with extracted 
parameters were performed. An example of those 
complete system simulation is shown in Fig. 18. In 
that case, the 1st order structure with the feedback 
shaping block is simulated. The appropriate behavior 
of the system is obtained: (1) when no optical 
incoming power is applied, the feedback shaping 
block produces a Joule power that sets the thermal 
operating point, (2) when optical power is applied, 
the feedback Joule power diminishes in order to 
exactly compensate the incoming power so as to keep 

the total amount of power constant. This type of 
simulation at the transistor level is time consuming 
because of the various frequency ranges of the 
signals involved in the simulation. Indeed, the input 
signals are in baseband up to 10 kHz while the 
sigma-delta clock is 5 MHz and the feedback carrier 
up to 800 MHz. The simulation step adapts to the 
fastest signal resulting in huge simulation times. The 
simulation illustrated in Fig. 18 took several hours. 
This motivates the use of behavioral top-model for 
top-simulation. Such models enable to rapidly 
simulate the behavior of the complete system and to 
validate algorithms such as those implementing smart 
functions. The validation of algorithms at transistor 
level is unthinkable. A modeling technique for the 
top-simulation of a smart bolometer has been 
proposed in [9]. Top simulations can also give access 
to the expected performance of the complete system. 
This is the case in the next paragraph showing 
expected results obtained with Simulink® modeling 
of the complete system. Therefore, once the post-
layout circuit simulations are performed, models are 
built in order to perform top simulations.  

 
 

5.2.2. Expected Performance 
 

The top-level simulations illustrate the expected 
behavior of the system and its expected noise 
performance. The models developed in [19] are used 
for the integrators of the sigma-delta modulator and 
for the noise considerations. The modeled structure is 
presented in Fig. 19 illustrating the case of a 2nd order 
sigma-delta modulator. Typical characteristics taken 
from [20] are used for the bolometer (7 ms time 
constant and 510-8 W/K thermal conductance). 
Fig. 20 illustrates the step response of both the 
bolometer in open-loop (in that case the output is VT) 
and in closed-loop mode when the bolometer is heat-
balanced with the sigma-delta interface directly 
looped (in that case, the output signal is the bitstream 
after filtering). The input step is 1 µW. The closed-
loop operation is interesting in that the output is 
directly proportional to the incoming power and the 
time response is much faster, i.e. response time (5 % 
final value) below 1 ms.  

Fig. 21 illustrates the expected performances in 
terms of noise taking into account the noise sources 
of sigma-delta interface (quantization noise, kT/C 
noise, clock jitter noise, and OTA noise). The noise 
floor is 100 dB below the 50 µW reference signal, 
meaning that the sigma-delta interface does not 
negatively impact the noise performance of the 
system, i.e. the noise performance will still be limited 
by the noise of the bolometer. 
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Fig. 18. Transient simulation of the sigma-delta interface (1st order). From 0 µs to 5 µs, the input differential signal is zero, 
in+ and in- are equal to Vdd/2 (1.65 V); and from 5 µs to 10 µs, a positive differential input signal is applied. When, the input 
signal is zero, the duty cycle of the measure signal is 50 % which corresponds to a zero input  
(value = Vdd.(Thigh-Tlow)/(Thigh+Tlow)). When the input signal is increased after 5 µs, simulating an optical power incoming 
onto the bolometer, the measure signal increases (Thigh>Tlow) and the modulated feedback signal decreases (less high 
frequency pulsed signal). 
 
 

 
 

Fig. 19. Block diagram of the Simulink® schematic used for simulation. According to [19], integrators are modelled  
using closed-loop delay cells. Data for the bolometer are typical data from literature for micro-bolometers  

(τ=7 ms, Geff=510-8 W/K). Sampling period is set at 0.4 µs for the simulations. 
 
 

 
 

Fig. 20. Step response of the bolometer in open-loop  
and in closed-loop when heat balanced with the 2nd order  

sigma-delta interface. In closed-loop, the output  
signal corresponds to the bitstream after filtering. 

 
Fig. 21. Expected noise performance of the 2nd order 

sigma-delta interface, with a 50 µW input reference  
signal at 100 Hz. 
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5.3. Discussion 
 
The simulation results presented here and top-

simulation involving smart-function presented in [9] 
enable to consider the expected performance and 
behavior of a micro-bolometer associated to the 
integrated sigma-delta interface. 

The two essentials points are: 
(1) The operation in closed-loop mode that 

enables increasing both bandwidth and measurement 
range. New design approach might be considered for 
the micro-bolometers because of the release in the 
time constant-responsivity tradeoff introduced by the 
closed-loop mode operation; 

(2) The introduction of smart-function such as 
self-test, self-calibration, measurement range 
selection and self-identification. 

Fig. 22 illustrates achievable performance of a 
micro-bolometer associated to the sigma-delta 
interface. The main points are the introduction of 
smart function and the increase of the bandwidth. 
Now taking advantage of the tradeoff constraint 
release allowed by the closed-loop operation, new 
structures for the bolometer pixel can be investigated. 
Especially, in [7] a 3D structure is proposed 
improving the detectivity of the bolometer (i.e. the 
ratio of the responsivity by the noise).  

 
 

 
 

Fig. 22. Performance of micro-bolometer associated with 
the sigma-delta interface. 

 
 
Such 3D pixel will be part of the future work after 

the complete validation and concrete tests of the 
realized sigma-delta interface. 

 
 

6. Conclusions 
 

In this paper, the design of a sigma-delta interface 
for a heat balanced bolometer is presented. This 
interface enables an integrated implementation of the 
capacitively coupled electrical substitution 

configuration for uncooled resistive bolometers. By 
enclosing the bolometer in a one-bit feedback loop, 
simultaneous heat feedback and analog-to-digital 
conversion is achieved. The feedback path enables 
built-in stimulus to be applied and the resulting device 
is a pulsed digital output infrared detector part of so-
called frequency sensors, with configuration 
capabilities upgrading it into a smart bolometer. 
Future work will involve the characterization and test 
of the realized prototypes and next development will 
focus on the integration of lines and matrixes of 
pixels.  
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Abstract: Although a handsfree man-machine interface is useful when the user’s hands are not free, existing 
handsfree input devices are not the type of device that are normally worn by people. We have focused on a shoe as 
an input device because people normally wear it when they go out, and proposed a shoe-embedded interface. The 
input device is a sensor shoe. Weight sensors have been attached at three positions on a sole: the first metatarsal, 
the fifth metatarsal, and the calcaneal tuberosity. These positions have been selected based on the characteristics 
of the human foot skeleton. Two types of foot operation have been used: tap and push. By combining these 
operations, 10 commands have been defined. To make it possible to use web applications with a limited number of 
commands, we have proposed a method of supplementing the user’s service requirements using collaborative 
filtering. The sensor shoe houses an insole with hetero-core optical fiber sensor elements attached to it. These 
elements are sensitive to weight. We have built an experimental system that runs on a smartphone and provides the 
shoe-embedded interface, and conducted experiments with three test subjects to evaluate the system. The average 
rate of successful command identification was 89 %. We have also evaluated this service requirements 
supplementation method theoretically, and confirmed that the proposed service recommendation function can be 
applied to smartphone systems. Copyright © 2013 IFSA. 
 
Keywords: Shoe-embedded interface, Heterocore optical fiber sensor, Handsfree interface, Service requirements 
supplementation, Collaborative filtering. 
 

 
 
1. Introduction 
 

In the field of human-computer interaction, there 
are intensive studies on a man-machine interface 
[2-7]. A handsfree interface is useful for people who 
are in a public space and whose hands are not free, 
such as passengers holding baggage in an airport, 
parents holding small children, and golf players. Most 

handsfree interfaces with practical products already 
available use speech recognition. Speech recognition 
has been widely implemented in mobile information 
devices, such as smartphones, tablet terminals, and 
laptop PCs. Handsfree interfaces generally consist of 
an input device and a processing terminal. In cases 
where speech recognition is used, the input device is 
either built in a mobile information device or a 
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microphone connected to the input port of a mobile 
information device, and the processing terminal is the 
mobile information device itself. The processing 
terminal conveys the user’s intention to a given 
application by extracting a word from the waveforms 
sent from the input device, and identifying a 
pre-defined command that matches the word. 

In cases where the user is in a public space and 
his/her hands are not free, a problem with 
conventional human interfaces is that the user needs to 
wear an input device just for the purpose of acquiring 
this interface whether the input device is an 
earphone-equipped microphone or a headset for voice 
input, a head-mounted display or eye-glass-like device 
for eye-tracking input, a cap-shaped input device for a 
brain-machine interface, or a camera to recognize a 
gesture or a motion. When the user does not need this 
interface, he/she has no need to wear such devices. 

We have focused on a shoe because people always 
wear it when they go out. Specifically, we have chosen 
to use a shoe-embedded interface because it is suitable 
for use in a public space. The input device is a sensor 
shoe with a hetero-core optical fiber sensor element 
built in it [8-14]. The processing terminal is a 
smartphone. Section 2 gives an overview of the 
shoe-embedded interface. Section 3 describes three 
aspects of implementing the shoe-embedded interface: 
sensor shoe design, command input method, and 
command definition. It also proposes a method of 
supplementing the user’s service requirements using 
collaborative filtering in order to make it possible to 
use web applications with a limited number of 
commands. Section 4 describes the experimental 
system we have developed based on the proposed 
method. Section 5 reports on the experiment carried 
out using the experimental system, and the evaluation 
of the correct command identification rate, and the 
theoretical evaluation of the method of supplementing 
the user’s service requirements. Finally, Section 6 
provides the conclusions and future work. 

 
 

2. Shoe-Embedded Human Interface  
 
The shoe-embedded human interface is a wearable 

handsfree human interface. It consists of a sensor shoe 
and a processing terminal. A sensor shoe is a shoe with 
weight sensors. The weight sensors are attached to the 
insole of the user’s shoe. The user puts his/her weight 
on the sensors to input an operation. The sensors are so 
thin that the shoe appears to be a normal shoe. The 
processing terminal identifies the user’s operation 
from the weights measured by the sensors. The weight 
data is sent to the processing terminal using wireless 
communication. A smartphone is used as the 
processing terminal. Advantages of the proposed 
interface include resistance to noise, mobility and 
invisibility. The interface is highly resistant to noise 
because the user operates the sensor with his/her 
weight. It provides high mobility because the sensor 
shoe is not wired to the processing terminal. It is 
invisible to others because it requires only a sensor 

shoe and a smartphone. The user can use it without 
worrying about how he/she looks. 

One of the criteria generally used to assess the ease 
of using a man-machine interface is usability. 
Usability is defined in ISO9241-11[15-17] as “extent 
to which a product can be used by specified users to 
achieve specified goals with effectiveness, efficiency 
and satisfaction in a specified context of use.” 
ISO9241-11 goes on to define effectiveness as 
“accuracy and completeness with which users achieve 
specified goals,” efficiency as “resources expended in 
relation to the accuracy and completeness with which 
users achieve goals,” and satisfaction as “freedom 
from discomfort, and positive attitudes towards the 
use of the product.” Ishikawa [18] states that 
“usability is often evaluated in terms of the 
achievement of specified goals. In other words, it is 
evaluated with a defined evaluation task.” However, it 
is difficult to generalize the functions of the potential 
device that will be operated by the user. Therefore, we 
focus on the simple task of selecting a function when 
the user is in a public space and his/her hands are not 
free. 

Fig. 1 shows an example of the function selection 
task. In this example, the user in an airport selects the 
service of checking information about his/her reserved 
boarding pass from a list of services available.  

 
 

 
 
Fig. 1. Example of the Use of the Proposed System. 
 
 
The user attaches his/her smartphone on the strap 

of his/her bag, and can see the display screen of the 
smartphone simply by looking down. First of all, the 
user inputs a start command to shift the system’s state 
from the walking state to the input state. Then, the 
processing terminal sends to the server an inquiry 
about services that are available at the airport, obtains 
a list of available services from the server, and 
displays it for the user. A unique command identifier 
is associated with each service. The user can recognize 
the associations between services and command 
identifiers from the positions of the identifiers on the 
screen. When the user inputs the command identifier 
associated with checking information about the 
reserved boarding pass, the processing terminal 
identifies it, and conveys this request to the server. In 
this case, effectiveness can be evaluated in terms of 
the probability at which the processing terminal 
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correctly recognizes the command identifier for the 
service wanted by the user, or simply in terms of the 
rate of successfully identifying the intended 
command. Efficiency can be evaluated in terms of the 
amount of labor required to operate the user interface, 
or simply in terms of the number of input attempts. 
Since it is difficult to evaluate satisfaction in a general 
term, it is not addressed in this paper. 
 
 
3. Proposals  
 
3.1. Design of the Sensor Shoe 
 

A sensor shoe has three weight sensors attached to 
the positions shown in Fig. 2. These positions have 
been determined based on the structure of the human 
foot skeleton. According to Noda [19], the plantar 
arch, a characteristic feature of the human foot 
skeleton, is made up of three arches linking three 
points: the first metatarsal (the base of big toe), the 
fifth metatarsal (the base of the little toe), and the 
calcaneal tuberosity (the heel area that touches the 
ground). Noda also states that, when the entire sole is 
touching the ground, the weight is distributed on the 
three points at the ratios of 2 on the first metatarsal, 1 
on the fifth metatarsal, and 3 on the calcaneal 
tuberosity. The selection of the sensor positions is 
based on this finding. 

 
 

Weight sensors are attached

 
 

Fig. 2. Positions of Weight Sensors. 
 
 

3.2. Tap and Push Operation 
 
The user’s operations are defined using variations 

in the user’s weight. Weight sensors handle only two 
types of data: duration in when the weight is measured 
and the weight value. Operations can be defined in 
terms of either duration or weight. In a method 
focusing on duration, a threshold is defined regarding 
the weight value to determine whether the user has 
intended to make certain operation or not. Multiple 
types of operation can be defined depending on the 
duration in which the user continues this operation. In 
a method focusing on weight, a point in time, such as 
5000 ms after the transition to the input waiting state, 
is selected for the identification of the user’s intention. 

Multiple types of operation can be defined depending 
on the weight measured at that time. However, this 
method requires delicate control of the weight the user 
applies. Controlling the weight is more difficult than 
controlling the duration. Therefore, we have adopted a 
method focusing on duration.  

A command is defined by a combination of two 
types of operations: a tap operation and a push 
operation. A tap operation is tapping the sole of the 
user’s shoe on the ground. In this operation, the 
change in weight is expected to show a triangular 
wave, as shown in Fig. 3. By setting a threshold on the 
weight, it is possible to detect this operation through 
two steps: 

Step 1: Measure the weight that exceeds the 
threshold value 

Step 2: Measure the weight when it is below the 
threshold value over certain duration. 

 
 

t

Weight

Threshold

 
 

Fig. 3. Change in Weight at the Time of Tap Operation. 
 
 
A push operation is applying weight on the sensor 

casing as if the user is pressing the sensor. In this 
operation, the weight changes in the form of a 
trapezoidal wave, as shown in Fig. 4. By setting a 
threshold value, it is possible to detect this operation 
through three steps: 

Step 1: Measure the weight that exceeds the 
threshold value 

Step 2: The weight continues to exceed the 
threshold value for more than a certain time 

Step 3: Measure the weight when it is below the 
threshold value 

 
 

t

Weight

Threshold

 
 

Fig. 4. Change in Weight at the Time of Push Operation. 
 
 

3.3. Definition of Commands 
 
Ten commands have been defined by 

combinations of tap and push operations, as shown in 
Fig. 5. A unique command identifier is associated with 
each command. 
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A
C

B

Command ID Operation Patterns

1 Push A -> Push A

2 Push A -> Push B

3 Push A -> Push C

4 Push B -> Push A

5 Push B -> Push B

6 Push B -> Push C

7 Push C -> Push A

8 Push C -> Push B

9 Push C -> Push C

10 Tap
 

 
Fig. 5. Definition of Commands. 

 
 
Nine commands are represented by a push 

operation, and one command by a tap operation. The 
reason for defining the commands in this manner is as 
follows. Ishikawa [18] states that the task of selecting 
a function can be expressed as a hierarchical menu in a 
tree structure chart. If the number of commands to be 
defined for the task of selecting a function is small, the 
number of layers that must be crossed to reach the goal 
becomes large, resulting in an increased burden on the 
user because he/she needs to make a large number of 
input operations. Conversely, if the number of 
commands is large, it becomes a burden for the user to 
learn the required operations. One of the quantitative 
expressions of human’s short memory capacity is 
Miller’s Magical Number Seven, Plus or Minus Two 
[20, 21]. He argues that the number of objects an 
average human can hold in working memory is around 
7. This implies that if the number of commands used 
to select a function exceeds two digits, the burden of 
learning is large. Since such a burden reduces the 
efficiency of using the interface, it is necessary to 
minimize the number of commands. In the case of 
selecting one out of 50 functions, the relations 
between the number of commands and the calculated 
number of inputs are as shown in Table 1. P stands for 
a “push operation,” and T for a “tap operation.” If the 
number of commands of push operation is 2, a tree that 
expresses 50 elements needs to have 6 layers. 

 
 

Table 1. Comparison of Different Numbers of Commands 
in Terms of Efficiency. 

 
Number of
commands

for 
selecting 
functions 

Required operations 
Number 

of 
inputs 

Burden 
of 

learning 

2 (P→T)×6 times 12 Small 
3 (P→T)×4 times 8 Small 

4 
(P:2 times→T)×3 
times 

9 Small 

8 
(P:3 times→T)×2 
times 

8 Small 

9 
(P:2 times→T)×2 
times 

6 Small 

16 
(P:4 times→T)×2 
times 

10 Large 

27 
(P:3 times→T)×2 
times 

8 Large 

Just passing through each node requires one push 
operation (selection) and one tap operation (selection 
done). Therefore, to go through the 6 layers, a total of 
12 operations are required. We have also studied other 
numbers of commands and found that, in cases where 
three weight sensor elements are attached to a sensor 
shoe, the number of required input operations is the 
smallest (i.e., the input operation is the most efficient) 
when the number of commands is 9. This is the reason 
why 9 commands are based on a push operation in this 
paper. 

 
 

3.4. Method of Supplementing the User’s 
Service Requirements using 
Collaborative Filtering 

 
As the user’s needs become more diverse, so do 

services that meet these needs. As a result, a wide 
variety of services are now offered on the web. In 
addition, the advance in mobile web use has given rise 
to many services targeted at users of mobile terminals. 
This trend means that users are given a wider range of 
options. However, the scheme of inputting the user’s 
intention using commands is inherently unsuitable for 
web browsing, whose UI (User Interface) design is 
based on the use of a pointing device, and thus can 
hinder easy access to the rich array of web services. To 
solve this problem, we propose to supplement the 
user’s service requirements by capitalizing on the high 
compatibility of smartphones with web applications. 
By information supplementation we mean that a 
smartphone or a system autonomously collects and 
uses information related to the information input by 
the user using his/her terminal. Many technologies 
have been studied for this mechanism, such as 
machine learning, artificial intelligence, and collective 
intelligence. Among these, we propose to a method of 
supplementing input information using collaborative 
filtering [22-25], which is one type of machine 
learning. “Collaborative filtering simply means that 
people collaborate to help one another perform 
filtering by recording their reactions to documents 
they read” [22]. Although this filtering was originally 
conceived to extract those parts of a large document 
on the web that are useful for the user, it is today 
widely used at large online shopping sites and blog 
platform sites [26, 27]. In our research, it is used to 
select a service useful for the user from among many 
services available. 

This research assumes that the user is given a wide 
selection of services. When the user attempts to select 
a service from among many using the shoe-embedded 
interface, the processing terminal (smartphone) 
recommends services that the user is highly likely to 
use, based on the service rating scores given by the 
user and others. The number of services that are 
recommended is the number of options from which 
the user can select one with one input operation 
(namely 9 options). A service is rated by the user each 
time he/she has used it, and only the latest rating score 
is stored. Table 2 is an example of such a rating table.  
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Table 2. Rating Table Example. 
 

User Service Rating(1-10)
Kaneda get clothes 10
Kaneda listen to music 8
Kaneda call a taxi cab 2

Kitamura listen to music 5
Nomoto get clothes 7
Nomoto call a taxi cab 6

Takahashi listen to music 4
Takahashi get clothes 1
Takahashi view a map 8
Watanabe view a map 7
Yamada listen to music 2
Yamada call a taxi cab 6
Yamada get clothes 6  

 
 
Rating tables are stored in a database on the web. 
When the processing terminal receives input data via 
the interface, it accesses this database, collects the 
relevant data, makes a necessary calculation, and 
returns the recommended services to the user. 

The calculation used to narrow down 
recommendable services [22] broadly consists of three 
steps. First, the degrees of similarity between services 
are calculated using Euclidian distances. Next, the 
degrees of similarity of services already rated by the 
user are multiplied with those of services not yet rated 
and then normalized in order to obtain estimate rating 
scores for not yet rated services. Finally, the list of 
scores of rated services and estimate scores of not yet 
rated services is sorted, and those services that are 
highly rated are chosen for recommendation. Details 
of these steps are as follows: 

 
Step 1: Calculate the degrees of similarity between 
services 

The set of the degrees of similarities of any service 
and any other services is obtained in a manner 
described in the pseudocodes shown in List 1 below. 
For simplicity, we use the case of calculating the 
degree of similarity between service[n] and service[m] 
as an example. 

First, find the user who has rated both service[n] 
and service[m]. Next, calculate the square root of the 
sum of the squares of the differences between this 
user’s rating scores of service[n] and service[m]. The 
result is the Euclidian distance between the two 
services. We define the reciprocal of the sum of this 
Euclidian distance and 1 as the degree of similarity. 
The reason why we use the reciprocal as the degree of 
similarity is that using the Euclidian distance itself as 
the degree of similarity is misleading because, the 
more similar two services are to each other, the 
smaller the degree of similarity becomes. “1” is added 
to the Euclidian distance before calculating the 
reciprocal in order to avoid the denominator becoming 
“0”, which can occur when the two services concerned 
get exactly the same rating scores and thus the 
Euclidian distance is “0”. 
 

List 1: Example of pseudocodes for calculating the 
degree of similarity between a service[n] and another 
service (The maximum value of n is the number of 
services, and the maximum value of m is n-1). 
 
Obtain service’, which is a set of the rating scores of services 
other than service[n]; 
while(service’[m] is present){ 

Find the user who has rated both service[n] and 
service’[m]; 

Calculate the square root of the sum of the squares of the 
differences between this user’s rating scores of 
service[n] and service’[m]; 

Calculate the reciprocal of the sum of the value calculated 
above and 1; 

Regard the calculated value as the degree of similarity 
between service[n] and service’[m], and store it in 
similarity, which is a set of degrees of similarities: 

Add 1 to m; 
} 
Return similarity; 
 
Step 2: Calculate the estimate scores of not yet rated 
services 

The estimate scores of not yet rate services can be 
calculated in a manner described in the pseudocodes 
shown in List 2 below. First, the sum of the scores of 
the rated services and the products of the similarities 
between the rated services and not yet rated services is 
calculated. Next, for the purpose of normalization, the 
sum of the products of the degrees of similarity is 
divided by the total of the degrees of similarity. This 
value is the estimate score of a not yet rated service. 
 
List 2: Example of pseudocodes for calculating the 
estimate score of a not yet rated service[n] 
 
Obtain service_rated, which is a set of rated services; 
while(service_rated[m] is present){ 

Calculate the product of the score of service_rated[m] and  
the degree of similarity between service_rated[m] and 
service[n]; 

Add 1 to m; 
} 
Obtain the total sum of the calculated products; 
Obtain the total sum of the degrees of similarity between 
service[n] and service_rated; 
Divide the total sum of the products by the total sum of the 
degrees of similarity; 
Return the divided value as the estimate score of service[n]; 
 
Step 3: Obtain recommendations 

This step is simple. First, the list of the scores of 
rated services and the estimate scores of not yet rated 
services is sorted in descending order. Next, as many 
high-ranking services as can be selected in one input 
operation [n] are selected. Finally, each selected 
service is associated with an operation identifier on a 
one-to-one basis. The above procedure makes it 
possible for the user to select a desired service from 
among numerous options with a single input 
operation. 
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4. Implementation  
 
4.1. System Structure 

 
We have built an experimental system based on the 

method proposed in Section 3. As shown in Fig. 6, the 
system consists of a sensor shoe, an optical 
measurement instrument, and a user operation 
detection application running on a smartphone [28, 
29]. 

 
 

Shoes-Style Input Interface

Optic Measurement Instrument
(This will be more compact in the future)

Device
(Xperia: Smartphone)

Android OS
2.1-update1

User Operation
Detection

APL

Bluetooth
Connection

Sensor

 
 

Fig. 6. Structure of the Experimental System. 
 
 
The sensor shoe is an insole. The parts of the insole 

where weight sensors are to be attached were removed 
and replaced with sensor casings. A hetero-core 
optical fiber weight sensor was used as a weight 
sensor. As shown in Fig. 7, a hetero-core optical fiber 
is composed of an optical fiber of a uniform core 
diameter with a small fiber segment with a different 
core diameter inserted. When the hetero-core optical 
fiber is bent, its optical loss increases. The hetero-core 
optical fiber weight sensor uses this property. It is 
highly sensitive to bending. When a weight is applied 
on the sensor casing, the fiber is bent, increasing its 
optical loss. The sensor detects how big the applied 
weight is by measuring the optical loss. The weight is 
actually measured by the optical measurement 
instrument. An LED/PD (Light Emitting Diode / 
Photo Diode) power meter was used as this instrument. 
The experimental system measures optical loss (in 
mV) and sends the measured value to the processing 
terminal every 33 ms. Since weight is expressed as 
optical loss, the larger the weight, the lower the level 
of the optical signal. 

 
 

 
 

Fig. 7. Hetero-core Optical Fiber. 
 

A weight on a sensor shoe is detected by the 
optical measurement instrument via the hetero-core 
optical fiber. The detected weight is converted into a 
voltage value [mV] by the photodiode within the 
instrument, and this voltage value is sent to the 
processing terminal by the Bluetooth module within 
the instrument using virtual serial port communication. 
Our experimentally developed application on the 
processing terminal, which is a smartphone, receives 
the weight data sent via the virtual serial port, and 
determines the operation of the user. 

The experimentally developed optical 
measurement instrument is shown on the right-hand 
side of Fig. 8. It is equipped with 8 LED/PD ports and 
thus is too bulky to wear and move around in the street. 
However, optical measurement instruments are 
becoming compact. In fact, a one-port model, such as 
the one shown on the left-hand of Fig. 8, is already on 
the market. When the shoe-embedded interface is to 
be actually used, such a compact measurement 
instrument will be put in a pocket of the user’s trousers. 
The power of the optical measurement instrument 
used in this experimental system was supplied by a 
rechargeable battery for a mobile phone through a 
USB miniB-type 5V-power port that is located at the 
back of the instrument. The smartphone used was 
Xperia SO-01 from Sony Ericsson that runs on 
Android, an OS for mobile terminals. 

 
 

 
 

Fig. 8. Optical measurement instrument 
(left: one-port type; right: 8-port type). 

 
 

4.2. Sensor Shoe 
 
As shown in Fig. 9, the experimentally developed 

insole used in the sensor shoe has three holes. A sensor 
casing was inserted into each hole. Two tangent lines, 
each touching the insole at two points, were drawn as 
shown in the figure. Then, a line was drawn between 
the tangent points of the two lines near the toes. A 
sensor was attached at the quarter point on this line 
from each tangent point. Similarly, a line was drawn 
between the tangent points of the two lines near the 
heel. A sensor was attached to the center on this line 
between the two tangent points. 

As shown in Fig. 10, each experimentally 
developed sensor casing consists of one 9 μm  5 μm 
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 9 μm hetero-core optical fiber, three 1 mm  3 mm 
silicon rubber plates, four 10 mm  10 mm silicon 
rubber plates, and two 30 mm  30 mm plastic boards. 

 
 

 
 

Fig. 9. Experimentally Developed Insole. 
 
 

4.3. Operation Detection Application 
 
The operation detection application software is 

configured as shown in Fig. 11, and is implemented on 

a smartphone. This application performs three 
functions: setting parameters for the experiment, 
calibration and operation detection. By calibration is 
meant the processing to equalize differences in users’ 
weights and in sensors’ sensitivities. The calibration 
was performed as follows. A push operation was 
applied to each element for 3 seconds a number of 
times, and the maximum and the minimum 
measurements were recorded. The difference between 
the maximum and the minimum values was multiplied 
by the value of a parameter we call a weight ratio. This 
value is subtracted from the maximum value. The 
result is used as the weight threshold. The pthreshold can 
be expressed as  

 
pthreshold = pmax - { Weight Ratio × ( pmax - pmin ) } (1) 

 
The other parameters used are the detection 

duration for a tap operation and that for a push 
operation. 

 
 

 
 

(a) 3D diagram. 
 

 
 

(c) Developed sensor casing. 
 

Fig. 10. Experimentally Developed Sensor Casing. 

Weight sensors are attached
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Fig. 11. Configuration of the Operation Detection 

Application. 
 
 

5. Experiment and Evaluation 
 
5.1. Detection Duration of a Tap Operation, 

that of a Push Operation, and Threshold 
Value 

 
Experiments were carried out using the 

experimental system. Parameters were set before 
starting the experiment. We measured changes in 
weights measured respectively by elements A, B and 
C in Fig. 5 when a tap operation and a push operation 
were respectively applied in order to determine the 
duration needed to detect an operation successfully. 
As show in Fig. 12, 85 % to 90 % of the measured 
weight data concentrated on either the range where the 
optical measurement value was between the 
maximum value and that minus 25 % or the range 
where it was between the minimum value and that plus 
25 %. 
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Fig. 12. Polarization of Measured Values. 
 
 
We found that the weight fell in one of these 

ranges only when an operation was applied, and 
therefore, it is possible to detect an operation by 
setting the weight threshold in the middle of these two 
ranges. When the threshold was calculated with the 
weight ratio at 0.7, it took 100 ms to 200 ms for the 
user to perform a tap operation, as shown in Fig. 13, 
and 600 ms to 1100 ms to perform a push operation, as 
shown in Fig. 14. Therefore, we decided that 
operations can be detected correctly if we set the 
detection duration for a tap operation to around  
200 ms, and the detection duration for a push 
operation to slightly below 600 ms. 
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Fig. 13. Measurement for a Tap Operation. 
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Fig. 14. Measurement for a Push Operation. 
 
 
5.2. Experiment Conducted using  

the Experimental System 
 

We carried out an experiment to examine how the 
experimental system behaves. It was conducted in  
4 steps: 

Step 1: Set the parameters 
Step 2: Establish a Bluetooth connection 
Step 3: Set calibration and threshold values 
Step 4: Select a function. 
 
Fig. 15 shows a test subject wearing the sensor 

shoe of the experimental system. Table 3 shows 
screenshots of the smartphone at each step, and the 
user’s state that can be inferred from it.  

 
 

 
 

Fig. 15. User wearing the Sensor Shoe. 
 
 

5.3. Evaluation of the Successful Command 
Identification Rate 

 
We had three test subjects. They learned how to 

operate the system for about 10 minutes before 
starting the experiment. They input the ten commands 

Optical measurement 
instrument

Sensor shoe

Smartphone

Sensor shoe

Optical measurement 
instrument

Sensor shoe

Smartphone
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in sequence from command identifier 1 to 10. They 
tried these several times so that we could examine the 
probability at which the commands they intended to 
input were identified correctly. The parameter values 
used in this experiment were 200 ms for the tap 
operation detection duration, 400 ms for the push 

operation detection duration, and 0.7 for the weight 
ratio. The result of the experiment is shown in Table 4. 
A screenshot of the experimental system taken during 
the experiment is shown in Fig. 16. 
 
 

 
 

Table 3. Screenshots of the Smartphone at Each Step and the User’s Action that can be Inferred. 
 

 Application State Step1-1 : Parameters setting Step1-2 : Display parameters Step2 : Establish a Bluetooth 
Connection

Screenshot

User State
Before putting on the shoe-

embedded interface Shoe-embedded interface worn

Application State
Step3-1 : Calibrate and set 

thresholds
Step3-2 : Display the 

thresholds Step4 : Selects a function

Screenshot

User State Several attempts of a push operation Selects a function

Parameter display area Instrument ID

Thresholds determined 
after the calibration

The first input 
for the operation that is
represented by
a combination of two inputs

The operation 
detection result

 
 
 

Table 4. Result of the Command Identification Experiment. 
 

Commands
Item

1 2 3 4 5 6 7 8 9 10
Number of 
successful 
detection

Success rate

Subject 1 10 8 10 10 9 10 6 10 8 10 91 0.91 

Subject 2 10 9 8 9 8 4 9 9 10 10 86 0.86 

Subject 3 2 2 2 2 2 2 2 1 2 2 19 0.95 

Avarage or Total 1.00 0.86 0.91 0.95 0.86 0.73 0.77 0.91 0.91 1.00 196 0.89 

 
 

 

Erroneous detection

 
 

Fig. 16. Screenshot taken in the Experiment. (Each subject 
input commands in sequence from 1 to 10. An erroneous 

identification occurred in the 7th input attempt). 
 

The three subjects conducted the experiment a 
total of 220 times, of which their input commands 
were identified correctly 196 times. The rate of 
successful identification for the three subjects ranged 
from 86 % to 95 %. The average rate was 89 %. 

 
 
 

5.4. Theoretical Evaluation of the Method of 
Supplementing the User Requirement 

 
We theoretically evaluated the method of service 

recommendation based on collaborative filtering. 
Specifically, we examined whether the services 
selected using collaborative filtering were indeed the 
service the user wanted. If the right services were 
selected, it means that the user demand information 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 47-58 

 56 

was supplemented correctly. The service most highly 
rated by user 1 is referred to as service 1. Two services 
that are highly similar to service 1 are referred to as 
services 2 and 3. The user who gave a low rating score 
to service 1 was referred to as user 4. The objective is 
to ascertain that services not at all wanted by the user 
were not included in the recommendations. Euclidian 
distances were used to calculate the degree of 
similarity between services. The number of services 
was 30, and the number of users was 5. The number of 
rating scores was 50. The rating table used in this 
study is shown in Table 5. The estimate rating scores 
of services not yet rated by user 1 or user 4 are shown 
in Table 6. Services recommended to user 1 and user 4 
are shown in Table 7. 

 
  Table 5. Rating Table used. 

 

 
 
 

Table 6. Estimate rating scores by users 1 and 4 of 
services not yet rated by them. 

 
 
 
 
 

Table 7. Services recommended to users 1 and 4. 
 

 
 
 
The evaluation results are shown in Tables 6 and 7. 

As shown in Table 6, services 2 and 3, which are 
similar to service 1 (the service the most highly rated 
by user 1), were more highly rated than not yet rated 
services. Services 1, 2 and 3 are all included in the 
recommended services shown in Table 7. In contrast, 
for user 4, who gave a low rating score to service 1, the 
estimate score of service 3 shown in Table 6 was low, 
and none of services 1, 2 or 3 was included in the 
recommendation services, as shown in Table 7. These 
results indicate that, albeit partially, services were 
recommended correctly, and thus this method can be 
applied to the shoe-embedded interface for narrowing 
down recommendable services. 

 
 

6. Conclusion and Future Work 
 

We have focused on foot as a user interface that 
provides high mobility, a high command identification 
rate, and ability to complement information, hence the 
proposal of a shoe-embedded interface. This interface 
was implemented by attaching sensors at three points 
on the insole of a shoe. These points were selected 
based on the characteristics of the shape of a human 
foot. Commands were defined by a combination of 
two operations: push and tap. We have devised a 
method of indicating one of 10 alternative commands 
by a single foot operation. We have developed an 
experimental system that implemented the proposed 
method, and used it to evaluate the probability at 
which input commands are identified correctly. In our 
experiment with three subjects, the average rate of 
successful identification was 89 %. We have 
theoretically evaluated the method of supplementing 
the user demand information using collaborative 
filtering, and confirmed that it can be applied to the 
shoe-embedded interface for selecting 
recommendable services. 

In the future, it will be necessary to examine the 
rate of correct identification and possible occurrences 
of system failures in cases where the user is running or 
walking. It is also necessary to evaluate the method of 
providing recommended service options to users by 
building an experimental system. 
 
 
 
 

user ID service ID rating(1-10)
1 1 10
1 5 3
1 11 5
1 13 1
1 14 4
1 30 3
2 1 6
2 2 6
2 3 6
2 6 2
2 8 8
2 9 5
2 14 4
2 15 6
2 18 4
2 19 4
3 1 7
3 2 7
3 3 6
3 4 8
3 5 7
3 7 5
3 12 4
3 16 5
3 20 2

user ID service ID rating(1-10)
3 21 1
3 26 8
3 27 9
4 1 1
4 2 1
4 6 4
4 7 7
4 9 7
4 12 2
4 15 5
4 16 4
4 22 6
4 23 10
4 24 6
4 25 8
5 2 6
5 3 6
5 4 1
5 8 3
5 10 8
5 11 7
5 13 3
5 17 3
5 28 6
5 29 5

 userID serviceID rating(1-10)
1 12 10.00
1 26 6.50
1 27 6.50
1 2 5.86
1 4 5.58
1 3 5.50
1 10 5.00
1 18 5.00
1 19 5.00
1 16 4.84
1 28 4.33
1 6 4.00
1 9 4.00
1 15 4.00
1 7 3.00
1 29 3.00
1 8 2.62
1 17 1.22

 userID serviceID rating(1-10)
4 14 5.89
4 19 4.38
4 18 4.38
4 3 4.16
4 8 3.80
4 5 2.26
4 4 2.26
4 21 2.00
4 20 2.00
4 26 1.54
4 29 1.00
4 28 1.00
4 27 1.00
4 11 1.00

 userID serviceID rating(1-10)
4 23 10.00
4 25 8.00
4 7 7.00
4 9 7.00
4 22 6.00
4 24 6.00
4 14 5.89
4 15 5.00
4 19 4.38

 userID serviceID rating(1-10)
1 1 10.00
1 12 10.00
1 26 6.50
1 27 6.50
1 2 5.86
1 4 5.58
1 3 5.50
1 11 5.00
1 10 5.00
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Abstract: This paper presents a wireless acoustic emission sensor module with microcontroller for monitoring 
systems of structures under stress, prevailed by a piezoelectric AE sensor on the investigated material surface. 
The module performs the analogue/digital conversion of signals, the microcontroller commands the wireless 
interface, may send and receive information from other emitting - receiver wireless modules. The 
microcontroller could vary the amplifier gain and make the appropriate analogue/digital conversion. Many 
wireless modules with acoustic emission sensors could be successfully applicable to the AE monitoring systems 
of complex construction structures in the civil engineering, using dedicated software. Copyright © 2013 IFSA. 
 
Keywords: AE, Acoustic emission, Non-destructive testing, NDT, Microcontroller, µC. 
 

 
 
1. Introduction 
 

Acoustic emission (AE) techniques [1] draw a 
great attention to the diagnostic applications, material 
testing and study of deformation, fracture and 
corrosion, because they give an immediate indication 
of the response and behavior of materials under 
stresses, intimately connected with strength, damage, 
fracture and failure. Also, AE technology involves 
the use of ultrasonic sensors (20 kHz - 1 MHz) to 
listen to the sounds of failure occurring in materials 
and structures. 

The roughest localization method is guessing the 
source origin using the “first hit” technique. The 

advantage of first hit techniques is that no sensor 
arrays and no data analysis are necessary. The sensor 
which detects an AE first defines a radius or a half 
sphere, respectively, in which the signal originated. 
The utilizer’s experience denotes whether that 
technique is accurate enough. This can be done for 
some cases in combination with other techniques or 
knowledge from bridge inspectors to “localize” the 
source of failures. 

More sophisticated methods use planar techniques 
by recording AE signals at more than two sensors at 
the same time. The Tip Diffraction Method employs 
the effect of sound energy striking the base of a crack 
or planar reflector which causes the tip of the crack to 
radiate sound energy. This sound energy radiates at 
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the tip of the crack as a spherical wave or a 
cylindrical wave along the length of the crack [2].  

Also, 3D-Localization of acoustic emission [1] 
events is a powerful tool in quantitative AE 
techniques. Signal-based procedures, such as accurate 
3D localization of damage sources, solutions for fault 
plane orientation, and moment tensor inversion, are 
applied in civil engineering. Other promising options 
are methods based on array techniques [3]. 

3D-Localization [4] of acoustic emission events is 
the basis of advanced signal interpretation and the 
discrimination between signal and noise. The more 
quantitative analysis of the signals is based on a 3D 
localization of AE sources (hypocenters) and the 
recordings obtained from a sensor network. Using 
moment tensor inversion methods, the radiation 
pattern of acoustic emission sources and the seismic 
moment (as an equivalent to the emitted energy) as 
well as the type (Mode I, Mode II, and mixed modes) 
and orientation of the cracks, can be determined [4]. 

During the long-term experiments of materials 
fatigue tests a great amount of signals, including the 
noises from the load-chain, can be detected by the 
sensitive AE sensors. According to the time sequence 
for the guard and main sensors to receive the signals, 
the signals originating from outside the test section 
can be detected and discarded.  

Crack initiation is determined by the first 
appearance of the AE signal at low stress levels. This 
stage has a steady-state dislocation motion that will 
eventually result in microvoids and initiate 
microcracks. In the next AE-active stage cracks start 
to grow and propagate. Many AE signals can come 
from the crack-tip plastic deformation, fracture of 
hard inclusions, microcrack coalescence, 
transgranular cleavage, and fracture along grain 
boundaries, each producing an acoustic emission [5]. 
Ultrasound wave propagation in construction 
materials is presented in [6]. 

The structure of this paper is based on: 4 chapters, 
Conclusion and future work and References. 

 
 

2. Acoustic emission technique 
applications 
 
AE techniques have been widely used in the 

domain of non-destructive testing of material 
structures, such as: metal and composite pressure 
vessels for the local plastic deformation of ductile 
pressure vessels [7, 8], piping for locating the 
position and estimating the severity of leaks in 
pipeline networks [9], the detection of failures in 
various types of equipment in the petroleum industry 
(pressure vessels, tanks and pipelines) [10].  

Also, AE generated during fatigue mechanism of 
steel was widely use as gas pipeline materials testing 
[11].  

A new method to detect leakage in a water-filled 
plastic pipe through the application of tuned wavelet 

transforms to Acoustic Emission signals was 
proposed [12]. 

Acoustic Emission generated during fatigue 
mechanism of steel showed that AE Count gives a 
significant value during cyclic softening effect. Crack 
initiation was indicated by a rapid increase of AE 
count values at positive peak stress, followed by high 
AE count values around zero stress which indicated 
the crack closure phenomena [11]. 

Acoustic emission techniques (AET) are an 
alternative monitoring method to investigate the 
status of bridges or some of their components, 
because it has the potential to detect defects in terms 
of cracks occurring during the routine use of bridges 
[5].  

Monitoring techniques based on wireless AE 
sensors for large structures in civil engineering [5] 
were developed, basing on a new kind of sensors 
using MEMS (Micro – Electro – Mechanical - 
Systems) techniques. These sensors should be 
intelligent, self-networking, asynchronous, wireless, 
adaptive, dynamically reprogrammable, cheap and 
small. The implemented wireless communication 
techniques will reduce the application and 
maintenance costs significantly [5]. 

Some techniques work as a maintenance 
monitoring system sending data (alarm data) via 
intranet to a data centre or alarm messages per SMS 
automatically to the monitoring engineer. Therefore, 
the public safety is assured as unseen structural 
damage is identified without costly and dangerous 
deconstruction. 

Modern acoustic emission (MAE) techniques 
have applications in aviation industry, fully digital 
AE apparatus with low noise, high speed of data 
transmission and accurate AE source locating 
capability [13]. 

Acoustic emission techniques are an additional 
monitoring method to investigate the status of a 
bridge or some of its components. It has the potential 
to detect defects in terms of cracks propagating 
during the routine use of structures. However, 
acoustic emissions recording and analysis techniques 
need powerful algorithms to handle and reduce the 
immense amount of data generated. These algorithms 
are developed on the basis of neural network 
techniques and by array techniques [14]. 

The inspection of bridges is currently made by 
visual inspection or by wired sensor techniques, 
which are relatively expensive, vulnerable to damage, 
and time consuming to install. In contrast, wireless 
sensor networks are easy to deploy and flexible in 
application so that the network can adjust to the 
individual structure. With the use of acoustic 
emission (AE) techniques it is possible to detect 
internal structural damage from cracks propagating 
during the routine use of a structure or the break of 
wires of prestressed elements for example. Most of 
the existing AE data analysis techniques are not 
appropriate for the requirements of a wireless 
network, especially regarding power consumption, 
memory storage or time synchronization. 
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3. Non-destructive Techniques Examples 
 

New algorithms have been developed using a new 
concept called Acoustic Emission Array Processing. 
As a first step, beam-forming and source 
discrimination techniques were tested as well as a 
method based on a modified velocity spectral 
(VESPA) process. Traditional signal-based acoustic 
emission techniques include a two or three-
dimensional localization of AE events based on the 
time difference of arrival (TDOA) technique using at 
least eight sensors that have to be placed well-
distributed around the hypocenter, i.e. the AE source. 
The array concept allows for much simpler 
localization techniques with less hard- and software 
efforts. The beam-forming method calculates the 
azimuth of the waves impinging on a small array of 
sensors by steering the beam through a range of 
azimuths until the steered delays match the observed 
time delays [3]. 

Some of AE application types are: Crack 
detection, Fatigue testing – collect data and give 
notification to a cyclic fatigue event occurrence in 
order to determine the plastic deformation, Chip 
detection - Detect the presence of a chip in a tool, 
also detect chipping as it occurs, Tool Breakage 
Detection - Instantly shut down a process when the 
tooling breaks, Deep Drawing – determine defects 
when they occur during drawing, stop draw press 
during “necking”, Stamping - Determine Good vs. 
Bad stamping operation, Piercing - Indicate the 
presence of a missing or malfunctioning punch, 
Scoring - detect scratches and gouges as they occur in 
metal. 

Nondestructive techniques were not accepted long 
time for the testing of bridges, and other components 
of the infrastructure because of two primary reasons: 
the difficulty in separating valid signals from 
extraneous noise and the inability of the AE 
technique to determine the size of the crack [15]. The 
acoustic emission signal can be divided into 
successive signal and sporadic type signal, in order to 
be analyzed through the signal processor in the form 
of variables such as the existence of a signal 
generation or the shape of signal [1]. 

Locating of monitored fatigue cracks, destructive 
NDE technique has indicated that the first crack has 
run into a flange and the second crack is in both the 
weld and web and is growing at both ends. These 
cracks are referred to here as the "flange crack" and 
the "weld crack," respectively (Fig. 1). 

In the location of fatigue cracks monitored 
experiment, it is confined only to the case that the 
direction of force is vertical applied to the surface of 
the test piece. 

Other method of Acoustic Emission based on 
expert system for evaluating the structural integrity of 
the metallic pressure vessels, spheres, columns and 
tanks utilizes the Multichannel Acoustic Emission 
Systems and Sensors, which detect the high-
frequency signals resulting from deterioration in the 
structure when the sample is stressed. The systems 

have sufficient speed and resolution to ensure real-
time, on-screen indications of the development of any 
defects. 

 
 

 
 

Fig. 1. Example of location of fatigue cracks monitored 
[15]. 

 
 

Structural health monitoring (SHM) deals with 
the more or less continuous recording of data 
obtained from several parts of the structure. Based on 
the experience of the constructor, owner, or inspector 
the damaged regions where data are obtained can be 
restricted and in many cases it is necessary to just 
detect a deviation of the “usual” behavior of the 
structure [14]. 

 
 

4. Module with Piezoelectric Sensor 
 
The AE sensor converts the mechanical vibration 

propagated through the material into electrical signal.  
The amplifier magnifies the electrical signal, making 
useful for the dedicated software. The 
microcontroller (µC), as the central unit of the 
module, commands the amplifier gain and makes the 
appropriate analogue – digital conversion. The sensor 
was designed to be used with an amplifier, of 40 dB 
maximum gain, which can be controlled by the µC.  

The wireless acoustic emission sensor module 
with microcontroller for monitoring systems of 
structures under stress, processes signals received 
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from a piezoelectric AE sensor on the investigated 
material surface. The module performs the analogue / 
digital conversion of signals, the microcontroller 
commands the wireless interface, may send and 
receive information from others emitting - receiver 
wireless modules. The microcontroller could vary the 
amplifier gain and makes the appropriate 
analogue/digital conversion. As remark, this module 
could be applied to complex AE monitoring systems 
of structures. 

The experimental wireless module of acoustic 
emission sensor is composed by a piezoelectric AE 
sensor, a signal amplifier, a PIC 18F452 
microcontroller (C), a pair of emitting - receiver 
wireless modules (ES and RS wireless, i. e. TX2-433-
5V and RX2-433-5V), and a whip antenna of 433 
MHz. The block diagram of the experimental 
wireless module of acoustic emission sensor is 
presented in Fig. 2. 

The output signal from C is converted by the ES 
wireless module and transmitted in air by Antenna 
(433 MHz) to another antenna of 433 MHz (under the 
control of the monitoring system with C) at 
distance. Also, the Antenna may receive signals from 
another antenna in order to command the C and the 
amplifier gain of this wireless module. 

The TX and RX data link modules (TX2-433-5 V 
and RX2-433-5V) are a miniature PCB mounting 
UHF radio transmitter and receiver pair for the 
simple implementation of a data link at up to  
160 kbit/s at distances up to 75 m in building and 300 
m open ground (Figs. 3, 4). 

Features: 
• Data rates up to 160 kbps; 
• Usable range up to 300 m; 
• 433.92 MHz versions; 
• Fully screened. 

 
 
 

 
 

Fig. 2. Block diagram of the experimental wireless module for acoustic emission sensor. 
 
 

 
 

Fig. 3. TX wireless module scheme. 

 

 
 

Fig. 4. RX wireless module scheme. 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 59-65 

 63

 
Transmitter - TX 

• 2 stage SAW controlled, FM modulated at up to 
160 kbps; 
• Operation from 2.2 V to 6 V 
• +9 dBm on 433.92 MHz 
• High efficiency, >15 % , DC RF 
• 2nd harmonic, < -60 dBc 

Receiver - RX 
• Double conversion FM superhet 
• SAW front end filter, image rejection 50 dB 
• Supply 3.0 V to 6.0 V @ 13 mA 
• -96 dBm sensitivity @ 1ppm BER with 160 kbps 

version 
• -100 dBm sensitivity @ 1ppm BER with 40 kbps-

version 
• -107 dBm sensitivity @ 1ppm BER with 14 kbps-

version 
• LO leakage, < -60 dBm 

Three types of antennae for the wireless 
transmission module which could be used for RF 
propagation, namely: helical antenna, loop antenna 
and whip antenna (Fig. 5). For this experimental 
module, we have chosen the RF whip antenna of  
15.5 cm length and 433 MHz work frequency. 

 
 

 
 

Fig. 5. Three types of antennae for wireless module. 
 
 
The piezoelectric sensor realizes the mechanical 

to electrical energy conversion, revealing the AE 
signals from the material samples, under mechanical 
stretches (Fig. 6). Mounting to the test specimen is 
typically achieved using silicon rubber or epoxy 
adhesives in order to realize the optimum 
electroacoustical transmission between the studied 
material and the sensor active surface. 

The main characteristics of some broadband AE 
piezoelectric sensors are presented in the Table 1. 

The experimental wireless acoustic emission 
sensor module with microcontroller for monitoring 
system has small size and is protected by a metallic 
case (Fig. 7). 

 
 

 
 

Fig. 6. AE piezoelectric sensor. 
 
 

Table 1. Properties of som AE sensors. 
 

No. Properties AE sensor 

1. Outer dimension 
Diameter:  

20.5 mm  14 mm 
2. Effective sensing area Around 230 mm2 
3. Total  mass (g) 12 
4. Piezoelectric mass (g) 5 – 6 
5. Capacitance (pF) 350 

6. 
Piezoelectric charge 
coefficient d31 (10-12 m/V) 

-150 

7. Frequency range (kHz) 100 - 450 
 
 

 
 

Fig. 7. Experimental wireless module for acoustic  
emission sensor. 

 
 
Fig. 8 presents the AE signals prevailed by the 

sensor in the breaking moment of a concrete sample 
at the maximum stretch. A large data base, which 
contains information about different kind of 
construction materials (metals, concrete, rocks, 
minerals, etc.), referring to the AE signal parameters 
(amplitude, duration, number of pulses, etc.) could be 
then used in order to predict the material failure or 
the moment of the cracks initiation into material. 
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Fig. 8. AE signals from a concrete sample at breaking point 
at mechanical stretch. 

 
 

Also, the pulses calibration is necessary to be 
introduced to the test specimen under the control of 
the monitoring system. The generated acoustic signal 
is collected during the press or streched work. A 
preset filter ensures the optimum response from 
individual channel by matching the amplifier and 
transducer responses. 

The ratio filtering techniques are used for 
eliminating outer noise signals, as well as observing 
the ratios of valid signals to estimate crack depth of 
the growing crack. 

A digital memory oscilloscope type Tektronix 
TDS 2022 was used to the experimental researches. 
Fig. 9 shows AE signal converted by AE 
piezoelectric sensor, prevailed from an outstretched 
metallic bar and Fig. 8 present the processed signal 
from AE piezoelectric sensor by the microcontroller 
software, displayed on TDS Tektronix oscilloscope, 
which is limited at 2.0 V level. 

 
 

 
 

Fig. 9. AE signal converted by AE sensor, prevailed from 
an outstretched metallic bar. 

 
 

The microcontroller software is able to realize the 
processing of signal received from the AE sensor, 
such as: the magnification in the case of a small AE 
level signal or to realize the sensor calibration, 
function of material characteristics (type, metal or 

nonmetal, acoustic velocity, density, structure, 
porosity, etc.).  

For instance, we chosen to set the tension 
threshold at 1.0 V (above the reference line), in order 
to form the pulses, which exceed 1.0 V and 
correspond to the AE events, arisen in material under 
mechanical efforts (Fig. 10). The master system is 
positioned at 100 m distance from the wireless AE 
module. It collects all these pulses received from the 
wireless AE module, counts the number of these 
events and/or determines their duration. Further, this 
information can indicate the starting crash or braking 
into material or a possible irreversible material 
deterioration. This algorithm is preordained by the 
special software of PIC 18F452 microcontroller.  
 
 

 
 

Fig. 10. Processed signal from AE sensor by 
microcontroller software, displayed  

on TDS Tektronix oscilloscope. 
 
 

Table 2 presents some mechanical properties of 
metallic materials, which could be used in the 
specialized software data processing, as material 
constants. 

 
 

Table 2. Mechanical properties of some metallic materials. 
 

Material 

Longitudinal 
elasticity 

module, E, 
daN/cm2 

Transversal 
elasticity 

module G, 
daN/cm2 

Poisson 
Coefficient 

 

Soft steel (2.0-2.15) ·106 (7.8-8.5)·105 0.24-0.28 
Hard steel (2.0-2.2) ·106 8.5·105 0.25-0.29 
White 
wrought 
iron 

(1.0-0.6)·106 4.5·105 0.23-0.27 

Tin 0.2·106 0.7·105 0.42 
 
 

5. Conclusion and Future Work 
 

Crack initiation of structures could be determined 
by the appearance of the AE signal at low stretch 
stress levels. After the crack initiated, the AE signals 
around the zero stress were thought to be caused by 
crack-face grinding when the cracks were closed. 
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More experimental wireless modules with acoustic 
emission sensors could be well used into complex AE 
monitoring systems of important structures, such as 
bridges, buildings, metallic rails or underground. 
Inspection methods can be applied more efficiently 
by monitoring systems with many wireless AE sensor 
modules for large structures in the civil engineering. 
Next researches will be dedicated to obtain complex 
software around PIC 18F452 microcontroller, for 
controlling several AE modules of an AE monitoring 
system. 
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Abstract: This paper presents three methods to improve the performance of a high frequency aluminum nitride 
(AlN) ultrasonic transducer. For a high frequency AlN ultrasonic transducer, its properties are related with its 
top electrode size, electrical impedance matching and layers of the piezoelectric plate. However, until now, no 
research has been published to analyze their influence on the performance of AlN ultrasonic transducers, 
especially in the frequency range above 200 MHz. First, two factors related with the top electrode size are 
proposed based on transmission coefficient and stored energy, and analysis is performed on an Al-AlN-Al on 
silicon wafers with different electrode sizes. The result proves when the electrode size is 1mm2, the transducer 
can provide the maximum output voltage and the maximal signal- to-noise ratio (SNR). Then, electrical 
impedance matching is conducted to improve the performance of transducers, and the experiment result shows 
that after matching, the resolution and sensitivity have been improved. Finally, a stacked AlN transducer is 
developed and its model is constructed to analyze its properties in time domain and frequency domain. The 
comparison between the simulation and the experiment shows the effectiveness of the proposed model, and a 
stacked structure can be used to improve the sensitivity of a high frequency AlN ultrasonic transducer. 
Copyright © 2013 IFSA. 
 
Keywords: Electrode size, Electrical impedance matching, Stacked transducer, Ultrasonic transducer. 
 

 
 
1. Introduction 
 

Since the resonance frequency of a piezoelectric 
transducer is inversely proportional to the thickness 
of the piezoelectric plate, traditional piezoelectric 
materials, such as PZT ceramics and piezoelectric 1-3 
composites, are difficult to be structured for a 
piezoelectric transducer when its resonance 
frequency is more than 20 MHz. Recent progress in 

microelectronic technology and the availability of 
semiconductor process compatible piezoelectric 
materials, such as aluminium nitride (AlN) [1-2], 
have made it possible to design a high frequency 
ultrasonic transducer.  

Compared to other conventional piezoelectric 
materials, AlN presents some attractive properties, 
such as high sound velocity of 11200 m/s, high 
dielectric strength of 20 MV/cm, and low dielectric 
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constant of 8.6 [3]. It can be deposited and processed 
with common techniques, including chemical vapour 
deposition, reactive sputtering, pulsed laser 
deposition and ion beam deposition [4-5]. Due to the 
full complementary metal–oxide–semiconductor 
(CMOS) compatibility, AlN can also be used for 
micro-opto-electro-mechanical systems (MOEMS) 
and micro-electro-mechanical systems (MEMS)  
[6-7]. All these factors make it a promising 
alternative material for a high frequency transducer. 

Until now, only a few groups are working on 
single element AlN ultrasonic transducers based on 
membrane vibration at low frequencies [7] or based 
on thickness vibration at high frequency of 100 MHz 
[8]. No research has been published to analyze 
performance improvement of AlN ultrasonic 
transducers, especially in the frequency range above 
200 MHz. In this paper, we research the properties of 
high frequency AlN transducers and improve their 
performance through three methods: top electrode 
size variation, electrical impedance matching and 
stacked structure. In [9] we have researched the 
influence of the top electrode size and electrical 
impedance matching. While in this paper, we extend 
our research, and add the development and modeling 
of a stacked structure to further improve the 
performance of a high frequency AlN ultrasonic 
transducer.  
 
 
2. Investigation on Top Electrode Size 
 

In a high frequency ultrasonic transducer, in order 
to avoid edge effects, the top electrode is equal or 
smaller than the piezoelectric plate, and the active 
area of the piezoelectric plate is equal to the size of 
the top electrode. In this section, we would explain 
the influence of the top electrode size on a 
transducer’s performance from the following two 
aspects. 
 
 
2.1. Energy Transmission Coefficient  
 

In electronics, when the electrical impedance of a 
load and a source is known, the fraction from the load 
can be calculated with Eq. (1), and the value 
produced is known as the reflection coefficient R.  
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where Zl and Zs are the impedances of the load and 
the source, respectively. 

The transmission coefficient, which represents the 
transmission fraction from the load to the source, is 
calculated by simple substrate the reflection 
coefficient from one, 
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Therefore, in order to transmit more energy into a 

transducer, it is important to match the electrical 
impedance of the transducer and the source, and 
increase the transmission coefficient T. Otherwise,   
the signal-to-noise ratio (SNR) will be influenced by 
the reflection energy and more noise will be received 
by a receiver [10].  

From KLM model [11], the electrical impedance of 
the transducer is 
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where Z1,2=ρ1,2c1,2A is the acoustic impedances of the 
backing and the front transmission medium, 
respectively; Z0=ρocoA is the acoustic impedance of 
the piezoelectric plate; c0,1,2 and ρ0, 1,2 are the speed of 
the longitudinal sound waves and the density of the 
piezoelectric material, the backing and the 
transmission medium; A is the top electrode size; w is 
the angle frequency and w0 is the resonance angle 
frequency; C0 =εA/d is the clamped capacitance, d is 
thickness of the piezoelectric plate. 

From Eq. (2) and Eq. (3), it can be seen that the 
electrical impedance of a transducer is proportional to 
its top electrode size, and the transmission coefficient 
is related with the top electrode size. 
 
 
2.2. Stored Energy  
 
For a thin film ultrasonic transducer, energy stored on 
the capacitor can be calculated with voltage, 
electrode area and capacitance, 
 

2
0s AVC

2

1
P  , (4) 

 
where Ps is the stored energy; C0′=C0/A is the 
capacitance per unit area. 

The voltage between two electrodes is, 
 

)t(h
C

)t(q
V T

0

 , (5) 

 
where q(t) is the electric charge per surface area on 
one electrode. 
 

))t,0()t,d((h)t(h T   , (6) 
 
where h is the piezoelectric constant; ),( td  is the 

mechanical displacement of a plate from its 
equilibrium position 0. 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 66-75 

 68 

If the thickness of the piezoelectric plate is fixed, 
V is constant, and the stored energy is proportional to 
the top electrode size A. 

Combine A and B, the transmission energy Pt into 
the testing device can be denoted as,  

 
TPP st   (7) 

 
Since both the transmission coefficient T and the 

stored energy Ps are related with the top electrode 
size A, it is necessary to choose an optimal electrode 
size to maximize Pt and SNR in real applications. 

 
 
2.3. Experiments 
 
In order to validate these factors in A and B, we 

analyze Al-AlN-Al transducers on silicon wafers 
with different top electrode sizes. In the experiment, 
a 500 μm thick silicon substrate is used, on which a 
square shaped Al electrode with a large area is 
deposited. On the top of it, a squared shaped AlN 
layer with a thickness of 10 μm and an area of  
25 mm2 is deposited, followed by a squared Al top 
electrode with an area of 25 mm2, 1mm2, and  
0.25 mm2, respectively, as shown in Fig. 1.   

 
 

 
 

Fig. 1. Our AlN transducer (Here is 1mm2). 
 
 

First, we calculate the transmission coefficient, 
the stored energy and the transmission energy of our 
transducers, and the result can be seen in Table 1. 

 
 

Table 1. Transmission parameters and electrode size. 
 

Electrode Size (mm2) 25 1 0.25 
Transmission 
Coefficient (%) 

0.42 4.35 1.80 

Stored Energy 
(10-4 Joules) 

2500 980 24 

Transmission Energy 
(10-5 Joules) 

105 426 4.32 

 
 
From it, we can see that when the electrode size is 
1mm2, the transmission coefficient is the highest 
(4.35 %) and the transmission energy is 426*10-5 
Joules, which is the highest. That means that in 
theory the transducer with a top electrode of 1mm2 
has the maximal output voltage and the maximal 
SNR. 

Then, we measure time domain echoes of our 
transducers and perform Fast Fourier Transformation 
(FFT) for them. The pulser and receiver DPR 500 
(JSR Ultrasonics) is used to excite the transducers 
with a needle pulse at high amplitude (-143 V) and 
very short pulse time (~1.4 ns), and the input 
impedance of DRP 500 is 50 ohms. The receiver is 
set to a gain of 5 dB and a high frequency pass filter 
between 5 MHz and 500 MHz is used. The 
illustration in Fig. 2 shows the schematic setup of the 
measurement and the detailed measurement can be 
seen in Literature [12, 13]. Figs. 3-4, Figs. 5-6, and 
Figs. 7-8 are the results when the top electrode  
size is 25 mm2, 1 mm2, and 0.25 mm2, respectively. 

 
 

 

 
 

Fig. 2. Measurement setup and connection. 
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Fig. 3. First echo from substrate back wall. 
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Fig. 4. FFT of first echo. 
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Fig. 5. First echo from substrate back wall. 
 
 

From Fig. 3, we can see that when the electrode is 
25mm2, the maximal output voltage is about 0.050 V 
and the root-mean-square value of noise is 0.001 V.  
From the Fourier transformation result, we can see 
that there is an obvious narrow peak at 232.5 MHz. 
However, most frequency concentrates on the range 
from 50 MHz to 200 MHz, and there is another peak 
around 100 MHz because of noise. 
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Fig. 6. FFT of first echo. 
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Fig. 7. First three echoes from substrate back wall. 
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Fig. 8. FFT of first three echoes. 
 
When the electrode is 1mm2, the maximal output 

voltage is about 0.042 V and the root-mean-square 
value of noise is 510-5 V. From Fig. 6, it can be seen 
that there is only one peak at about 222 MHz. On the 
both sides of the peak, the voltage decreases slowly, 
and there is no other peak. While when the electrode 
is 0.25 mm2, the maximal output voltage is about 
0.015 V and the root-mean-square value of noise is 
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310-5 V. There are two obvious peaks at 235 MHZ 
and 100 MHz in Fig. 8. 

From these results, it can be seen that the top 
electrode size of a transducer can influence the output 
voltage of echoes, the resonance frequency and the 
bandwidth. For our transducers, when the area is 
1mm2, the SNR is 42.93 dB, which is the highest, and 
the bandwidth of the resonant frequency is the 
largest. So the optimal electrode size is 1 mm2 and 
the measurement results match our calculations in 
Table 1.  
 
 
3. Investigation on Electrical Impedance 

Matching 
 
3.1. Matching Calculation 
 

From Section 2, we can see that the maximal 
power transmission coefficient is only 4.35 %, and it 
can be improved with electrical impedance matching.   

First, we calculate the needed inductivity for 
electrical impedance matching in order to tune out 
the influence of the clamped capacitor C0 with a 
parallel inductor. The calculation result is: when the 
electrode size is 1 mm2, the matching inductivity is 
10 nH, and when the electrode size is 0.25 mm2, the 
matching inductivity is 40 nH. 
 
 
3.2. Experiment 
 
First, we match the electrical impedance on the 
transducer with an electrode size of 1mm2. The first 
three echoes and the FFT of the first echo are shown 
in Fig. 9-10, where the blue line represents the result 
after matching and the red line with “x” represents 
the situation before matching.  

From them, we can see that the maximal output 
voltage before matching is 0.0391 V, while after 
matching it is 0.3438 V, so it increases 8.8 times; The 
peak resonance frequency of the first echo before 
matching is 225 MHz, while after matching it is  
275 MHz.  
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Fig. 9. Echoes from the substrate. 
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Fig. 10. FFT of the first echo. 
 
 

Second, we match the electrical impedance with 
electrode size of 0.25mm2, and the result is shown in 
Figs. 11-12. In this case, the maximal output voltage 
before match is 0.0164 V, while the maximal 
amplitude of the first echo after match is 0.0651 V; 
the peak frequency of the first echo before match is 
225 MHz, while the peak frequency of the first echo 
after match is 275 MHz. Therefore, after matching, 
the resolution and the sensitivity of the AlN 
transducers are both improved. 

 
 

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

Travel Time(us)

S
ig

na
l a

m
pl

itu
de

(V
)

First three echoes(0.5mm*0.5mm,gain 10dB)

Match

Unmatch

 
 

Fig. 11. Echoes from the substrate. 
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Fig. 12. FFT of the first echo. 
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4. Investigation on Stacked Structure 
 
Since the piezoelectric constant d33 of AlN film is 

only 8 pm/V [12], it restricts the signal sensitivity of 
an AlN thin film sensor. Besides, for most of the 
propagation mediums, the acoustic attenuation 
increases with frequency. In order to overcome these 
disadvantages, in this section, a stacked AlN 
ultrasonic transducer is developed to improve the 
performance of a single layer AlN transducer. 

In our stacked transducer, we use two AlN 
transducers, which are in mechanical serial but in 
electrical parallel, on a silicon wafer. The stacked 
piezoelectric active elements are insulated by a non-
active insulation layer Al2O3. The detailed structure 
of our stacked transducer is Substrate Si-Al-AlN-Al-
Al2O3-Al-AlN-Al. First, we construct the models for 
the top transducer and the bottom transducer in the 
stacked transducer, respectively, and then combine 
them as a total model for the stacked transducer. 
 
4.1 Transducer Model 
 

Since the thickness of the electrodes in our 
stacked transducer is 150 nm, their influence can be 
ignored. When only the top transducer is excited, the 
stacked transducer can be simplified as the following: 
Active transducer+ Insulation + Passive Transducer 
(Only AlN is considered), as shown in Fig. 13. The 
insulation layer Al2O3 and AlN in the bottom 
transducer can be taken as two different matching 
layers, and the backing is air.  

 
 

 
 

Fig. 13. Simplified top transducer. 
 
 

If only the bottom transducer is excited, the 
stacked transducer can be simplified as the following: 
Passive transducer (only AlN is considered)-
Insulation- Active Transducer, as shown in Fig. 14. 
The insulation and AlN in the top transducer can be 
taken as two different backing layers. 

In Mason’s model, Sittig [14] shows an 
expression for the frequency response function 
matrix which relates the input voltage V and the input 
current I, on the electrical port, to the force F0 and 
velocity V0, at the front mechanical port of a 
piezoelectric transducer. If the transducer is air 
backed, the frequency response matrix is 
 
 

 
 

Fig. 14. Simplified bottom chip. 
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where Z0 and Zb are the acoustic impedance of the 
piezoelectric plate and the backing material; γ0 is the 
normalized frequency constant and Ф is an ideal 
transformer ratio for the transducer. 
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The frequency response function matrix of a 

matching layer is given by:  
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where Z1=ρ1c1A0, γ1=wd1/c1. ρ1, c1, d1 are the density, 
velocity and thickness of the matching layer. 

If there are more than one matching layers, 
multiplication of all these matrices for all layers, 
starting with the one nearest to the piezoelectric 
layer. The frequency response function matrix is 
given by 
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Therefore, the relationship between the source 
voltage Vs and the force generated at the face of the 
transducer Ft is 
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where Zl is the acoustic impedance of the load; Zs is 
the impedance of the pulser. 

Then, the generated force Ft (w) travels as an 
acoustic wave through a medium, and returns from 
the boundary between the medium and another 
medium. The relationship between the force Ft (w) 
exerted by the transducer during transmission and the 
force FB (w) acting on the face of the transducer 
during reception is: 
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in which ρl1 and ρl2 are the density of the transmission 
medium and another medium (or block) respectively, 
cl1 and cl2 are the sound velocity of the transmission 
medium and the block respectively; J0 and J1 are the 
Bessel function of order zero and one respectively; 
a(w) is the attenuation coefficient; D is the traveling 
distance between the transducer and the block.  

The receiving transducer can be modeled as a two 
port system which converts the acoustic waves at the 
mechanical port to the electrical energy at the 
electrical port. Its frequency response function matrix 
becomes 
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Then, the frequency response function, which 

relates voltage VR at the output port of the receiver 
and the blocked force FB (w) acting on the transducer, 
is  
 

rTTlTTl

r

B

R
R ZDCZBAZ

KZ

F

V
wt

)()(
)(


 , (17) 

 
where Zr is the impedance of the receiver; K is the 
gain of the receiver. 

Based on Eq. (14), Eq. (15) and Eq. (17), the total 
frequency response function of an ultrasonic system 
is 
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(18) 

The output response from the receiver of the 
ultrasonic measurement system VR to the input source 
voltage Vs is  
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If the receiver is also the pulser, Zs= Zr, so )(wtR  

can be replaced by )(wtG , 
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Therefore, we can calculate the output voltage 

when the input voltage is known, 
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4.2. Model Validation 
 

In the experiment, a 500 μm thick silicon 
substrate is used, on which a circle shaped Al 
electrode with a diameter of 10 mm and thickness of 
150 nm is deposited. Then, a circle shaped AlN layer 
with a thickness of 10 μm and a diameter of 13 mm is 
deposited, followed by a circle Al top electrode with 
a diameter of 10 mm and a thickness of 150 nm. 
Before the second transducer is deposited, an Al2O3 
layer of 1 μm is used. On the top of it, it is the second 
transducer whose size is the same as the first one. 
The layout of our stacked transducer is shown in  
Fig. 13.  

 
 

 
 

Fig. 13. Layout of our stacked transducer. 
 
 

When the top transducer in a stacked transducer is 
excited, we calculate the first echo from the back 
wall of the silicon substrate with our top transducer 
model and perform an inverse FFT (IFFT) for it. 
Then, we measure the real echoes from the top 
transducer and perform a FFT for the first echo.  
Figs. 14-15 are the comparison results, where the red 
line with points is the measurement result and the 
blue line is the simulation result, between the 
simulation result and the measurement in practice. In 
Fig. 14, the horizontal axis is the travelling time of a 
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wave; the vertical axis represents the amplitude of an 
echo; In Fig. 15, the horizontal axis represents the 
operation frequency of a wave; the vertical axis 
represents the amplitude of each frequency.  

From them, we could find the maximal frequency 
in the simulation and the measurement is same. 
However, the echo amplitude in the real 
measurement is lower than that of the simulation. The 
reasons could be the followings: 1) Part of the 
acoustic energy has been converted into electric 
power. 2) The vibration of the top transducer results 
in a vibration of the bottom transducer, which creates 
a phased shifted charge in the bottom too; 3) The 
attenuation of the matching layers when the operation 
frequency of the transducer is high. 
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Fig. 14. Frequency on the top chip. 
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Fig. 15. Echo on the top chip. 
 
 

Second, we simulate the first echo of the bottom 
transducer with our model and perform an IFFT 
(IFFT) for it too. Fig. 16-17 are the comparison 
results with the measurement in practice.  From them, 
we can see for the bottom transducer, the model can 
predict the position of the maximal frequency in 

frequency domain and the maximal amplitude in time 
domain precisely.  
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Fig. 16. Frequency on the bottom chip. 
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Fig. 17. Echo on the bottom chip. 
 
 

Finally, we combine the top model and the 
bottom model together, as our stacked transducer is a 
mechanical serial of them. Since the transmission 
medium for the bottom transducer and the top 
transducer is the same, but the top transducer has two 
matching layers before it reaches the medium, a delay 
time, which is the transmission time in the matching 
layers, should be calculated before we add two 
models together. The comparison is shown in  
Figs. 18-19. 

From Figs. 18-19, it can be seen that the 
simulation results of our model for a stacked 
transducer match the measurement both in time 
domain and frequency domain. In the frequency 
domain, their resonance frequency is same. That 
means our model can effectively predict the 
frequency property of the stacked transducer. In the 
time domain, the output voltage of a stacked 
transducer is higher than that of either single layer 
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transducer, so the stacked structure can be used to 
improve the sensitivity of a single layer transducer. 
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Fig. 18. Frequency on the stacked transducer. 
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Fig. 19. Echo on the stacked transducer. 
 
 
5. Conclusions 
 

In this paper, we research the properties of high 
frequency AlN ultrasonic transducers in the 
frequency range above 200 MHz, and improve the 
performance of them through three methods. Our 
contributions are as following: 1) The influence of 
the top electrode size on the properties of a high 
frequency ultrasonic transducer is researched based 
on transmission coefficient and stored energy, and a 
optimal top electrode size is attained; 2) Electrical 
impedance matching experiments are conducted to 
improve the properties of transducers with different 
electrode sizes, and it turns out that both the 
resolution and the sensitivity can be improved by 
electrical impedance matching; 3) A stacked 
transducer is developed and the models of the top 
transducer and the bottom transducer are constructed 
based on Mason’s model. Through comparison 
between simulation and experiment, it proves that our 

model can effectively predict the properties of a 
stacked transducer, and a stacked structure can be 
used to improve the sensitivity of a single layer 
transducer. 
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Abstract: A specialty optical fiber incorporated with Au nano-particles (NPs) in the cladding has been developed 
by modified chemical vapor deposition process for surface plasmon resonance (SPR) sensor applications. The 
cladding width and the diameter of the fabricated fiber were 2.6 μm and 124.3 μm, respectively. The incorporation 
of Au NPs in the cladding of the fiber preform with the average diameter of ~ 3.8 nm was confirmed by TEM and 
by the Raman bands appeared at 1017 to 1220 cm-1, 1243 cm-1 and 1304 cm-1.  Absorption peaks of the fiber 
preform and the fiber appearing at 585 nm and 428 nm, respectively were due to surface plasmon resonance (SPR) 
of the incorporated Au NPs. The measured peak wavelength of the SPR was found to increase from 480.9 nm to 
505.5 nm with refractive index (n) from 1.406 to 1.436 and the SPR sensitivity was estimated to be 820 nm/RIU. 
Copyright © 2013 IFSA. 
 
Keywords: Cladding-doped optical fiber, Nano-particles, Surface plasmon resonance, Optical absorption. 
 

 
 
1. Introduction 
 

The surface plasmon resonance (SPR) based 
sensor applications have drawn much attention over 
the past two decades in the measurement of 
film-thickness, temperature, and various chemical, 

physical, and biological quantities [1-4]. In recent 
years, the SPR optical fiber sensors were extensively 
investigated due to its all-optical remote sensing 
capability in addition to the variety of measures [1-12]. 
SPR sensing phenomenon of the optical fiber can be 
divided into two categories, a propagating SPR and a 
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localized SPR. The former can be obtained from thin 
metal coating onto the surface of optical fiber and a 
surface plasmon comes from extended charge waves 
traveling on the interface of metal and glass that are 
excited when dispersion of output light matches with 
that of incident light. Therefore, it is evanescent 
electromagnetic waves bounded by metal-glass 
interfaces induced by oscillations of the conduction 
electrons in the metal [13-15]. The latter is usually 
observed by confined colloidal, periodic, 
nano-systems [7, 15-26], and a localized surface 
plasmon gets resonantly excited when the wavelength 
of incident light is equal to the characteristic 
wavelength of metal nano-particles [12-15]. It comes 
from confined conduction electrons oscillating in 
resonance with the electromagnetic field. In general, 
the excitation of surface plasmon is known to occur 
when the wave vector of the propagation constant of 
evanescent wave exactly matches with that of the 
surface plasmon of similar frequency and state of 
polarization. This occurs at a particular angle of 
incidence and the corresponding resonance condition 
for surface plasmons. The sharp absorption peak is 
observed at resonance angle because of reduction in 
the energy of the reflected light due to its energy 
transfer to surface plasmons. The resonance angle is 
very sensitive to variation in the refractive index of the 
sensing layer [1-6, 9-12]. 

Optical fiber sensors based on SPR usually use 
thin metal film or nano-particles of Au or Ag because 
these noble metals present a sharp and intense 
plasmonic band in their internal reflectance spectrum 
when excited in the Kretschmann configuration of 
SPR [1-6, 13-15]. To increase the sensitivity of optical 
fiber based SPR sensor, various configurations of 
optical fiber such as polished fiber, tapered fiber, 
grated fiber and coated fiber have been suggested [1-9, 
11-13, 17]. Also, to improve the SPR sensing 
performance, effect of size, thickness, shape, and 
composition of plasmonic materials have been studied 
[4-7, 26-29]. Despite all the efforts, however, optical 
fiber SPR sensors with controlled coating parameters 
have limitations: handling difficulty, difficulty of 
mass production, and high manufacturing cost.  

In this paper, we developed a novel optical fiber 
incorporated with Au nano-particles (NPs) in cladding 
region, which is the first in the world to the best of our 
knowledge, allowing simple fabrication process due to 
no metal coating needed, mass production and 
compatibility with the existing SPR probe. Optical 
fiber sensor based on SPR of the fabricated fiber was 
demonstrated and in particular effect of environmental 
refractive index change on the SPR characteristics was 
investigated. This paper is based on the work 
presented at the international conference, 
SENSORDEVICES 2012 [5]. 

 
 

2. Experimental 
 

The optical fiber incorporated with Au NPs in 
cladding region was fabricated by using the modified 

chemical vapor deposition (MCVD) and the fiber 
drawing processes. The doping solution was prepared 
by dissolving 0.025 mole of reagent grade Au(OH)3 
powder (Aldrich Chem. Co. Inc., 99.9 %) in nitric acid 
solution (Junsei Co., 70 %). To make a solid glass rod, 
known as a preform, the porous germano-silicate 
layers were deposited onto the inner surface of a silica 
glass tube by using primarily silicon tetrachloride 
(SiCl4) and germanium tetrachloride (GeCl4) in 
MCVD process. To incorporate Au NPs, the porous 
deposition layers were soaked with Au doping 
solution for two hours and the tube was dried and 
sintered. Then a silica glass rod (refractive index,  
n = 1.4571 @ 633 nm) was inserted in the tube and 
consolidated into a rod to obtain a fiber preform. To 
reveal the doped layers to surface of the rod as a 
cladding, the outer part of the glass rod that was the 
silica glass tube, was etched off using hydrofluoric 
acid solution (J. T. Baker, 49 %). The final preform 
consisted of the cladding doped with Au NPs in 
germano-silicate glass and the core of pure silica glass. 
Finally, the fiber preform was drawn into a fiber with 
124.3 µm in diameter using the draw tower at 2150 °C. 
During the drawing process, the fiber was coated with 
lower refractive index polymer (EFIRON UVF 
PC-375, n = 1.3820) than that of the germano-silicate 
glass of the cladding to induce total internal reflection 
for light transmission. A process flow steps to 
fabricate the optical fiber incorporated with Au NPs in 
cladding region are shown in Fig. 1.  

Fig. 2 and Fig. 3 show the measured refractive 
index profile of the fabricated optical fiber preform 
before and after the etching process and the optical 
fiber incorporated with Au NPs in cladding region, 
respectively. Successful removal of the silica glass 
tube by the etching process was indicated by the 
measured indices of the preform and the fiber as 
shown in Fig. 2 and Fig. 3, respectively. The refractive 
index difference between the core and cladding was 
about 0.00125, enabling light signal to propagate into 
the cladding region not into the core, as shown in Fig. 
4. The cladding width and total diameter of the optical 
fiber were 2.6 μm and 124.3 μm, respectively. To 
confirm formation of Au NPs in the cladding, the 
optical fiber performs were examined by transmission 
electron microscope (TEM, FEI Tecnai G2 F30 
S-TWIN), Raman spectroscopy (Horiba Jobin Yvon, 
LabRAM HR), and UV-VIS spectrophotometer 
(Varian, Cary500Scan). Optical absorption of the 
optical fibers was also measured to confirm the 
propagation of light and the existence of Au NPs by 
the cut-back method using the Optical Spectrum 
Analyzer (Ando AQ 6315B). Then, to characterize 
SPR sensing property, optical absorption of the fiber 
was measured by putting small drops of the refractive 
index matching oil with various refractive indices (n = 
1.406 - 1.436) on the surface of the fiber. The total and 
detector length of the fiber used for the SPR 
measurement are 50 cm and 5 cm, respectively, as 
shown in Fig. 5. 
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Fig. 1. Schematic flow diagram of the fabrication process of the optical fiber incorporated with Au NPs in cladding region. 
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Fig. 2. Measured refractive index profile of the fiber 
preform incorporated with Au NPs in cladding region  

(Inset: cross-section of the preform). 
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Fig. 3. Measured refractive index profile of the optical fiber 
incorporated with Au NPs in cladding region. 

 
 

 
 
 

 
 

 
 

Fig. 4. Refractive index and the propagation of light through 
the cladding of the fiber doped with Au NPs. 

 

 

 
 

Fig. 5. Schematic of the SPR measurement set-up using the 
optical fiber incorporated with Au NPs in cladding region. 

 
 

 
 

Fig. 6. TEM image and the size distribution of Au NPs 
incorporated in the cladding of the optical fiber preform. 
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3. Results and Discussion 
 

The existence and size distribution of Au NPs in 
the cladding region of the fabricated optical fiber 
preform was verified by the TEM morphology of the 
fiber preform, as shown in Fig. 6 The Au NPs was 
found to be crystalline and the rather spherical 
particles were dispersed homogeneously without 
agglomeration. The average diameter of Au NPs was 
~ 3.8 nm (2.5 nm ~ 5.2 nm). Fig. 7 and Fig. 8 show the 
Raman spectra and the UV-VIS spectra of the optical 
fiber preform incorporated with and without Au NPs, 
respectively. For a comparison, the Raman bands of 
the germane-silicate glass, which is optical fiber 
preform without Au NPs, are shown in Fig. 7. It 
appeared at 1083, 1270, 1331, 1392, 1453 and  
1490 cm-1 and the bands may be attributed to bond 
stretching vibration of the Si-O- non-bridging oxygen 
or that of the bond stretching motion of the Si-0-Si 
bridging group as [30-32]. In the case of the optical 
fiber preform incorporated with Au NPs, on the other 
hand, new Raman bands were found to appear at 1017 
to 1220 cm-1, 1243 cm-1 and 1304 cm-1, probably due 
to Au NPs. Thus the presence of Au NPs in the 
cladding region of the preform is thought to enhance 
the Raman signal.  
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Fig. 7. Raman spectra of the optical fiber preform 
incorporated with and without Au NPs in cladding region 

(excitation at 632 nm). 
 
 

As for the absorption characteristics of the fiber 
preform, the absorption band centering at 585 nm was 
found to appear after the incorporation of Au NPs and 
it was attributed to Au NPs in the cladding region of 
the preform, as shown in Fig. 8 [33-35]. Note that peak 
position of the optical absorption is known to depend 
on the particle size of Au metals [35-37]. In the case of 
optical fiber, which was drawn from the fiber preform 
incorporated with Au NPs, the existence of Au NPs 
was verified by optical absorption spectra, as shown in 
Fig. 9. Absorption peaks appeared at 428 nm and  
1380 nm and they are due to surface plasmon 
resonance from Au NPs and OH impurities, 
respectively [34-38]. Note that to extract the 

absorption peak from the detector noise, we 
performed the spectral decomposition and denoising 
by using the OriginPro-8.6 code, which clearly 
distinguishes the absorption peak at 428 nm as shown 
in Fig. 10. 
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Fig. 8. UV-VIS spectra of the optical fiber preform 
incorporated with and without Au NPs in cladding region. 
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Fig. 9. Absorption spectrum of the optical fiber incorporated 
with Au NPs in cladding region. 
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Fig. 10. Resolving the absorption peak in the optical fiber 
incorporated with Au NPs in cladding region. 

 
As per earlier reported work, the Au NP related 

absorption peak has been observed at around 520 nm; 
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however we measured the absorption peak at 585 nm 
in the optical fiber preform. Moreover, the absorption 
peak due to Au NPs was found to shift to shorter 
wavelength of 428 nm in the optical fiber as compared 
to 585 nm peak in the preform. As we needed to heat 
the fiber preform at 2150 °C to draw the fiber, Au NPs 
size would increase due to the growth of Au NPs after 
the high temperature drawing process. Thus, our 
sample showed the blue-shift of Mie resonance 
absorption peak with increment in the size of 
nano-particles, which is quite opposite behavior where 
increment in nano-particles size gives red shift in the 
absorption peak [39-41]. 

The blue-shift of SPR peak with the increase of 
nano-particles size is not a new behavior, it has been 
already reported for Au particles in Au-alumina 
composite film [42] and Au NPs dispersed within 
pores of porous silica [35-37]. The peak position from 
Mie resonance is almost independent of the size of Au 
particles in the range from 4 to 25 nm by using the 
dielectric constant of Au [35, 43, 44]. The blue-shift 
can be thought to be due to association with the 
boundary coupling (interface interaction) between Au 
particles within the pores and pore walls of porous 
silica [35]. Usually, a small lattice contraction yields 
to the high surface-to-volume ratio and, hence, high 
surface energy (surface tension) for metal NPs. The 
lattice dilatation in [35-37], it is probably related to the 
decreased surface energy of Au particles via boundary 
coupling. It is well known that at the surface of small 
particles, there exist many dangling bonds 
(unsaturated bonds). In other words, the extension of 
electronic wave function outside particles surface 
becomes significant for small particles. Thus, 
interactions at the particles’ surface are inevitable due 
to the high activity, and charge transfer from metal 
particles to the matrices occurs during interface 
interaction. This charge transfer can induce a decrease 
of the free electron density in metal particles. 
Therefore, the blue-shift occurs with the increase of 
Au particle size due to the electron charge transfer 
from Au particles to the silicate glass host at the 
interface. 

Fig. 11 shows the absorption spectra of the optical 
fiber after dropping the index matching oils (n = 1.406 
- 1.436) to confirm the SPR and its dependence of 
environmental change. Because of noisy behavior of 
the output spectrum, FFT (Fast Fourier Transform) 
filtering method was adopted to locate peaks. The SPR 
band was found to occur at a particular wavelength 
around 500 nm for the corresponding refractive 
indices, increased with the increase of the index [1, 3, 
9-12]. The measured peak wavelength of the SPR 
band were at 480.9 nm, 483.3 nm, 494.4 nm, and 
505.5 nm with refractive indices (n) 1.406, 1.416, 
1.426, and 1.436, respectively as shown in Fig. 12. 
The observed red-shift of the SPR band with the 
increase of the refractive index of matching oils is 
related to the angle of incident light, increased with 
the increase of refractive index [1-3, 9-12]. The shift 
of the Au plasmon peak towards a longer wavelength 
with the increase of the medium refractive index can 

be understood by the well-known Mie theory. It is 
noted that the absorption peak of the fiber coated with 
low-index polymer (n=1.382) appearing at 428 nm 
due to surface plasmon resonance from Au NPs was 
also found to shift to ~ 500 nm after dropping the 
index matching oils, which is basically an extension 
phenomenon by the Mie theory. The SPR sensitivity 
(wavelength/RIU), which is the slope of Fig. 12, of the 
optical fiber incorporated with Au NPs was estimated 
to be 820 nm/RIU. Indeed, the SPR sensitivity of 
optical fiber sensor based on glass optical fiber 
incorporated with Au NPs in the cladding region is 
smaller than that of the conventional Au thin film 
based optical fiber SPR sensor, which has about  
9,630 nm/RIU [45]. However, 820 nm/RIU is still a 
valuable level to identify the possibility of a new type 
fiber SPR sensor for its advantage of mass production. 
In this paper, we have focused on the fabrication of 
specialty optical fiber incorporated with Au NPs in 
cladding region for SPR sensor applications, which is 
the first in the world to the best of our knowledge. 
Increase of the sensitivity of the sensor is under 
progress and will be communicated in future. 
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Fig. 11. Absorption spectra of the Au NPs(cladding)-doped 
optical fiber covered with the index matching oils  
of different refractive indices (n = 1.406 - 1.436). 
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Fig. 12. Peak and width change of the surface plasmon 
resonance (SPR) peak of the Au NPs(cladding)-doped 
optical fiber covered with the index matching oils of 

different refractive indices (n = 1.406-1.436). 
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It is noted that the increase in intensity and width 
of the SPR absorption band was also found to be  
1.5 dB and 91 nm (after baseline correction), 
respectively with the increase of the refractive index 
from 1.406 to 1.436. The broadening of the SPR 
absorption may be due to the spatial spreading and 
scattering of the conduction electrons [46]. 

The proposed fiber sensor based on optical fiber 
incorporated with Au NPs in the cladding region has 
the clear advantages over the conventional Au thin 
film based optical fiber SPR sensor such that the bulk 
metal film coating is not necessary after 
post-processings of fiber polishing and tapering to 
satisfy the phase matching criterion for excitation. 
Since no metal coating is needed for the sensor, mass 
production with simple fiber fabrication is possible 
and compatibility with the existing SPR probe is 
secured. 

 
 

4. Conclusions 
 

We developed and demonstrated specialty optical 
fiber incorporated with Au NPs in cladding region for 
SPR sensor applications. The optical fiber 
incorporated with Au NPs in cladding region was 
fabricated by using the modified chemical vapor 
deposition (MCVD) and the fiber drawing process. 
Porous germano-silicate layers were deposited onto 
the inner surface of a silica glass tube and the layers 
were soaked with Au doping solution to incorporate 
Au NPs followed by drying and sintering. Then a 
silica glass rod (refractive index, n = 1.4571 @  
633 nm) was inserted in the tube and consolidated into 
a rod and the outer silica glass was etched off to obtain 
a fiber preform incorporated with Au NPs in cladding 
region. Finally, the fiber preform was drawn and 
coated with the lower refractive index polymer 
(EFIRON UVF PC-375, n = 1.3820) than that of the 
cladding to obtain a fiber with the cladding width of 
2.6 μm and total diameter of 124.3 μm. 

The incorporation of Au NPs in the cladding of the 
fiber preform was confirmed by the TEM (average 
diameter of ~ 3.8 nm) and by the Raman bands 
appeared at 1017 to 1220 cm-1, 1243 cm-1 and  
1304 cm-1. The measured SPR absorption band 
centered at 585 nm of the optical fiber preform was 
attributed to the large concentration of the Au NPs. In 
the case of the fiber, the SPR absorption peak due to 
Au NPs was found to shift to 428 nm as compared to 
585 nm of the preform. This blue-shift is due to the 
increase of the particle size through the growth of the 
Au NPs during the fiber drawing process at 2150 °C, 
the absorption band of Au NPs within pores of porous 
silica yielded the significant blue-shift, which was 
interpreted in terms of interface interactions between 
Au NPs and silica glass host. The blue-shift of the 
absorption band in the present study may originate 
from the electron transfer from Au particles to the 
silica host during interfacial interaction. 

The SPR absorption peak due to Au NPs in the 
bare optical fiber was found to appear at 428 nm. 

When the index matching oils was dropped onto the 
fiber, the SPR was found to occur at a particular 
wavelength around 500 nm. The measured peak 
wavelength of the SPR increased from 480.9 nm to 
505.5 nm with refractive index (n) from 1.406 to 1.436. 
The SPR sensitivities of the optical fiber incorporated 
with Au NPs in cladding region was estimated to be 
820 nm/RIU. 
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Abstract: For an increasing number of applications, hydrogen represents a solution of the future as it is the most 
common element in the Earth. However, due to its unstable properties in gas phase, a particular care must be 
dedicated to control possible gaseous leaks close to tanks and facilities using this resource. In this paper, surface 
acoustic wave sensors are proposed for detecting gaseous hydrogen in standard environmental conditions 
(atmospheric pressure and room temperature). The proposed Surface Acoustic Wave sensors consists in two 
Rayleigh-wave delay lines built on Quartz, one equipped with a palladium overlay and the other exhibiting a 
free path between the two interdigited transducers. A specific gas test cell has been developed to test various 
sensor configurations submitted to hydrogen-composed atmospheres. A particular care was paid to avoid 
hydrogen leakage in the working environment and to perform the regeneration of the gas absorbing layer. The 
developed device allows for identifying different concentrations of hydrogen (in the 1-4 % range) diluted in 
nitrogen and is also able to detect hydrogen in current atmosphere. Surface Acoustic Wave devices exploiting 
hydrogen absorption capabilities of palladium thin films have been here used to make the detection and the 
identification of hydrogen concentrations in the 1-4 % range and the influence of outer parameters such as 
temperature and relative humidity variations on the sensor operation are also reported. Copyright © 2013 IFSA. 
 
Keywords: Gas sensors, Hydrogen, Palladium layer, SAW device, Rayleigh waves. 
 

 
 
1. Introduction 
 

The raising shortages of fossil energy resources 
added to the increasing concern towards 
environmental issues have led to consider hydrogen 
as one of the most promising energy resource. This 
odorless and colorless gas being highly explosive 
over 4 % concentration in air, the availability of a fast 
and accurate detection system close to storing 
facilities and equipping hydrogen-operated machines 
is mandatory for obvious security reasons. Such a 

system must exhibit a significant selectivity as it 
must detect the presence of gaseous hydrogen in air 
with concentrations smaller than the above-
mentioned critical limit at standard conditions (room 
temperature and atmospheric pressure) as well as in 
harsher environment (very low or significantly high 
temperature). Although, some solutions have been 
proposed [1-7], the current availability of such a 
detection system meeting modern specifications of 
hydrogen use and storage is still questionable. The 
main improvements for such sensors are their 
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sensitivity, their selectivity and their reliability 
together with sensor size, cost reduction, energetic 
needs and response time [8]. Many methods of 
detection of hydrogen and a comprehensive review 
can be found in the literature [9], providing a 
substantial material base to try and address the above 
challenges. Among the possibilities, SAW (Surface 
Acoustic Wave) sensors have been widely studied in 
the last decades because of their attractive 
capabilities [21, 26, 27]. Indeed, SAW devices 
exhibit high sensitivity to surface perturbation since 
most of the energy propagates in a region whose 
thickness is a few times the wavelength of the 
propagating acoustic wave. It is also a mature 
technology, SAW devices do exhibit limited size 
(less than 1 cm²) and they allow for wireless use [10]. 
Initial works were made by D’Amico et al. [11] using 
the properties of palladium layer to trap the targeted 
gas. Since this pioneer work, innovations concerning 
the selectivity and stability of sensitive layers versus 
external parameter have been proposed to improve 
hydrogen detection using SAW devices [12-19]. In 
this paper, a SAW sensor is proposed for detecting 
gaseous hydrogen in standard environmental 
conditions (atmospheric pressure and room 
temperature). The proposed SAW sensor consists in 
two Rayleigh-wave delay lines built on quartz, one 
equipped with a palladium (Pd) overlay and the other 
exhibiting a free path between the two interdigitated 
transducers (IDTs) used to excite and detect the 
acoustic wave. These IDTs are built using aluminum 
electrodes, as this metal is of low density and acts as 
a limited acoustic reflector. An innovative aspect of 
the proposed sensing system consists in the open-
loop strategy for phase changes monitoring [20]. 
Moreover, delay lines are monitored in parallel using 
a synchronous detection approach that provides high 
frequency measurement resolution and that permits a 
systematic characterization of the device before 
starting measurement. Along this approach, the 
impact of changes of intrinsic properties of the 
devices such as working frequency drift with aging 
can be minimized. These sensors have been tested in 
a specific gas cell developed to experiment with 
various sensor configurations submitted to hydrogen 
composed atmospheres. A particular care has been 
dedicated to avoid hydrogen leakage in the working 
environment and to promote the gas absorbing layer 
regeneration. The developed device allows for 
identifying different concentrations of hydrogen 
diluted in N2 and is also able to detect H2 in current 
atmosphere. The first section of the paper presents 
the SAW sensor as well as the exploited monitoring 
system. Experimental validation of H2 detection then 
is reported, with a description of the chemical test 
bench and detection results for various H2 
concentrations. An analysis of the influence of H2 
adsorption on SAW propagation is proposed to 
provide routes for the proposed device optimization. 
In the same purpose, the last section of the article is 
devoted to characterizing the influence of external 
parameters such as temperature and relative humidity 

variations on the sensor operation, yielding 
conclusive discussions. 

 
 

2. SAW Sensor and Associated 
Monitoring System 

 
Selective detection of hydrogen at room 

temperature and pressure have been achieved using 
SAW delay lines exploiting Rayleigh waves on AT-
cut quartz, as the corresponding first order 
temperature coefficient of frequency (TCF) is close 
to zero, yielding frequency-temperature 
compensation for the above-mentioned operating 
conditions. The sensor structure correspond to a 
differential set-up in, which a sensitive track is 
achieved by depositing a Pd layer in between two 
IDTs whereas the reference track surface is left free 
to detect nonspecific gas/surface interaction. Along 
this approach, one can significantly increase the 
sensitivity of the device and its robustness to 
correlated perturbations (temperature, vibration, non-
specific adsorption). The configuration of both 
generation and detection IDTs used for the sensor 
consist in 50 fingers pairs with a grating period of  
10 µm and path length of 5 mm (the reactive 
surface). The wavelength is 40 µm, yielding a 
frequency operation in the vicinity of 78 MHz as the 
wave velocity approaches 3100 m.s-1. The Pd film 
was deposited by thermal evaporation on a single run 
and shaped by a lift-off technique. Its length along 
the propagation path was 3mm and its thickness 
equal to 300 nm. The device configuration is shown 
on Fig. 1. Using a network analyzer, the transfer 
function of the device can be easily determined and 
hence the phase shift induced by gas absorption has 
been first monitored that way. However, the use of a 
dedicated electronics has been implemented and 
delivers similar information. That is represented on 
Fig. 2. This system includes two separate phase 
measurement schemes: a rough characterization stage 
using the AD8302 phase and magnitude detector, and 
a high sensitivity phase measurement using dedicated 
phase detectors and variable gain, low noise 
operational amplifiers as presented in another work 
[20].  

 
 

 
 

Fig. 1. Scheme of a SAW delay line using Rayleigh  
surface acoustic wave at 78 MHz. 

 
 

 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 84-91 

 86 

   
 
Fig. 2. Scheme and photograph of a SAW devices  

probing card. 
 
 

By increasing the gain on the operational 
amplifier, one can gradually improve the phase 
measurement resolution while remaining at a 
constant operating point. However, this approach also 
reduces the phase range due to the limited voltage 
range of the analog to digital converter (ADC). While 
the AD8302 is tuned to generate a voltage within the 
ADC range as the phase rotates from +90° to -90°, 
increasing the gain of the high sensitivity stage yields 
measurement ranges reduced to a fraction of the 
angle range. Thus, a tracking scheme is implemented 
in which the phase to frequency (locally linear) 
relationship is identified, and whenever the phase 
reaches a condition close to the boundary of the 
operating range of the ADC, the RF source frequency 
is tuned so that the phase moves back to the middle 
of the ADC range. This implementation is similar to 
a digital oscillator, since the frequency tracks a phase 
condition, with the added advantage than a precise 
phase measurement is provided as long as the voltage 
remains within the operating range of the ADC. 

The sensitivity of the set-up allows for some 
tens millidegrees resolution and is easily 
transportable. The response of the bare device and the 
functionalized one are respectively measured. This 
configuration has been used so as to make a 
systematic characterization of each new device used 
for H2 detection. Fig. 3 illustrates the way the phase 
shift measurement is achieved. 

 
 

2.1. Detection of Hydrogen at Room 
Temperature and Atmospheric Pressure 

 
Hydrogen detection in the percent order has been 
achieved at room conditions. Figs. 4 and 5 present 
experimental results when using either nitrogen or air 
as carrier gas. As it can be observed in Fig. 5., the 
detection of about 95 %vol of hydrogen in air at 35 % 
RH and 20 °C can be achieved with a response delay 
of about 20 seconds considering that the 
determination of the H2 concentration in the melting 
gas is derived from the phase shift velocity during the 

exposure and not from the steady state. It is notable 
that this value depends on a large part on the 
performance of the hydrogen generation setup. 
Therefore, the intrinsic response delay of the device 
is expected to be shorter. Fig. 4 shows that the device 
allows for identifying different concentrations of 
hydrogen diluted in a nitrogen flow of 100 sccm.  
 
 

 
 

Fig. 3. Phase shift measurement principle  
using a dedicated instrumentation. 

 
 
 
3. Analysis of Hydrogen Absorption  

on Pd Films and its Influence on SAW 
Propagation 
 
Absorption of hydrogen into Pd layer induces 

modifications on the SAW propagation conditions. 
The effective physical characteristics of the wave 
then vary with the amount of absorbed H2 (especially 
its phase velocity). It has been shown [21] that the 
two main parameters that influence the phase velocity 
change of elastic waves on quartz are mass- and 
elastic-loading as it can be seen on the equation 
bellow [21]. Since only devices using quartz 
substrates have been used here, changes in electrodes 
conductivity are not considered as a possible origin 
of the observed phase velocity drift and therefore 
were not taken in account in the proposed analysis. 
Electromechanical coupling of Rayleigh waves on 
quartz substrates is actually small enough to consider 
conductivity changes negligible. The following 
equation has been derived for materials whose crystal 
structure is “cfc” and does not directly apply for the 
experiment presented in this paper but it provides a 
clear illustration of the two main principles governing 
the observed variations and an (although simplified) 
analytical formula for estimating the importance of 
each contribution (elastic and mass loadings). 
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Fig. 4. Detection of hydrogen at high concentration in air. 
 
 

 
 

Fig. 5. Detection of hydrogen in the range 4 % to 1 %vol in N2. 

 
 

 

 

(1) 

 
In case of H2 adsorption on Pd layer of 

thickness h through which a SAW of wavelength λ 
propagates, both the mass density ρ and the elastic 
constants C11 decrease, whereas the C44 constant 
increases. The values of normalized mechanical 
displacement Ai for palladium are reported in [22] 
and [23]. Numerical calculations of hydrogen 
absorption in Pd layers [21] predict an increase of 
C44 elastic constant, yielding an increase of the 
phase velocity of the Rayleigh wave propagating 
under such an overlay. These calculations are in 

agreement with the experimental observations 
presented here. 
 
 
4. Theoretical Study and Simulation 

Results 
 
Accurate calculations have been achieved, based 

on a set of programs dedicated to the analysis of 
stratified structures used as elastic wave guides. The 
basics of the corresponding developments have been 
presented in [24, 25]. The calculation principle is 
based on the derivation of a surface or interface 
effective permittivity yielding numerous information 
about the wave propagation characteristics such as 
the wave velocity, the mode coupling and possible 
propagation losses. The model accounts for all the 
known linear properties of the materials constitutive 
of the layered structure which directly condition the 
accuracy of the results as no assumption is made on 
the device operation (provided flat interfaces). 
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Here are presented simulation results about 
mass loading effect. One can see on Fig. 6 the 
influence of a growing water film at the surface of 
the sensor. A phase decrease is observed. It is 
noticeable that the phase shift observed on Fig. 7 that 
is relative to the exposure of the sensor to humidity is 
consistent with the theoretical result. Indeed, that 
phase decrease corresponds to a reduction of the 
velocity of 133.10-3m.s-1 which would correspond to 
the presence, at the top, of the device of a water film 
that thickness is 4nm which is realistic.  

 
 

 
 

Fig. 6. Simulated condensation of water on the sensitive 
zone. 

 
 

On another hand, calculations of theoretical 
velocity variation of the wave consecutive to changes 
of elastic properties of the palladium layer have been 
made. Simulation results presented on Fig. 8 were 
obtained on the basis of [21] results.  

 

We can see here the influence of each elastic 
parameter on the velocity of the acoustic wave. 
According to [21], we considered a decrease of 0.1 % 
and 10 % of the density (red solide curve) and the 
C11 (green triangles) coefficient of the palladium 
layer respectively. An increase of 40 % of the C44 
(blue circles) and the induced modification of non 
diagonals parameters (black squares) were also 
simulated. The global modification of the acoustic 
wave velocity is shown on the dashed black curve. 
One can notice that the velocity increases, upon a 
complete hydrogenation(corresponding to  
X=0.66 (PdHX)), by 1.7 m.s-1. This value takes in 
account the modification of both Cij and density 
modifications of the palladium layer. It is also 
necessary to take into account the gravimetric effect 
due to H2 adsorption. This phenomenon, shown on 
Fig. 9, results in a decrease of the wave velocity of 
0.5 m.s-1 when considering a complete 
hydrogenation. As a consequence, the predicted 
global velocity change is an increase of about 1.2 
m.s-1. This result is in accordance with the 
observation made on Fig. 4. Indeed, the phase shift 
observed on this figure corresponds to an increase by 
2.6 m.s-1 of the acoustic wave velocity. The orders of 
magnitudes are consistent and the difference between 
these to values (2.6 m.s-1 for the experiments and 1.2 
m.s-1 from the simulation) can be explained by the 
fact that the palladium layer used here has quite 
different geometrical properties than the one that was 
used in [21] for the determination of the elastic 
properties modifications. Moreover, the sensitive 
layer has been here deposited using sputtering 
method contrary to [21] where thermal evaporation 
was used. 
 
 

 

 
 

Fig. 7. Influence of humidity on the detection of hydrogen at constant room temperature (19.3+/-0.1°C). 
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Fig. 8. Wave velocity shift induced by changes in C11 
(green triangles), C44 (blue circles), C12 (black squares), 
density (red solide line), global shift (black dashed line). 

 
Fig. 9. Phase velocity variation due to hydrogen 

massloading effect. 

 
 
 

5. The Influence of Humidity and 
Temperature on Hydrogen Detection 
 
As SAW devices are known to suffer from 

interference due to humidity and temperature, the 
influence of these parameters on the sensor operation 
have been experimentally investigated and the 
corresponding results are exposed here. The 
observations reported in this section are expected to 
provide information allowing for the improvement of 
the differential acquisition setup. One can see in  
Fig. 7. that an increase of the relative humidity (RH) 
of the injected gas causes a massloading effect that 
results in a decrease of the measured phase of the 
delay line. Indeed, the condensation of water onto the 
surface of the device naturally leads to a raise of the 
mass at the surface of the device (mass loading) 
yielding the decrease of the experimentally observed 
phase velocity. As said in the previous section, that 
behavior is sustained by theoretical observation. 
Furthermore, a damping phenomenon can clearly by 
seen on the transfer function of the device when 
exposed to humidity. Fig. 10 exhibits the impact of 
temperature variations on the capability of the SAW 
sensor to detect hydrogen at atmospheric pressure. 
Temperature changes lead to a decrease of the delay 
line synchronicity frequency characterized by a 
sensitivity of -219.10-3°.°C-1. That phase decrease 
totally compensates the phase shift toward the high 
frequency observed when detecting hydrogen in 
absence of any temperature changes. It appears that 
the delay line used as a reference does not undergo 
any phase shift when exposed to heated gas since the 
device is temperature compensated. However, the 
TCF of the Pd detection channel notably changes as 
the Pd overlay tends to lower the 1st order TCF. This 
behavior currently represents an obstacle to accurate 
hydrogen detection but can be avoided by the use of 
an appropriate reference (covered by a layer inert to 
hydrogen which induces the same TCF change as 
experienced here for the detection channel). As one 

can see on the second part of the graph, the detection 
of H2 at 2 %vol in N2 is still clearly possible 
considering a stable operation temperature at room 
conditions. 

 
 

6. Conclusion 
 

In this paper, a differential SAW sensor based on 
Rayleigh wave on quartz has been developed and 
successfully tested. The sensor consist of two 
adjacent delay lines, one being used as a reference 
and the second one being functionalized with a Pd 
overlay, a metal known to be affected by gaseous 
hydrogen. The observation of specific phase shifts on 
the sensitive track compared to reference in presence 
of gaseous hydrogen using different gas carrier did 
assess the operation of the sensor. The use of the Pd 
overlay actually allows segregating the nature of the 
gas inserted in the reaction cell and provides 
quantitative information about its composition. The 
impact of temperature and humidity on the sensor 
operation also were analyzed. Although the 
differential nature of the sensor is expected to reject 
such interferences, it appears necessary to control this 
parameters at very minimum. Concerning the 
analysis of the sensor operation itself, some work still 
has to be carried out even if strong convictions arise 
from the experiment that the main change is related 
to the elastic properties of the Pd film due to 
hydrogen absorption. The crystalline structure of the 
film having an effective influence on the way 
hydrogen interact with the metallic film, it still has to 
be determined in order to improve simulation 
accuracy of the leverage of hydrogen absorption on 
the SAW device response. Toward this aim, further 
work will consist in the elaboration and 
characterization of palladium layers with different 
crystalline structures. Simulation of SAW device 
exhibiting different sensing layers will also be 
deepened in order to provide a comprehensive 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 84-91 

 90 

analysis of the experimental observations and to 
predict the structure of the delay-line to use in order 
to improve the differential acquisition setup. These 
investigations are expected to enhance the 

performance of the proposed sensor in terms of 
sensitivity and selectivity toward outer parameters 
such as temperature and humidity. 

 
 
 

 
 

Fig. 10. Influence of temperature on the detection of hydrogen (RH in the 3-8 % range). 
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1. Introduction 
 

Wireless sensors and sensor networks can be 
deployed almost anywhere at a far lower cost than can 
a wired system. With the recent advances in 
embedded systems and wireless technology, the 
hardware used is becoming more inexpensive and 
more widely available. Wireless sensor devices 
connect sensors wirelessly among each other as well 
as to monitoring and management setups. According 
to the MarketResearch.com the global market for 
wireless sensor devices used in end vertical 
applications totaled $ US 790 million in 2011 and 
expected to increase at a 43.1 % compound annual 
growth rate (CAGR) and reach an estimated $ US 4.7 
billion by 2016 [1]. The Asia-Pacific (APAC) region 
is unsurprisingly the fastest growing market for 

wireless sensors. This region was worth $225 million 
in 2011 and is projected to reach $1.6 billion by 2016, 
a CAGR of 48.6 % between 2011 and 2016. Japan has 
a top market for wireless sensors in the APAC region. 
This segment was worth $77 million in 2011 and is 
expected to reach $392 million by 2016, a CAGR of 
38.5 % between 2011 and 2016 [1]. 

Because wireless sensor networking is built 
around low-power radios, the nodes that make up the 
network play a key role in wireless communication. 
From a physical perspective, the deployment of nodes 
may take several forms depending on the sensor 
application and the desired pattern of communication. 
Deployment may also be a one-time activity, where 
the installation and use of a sensor network are strictly 
separate activities. It can also be a continuous process 
where more nodes are deployed over the lifetime of 
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the network [2]. The application can vary from a 
single sensor node to multiple sensor nodes. 

A wireless sensor net is made up of a group of 
sensor nodes. Wireless sensor nodes are the essential 
building blocks in a wireless sensor network. Each 
sensor node possesses the ability to monitor some 
aspect of its environment, and each is able to 
communicate its observations through other nodes to 
a destination where data from the network is gathered 
and processed. Recent developments in wireless 
technologies and the semiconductor fabrication of 
miniature sensors are making wireless sensor 
networks (WSNs) smaller and more cost-effective for 
a growing number of uses [3]. 

Cost reduction in wireless sensor networks 
becomes a requirement to extend their application in 
fields where a great amount of sensors is needed [4], 
for example, industrial applications. In this case it 
should be a good solution to connect many existing 
low-cost sensors both: analog and quasi-digital to one 
sensor node to reduce the cost of nodes. Traditional 
approach to use multichannel analog-to-digital 
converter (ADC) and/or analog multiplexers for 
analog sensors will not give any reduction in price. 
Moreover, the analog multiplexer introduces 
additional measuring error. Hence, the analog signal 
must be preliminary converted to the quasi-digital 
signal (frequency, period, duty-cycle, time interval, 
phase-shift, pulse number or pulse-width modulated 
(PWM) output). 

The described in [4] sensor interface transforms 
the voltage provided by various sensors with different 
output ranges to a pulse signal, which frequency will 
depend proportionally on the input voltage. The 
conversion of the sensor signal to a frequency value 
will bear much less sensitivity to interferences. The 
further frequency-to-digital conversion is performed 
by using the classical direct counting method. This 
technique counts the number of pulses Nx of a signal 
of unknown period Tx=1/fx during a gate time window 
T0 determined by n periods of a signal of known, 
reference frequency f0. The unknown frequency fx is 
calculated by the number of pulses into the counting 
window: 

 

x
x T

T
nN 0     

0Tn

N
f x

x 
 . (1) 

 
Such classical method has two well known 

disadvantages: the dependence of relative quantization 
error x on frequency fx, and redundant conversion 
time determined by the constant gate time T0. In order 
to achieve acceptable performance in the conversion 
to digital values of the frequency signal, it is 
necessary to the different sensor output ranges are 
converted into the same frequency range. For this, the 
conditioning electronics must be able to change 
sensor’s gain and offset voltage depending on the 
sensor signal characteristics. 

The circuit [4] consists of two operational 
amplifiers, analog multiplexer, two programmable 
potentiometers and voltage-controlled oscillator, 
which performs the transformation to the frequency 
range. The low resolution serial digital-to-analog 

converter is used for self-calibration purposes. When 
a node of the network is activated, the microcontroller 
selects the sensor to be read by means of the control 
lines of the analogue multiplexer and carry out the 
conditioning and the conversion. However, such 
sensor interface has some disadvantages. It introduces 
additional error, because of mainly based on analog 
electronics components. 

Mantracourt Electronics Ltd. (UK) manufactures 
Wireless Telemetry Pulse Acquisition Module (T24-
PA) for quasi-digital sensors and transducers with 
frequency range from 0.5 Hz to 3 kHz and relative 
error 0.15 ... 0.25 % [5]. It can not be used with 
various quasi-digital sensors and transducers, which 
as rule have very broad dynamic frequency range: 
form part of Hz to some tens MHz, and low relative 
error 0.01 % and better [6]. Form the other side, the 
price for T24-PA module is high: 262 Euro. In order 
to get the optimal trade-off between metrological 
performances and price for the sensor node it is 
expediently to use other, universal, advanced 
solutions based on the novel frequency-to-digital 
conversion method. 

In order to design cost-effective sensor nodes, 
which satisfy to modern requirements, the following 
measures must be realized. Instead of voltage or 
current sensors, so-called quasi-digital sensors with 
frequency, period, time interval, phase-shift, pulse 
number or PWM output must be used. The frequency-
to-digital converter should be based on the advanced 
method for frequency measurements, which have not 
disadvantages, mentioned above. In case of analog 
output sensors, the intermediate voltage-to-frequency 
converter(s) should be used. 

The aim of this article is to describe in details the 
developed advanced but cost-effective sensor nodes' 
architectures suitable for further integration in a node-
on-chip for wireless sensor networks. The paper 
consists of four parts and is organized as follows. The 
first part includes state-of-the-art review and task 
definition. The second part describes a design 
approach for sensor nodes architectures based on a 
Universal Sensors and Transducers Interface circuit 
(USTI) and are suitable for any quasi-digital sensors 
and analog sensors, and the third part is devoted to the 
further design of a node-on-chip based on the USTI-
WSN IC. The forth part includes results of 
experimental investigation of sensing sub-system 
based on the USTI IC. The last part of the article 
provides conclusions and future research directions. 
This article is an extension version of paper, presented 
and published in proceedings of the 6th International 
Conference on Sensor Technologies and Applications 
(SENSORCOMM' 2013), 19-24 August 2012, Rome, 
Italy [7]. 

 
 

2. Sensor Nodes' Architectures 
 
A sensor node in a wireless sensor network is 

capable of performing some processing, gathering 
sensory information and communicating with other 
connected nodes in the network. Its architecture 
consists of the following components: sensing sub-
system, processing sub-system, communication sub-



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 92-99 

 94 

system and power management sub-system. The 
sensing sub-system directly influences on 
metrological performances on the whole. However, 
during the last years a lot of publications have been 
devoted mainly to communication and power 
management sub-systems. This article will be focused 
on the sensing sub-system design, which satisfies to 
the modern requirements of relatively low cost, 
expansibility and power-aware [8]. The low cost 
means that sensor node should be cheap since wireless 
sensor network may have hundreds or thousands of 
sensor nodes. The expansibility signifies that 
hardware design must be expandable with a number 
of different quasi-digital and analog sensors to support 
a variety of applications. The power-aware means that 
hardware supports intelligent function, which allows 
algorithms to adapt themselves to the available power. 

Let consider several advanced sensor node 
architectures for analog and quasi-digital sensors and 
transducers. All these architectures are based on novel 
USTI ICs developed by authors [9]. 

 
 

2.1. Sensor Node Architecture with Analog 
Multiplexer 

 
A simple sensor node for analog and quasi-digital 

sensors with analog multiplexer and time division 
channeling is shown in Fig. 1. 
 
 

 
 

Fig. 1. Sensor node with analog multiplexer. 
 
 
A sensing sub-system in such architecture contains 

an analog multiplexes (MUX), voltage-to-frequency 
converter (VFC), USTI integrated circuit and 
microcontroller with embedded transceiver. A 
processing sub-system, communication sub-system 
and power management sub-system are realized on a 
separate microcontroller. The USTI is a core 
component of the sensing sub-system. It is based on 
advanced, modified patented frequency (period)-to-
digital conversion method of the dependent count 
with a constant quantization error in all broad 
frequency range and non-redundant conversion time 
[9-11]. The dependence of relative error on 
conversion time is shown in Fig. 2.  

In this case it is not necessary to convert the 
different sensor output ranges into the same frequency 
range, as it was proposed in [4]. Only one voltage-to-
frequency converter is used to convert sensor's output 
to frequency. As usually, integrated VFCs have broad 
frequency ranges and good metrological performances 
[12, 13]. In addition, one quasi-digital sensor can be 
directly connected to the second channel of USTI IC, 

and one sensing element (resistive, capacitance or 
resistive bridge) can be also connected to this 
integrated circuit with minimal number of addition 
external components [14]. 
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Fig. 2. Relative error vs. conversion time. 
 
 

2.2. Sensor Node Architecture with Digital 
Multiplexer 

 
The analog multiplexer and VFC introduce 

additional measurement errors. To eliminate the error 
due to an analog multiplexer, it is possible to convert 
a voltage to frequency for each of analog output 
sensors before the multiplexer, and use a digital 
multiplexor (MX), instead of analog multiplexer. 
Such sensor node with the digital multiplexer and 
combined (time for digital signal domain and space 
for analog signal domain) channeling is shown  
in Fig. 3. 
 
 

 
 

Fig. 3. Sensor node with digital multiplexer. 
 
 
For the time-division channeling, the cycle polling 

time  can be calculated according to the following 
equation [15]: 

 

)( 21 delaydelaymeasTn   , (2) 
 

where delay1 is the time delay between the ending of 
the conversion in the previous sensor and the 
command to poll the next sensor; delay2 is the time 
delay of the frequency conversion starting after the 
sensor connection; n is the number of sensors in the 
sensor node; Tmeas is the measurement time. The 
measurement time Tmeas for the USTI includes three 
main components: conversion rate (tconv), 
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communication time (tcomm) and calculations time 
(tcalc) [14]. 

The digital multiplexer does not introduce any 
additional error. However, the VFCs still do it. So, the 
solution with minimum possible hardware and high 
metrological performance is possible if instead of 
analog sensors to use quasi-digital sensors. 

 
 

2.3. Sensor Node Architecture for Quasi-
digital Sensors 

 
A low-cost sensor node with high metrological 

performance for quasi-digital sensors and transducers 
is shown in Fig. 4, which addresses the challenges of 
metrological performance improvement and  node's 
cost reduction [4, 8, 14]. In this sensor node 
architecture no any VFC is necessary. 

 
 

 
 

Fig. 4. Low cost sensor node for quasi-digital sensors. 
 
 
By this way it is possible to decrease the total 

measurement error, for example, from 0.14 % to  
0.08 % (for the numerical example, described in [14]), 
and reduce the sensor node's price. For example, at 
the same price for analog and quasi-digital sensors, 
the core of sensor node - the 24-bit resolution,  
8-channel ADC ADS1278 [16] costs 23.95 $ US (in 
quantities of 1,000) while the USTI IC with 
significantly better metrological performance and a 
digital 8-channel multiplexer costs only 18.95 $ US in 
the same quantities. 

The space division and combining channeling also 
can be realized in this sensor node. In such sensor 
node instead of one USTI and the n-channel digital 
multiplexer, n ICs (according to the number of 
channels) and a microprocessor system with n inputs 
are used. That is, for simultaneous measurement of 
several frequencies, there is an independent channel 
with the USTI. The microprocessor simultaneously 
starts all converters and at the end of the measurement 
processes reads results. Quasi-digital sensors and 
transducers can be also connected in pairs to one 
USTI. In addition, one resistive, capacitive of resistive 
bridge sensing element can be also connected directly 
to the USTI. For one's turn, all USTI can be connected 
to a master microcontroller or microprocessor with the 
help of SPI or I2C buses. Each USTI IC can serves up 
to 3 channels by itself in a sensor node. 

The cycle polling time  for the space-division 
channeling is decreased approximately in k times in 
comparison with the time-division channeling and 
should be calculated as: 

= Tmeas + treadout, (3) 
 

where treadout, is the time for result reading by a 
microprocessor. 

In the case of analog sensors, an addition VFC in 
each channel should be also used. Such solution lets 
achieve maximum possible speed at a little bit 
increased cost for a sensor node. 

Another benefit to use quasi-digital sensors and 
transducers instead of analog sensors in WSN is a 
possibility to transmit frequency-time signals without 
preliminary conversion to digital. Two examples are 
described below. 

The RF transmitter using pulse width modulation 
(PWM) method is reported in [17]. It does not use an 
analog to digital converter for the RF transmission of 
analog data. The transmitter consists of a pulse width 
modulator, a voltage-controlled oscillator (VCO) and 
on-chip antenna. The PWM method digitally encodes 
analog signal levels, but the PWM signal remains 
quasi-digital. By keeping the signal quasi--digital, 
noise effects are minimized. The modulated signals 
are inputted into the VCO using PWM. If the voltage 
of the modulated signal is the high level, the VCO is 
oscillated, and the RF carrier waves for transmission 
can be obtained. Then, the output of the VCO is 
transmitted by the on-chip antenna [17]. The 
transmitter was possible to transmit with low power 
dissipation of 0.75 mW the carrier of 315 MHz. 

An interdigital capacitor based battery-free 
wireless pressure sensor is described in [18]. It 
consists of an interdigital capacitor (IDC) that serves 
as a pressure sensing element and an inductor, which 
works as a passive power source and data 
communication element. These two components work 
together as an LC resonator to realize the wireless 
pressure sensing and remote power to eliminate the 
need for wire connection in conventional pressure 
sensor. The sensing element is comprised of a set of 
linear parallel electrodes coated with Polyvinylidene 
Fluoride pressure sensing material on the top. The 
change of capacitance in the IDC is a function of the 
geometry of the electrodes and the electric properties 
of the sensitive layer. The sensor prototype 
demonstrated that it performs well in the range of  
0 psi to 60 psi with an average pressure sensitivity of 
25 kHz/psi [18]. 

 
 

3. Node-on-Chip 
 
The future step to reduce hardware expenses is to 

use the recently designed IC USTI-WSN of node-on-
chip instead of the USTI IC and C [14]. The USTI-
WSN IC contains all sensor node's sub-systems  
(see Fig. 5). The USTI-WSN IC prototype is shown in 
Fig. 6. 

The prototype can work with two various quasi-
digital sensors or transducers and one sensing element 
at the same time. It has a high speed embedded 
transmitter with high data rate transceiver for the  
2.4 GHz ISM band. The radio transceiver provides 
high data rates from 250 kb/s up to 2 Mb/s for 
wireless communications and provides frame 
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handling, outstanding receiver sensitivity and high 
transmit output power enabling a very robust wireless 
communication. High performance RF-CMOS 2.4 
GHz radio transceiver designed for industrial and 
consumer applications targeted for IEEE 802.15.4, 
ZigBee, IPv6/6LoWPAN, RF4CE, SP100, 
WirelessHART and ISM applications. Supply voltage 
is 3.6 V. Power consumption is less than 18.8 mA in 
active mode, and < 250 nA in sleep mode. The 
operation temperature range is -40 ºC to +85 ºC. 

 
 

 
 

Fig. 5. Block-diagram of node-on-chip. 
 
 

 
 

Fig. 6. USTI-WSN IC prototype in 64-pad QFN package. 
 
 
A sensor node based on the USTI-WSN IC with 

high metrological performance for quasi-digital 
sensors and transducers, which addresses the 
challenges of metrological performance improvement, 
smart system integration and node's cost reduction is 
shown in Fig. 7. The IC combines two functional 
blocks: USTI and transceiver. 

 
 

 
 

Fig. 7. Sensor node for quasi-digital sensors based on the  
USTI-WSN ICs. 

 
 

A sensor node for analog sensors can have the 
similar architectures, as it is shown in Fig. 1 and Fig. 
3, but instead of two ICs of USTI and microcontroller 

with an embedded transceiver, the single USTI-WSN 
IC should be used. 

 
 

4. Experimental Results and Future 
Research 
 
The USTI IC has been tested with various quasi-

digital temperature, humidity, acceleration, light, 
displacement, etc. sensors with frequency, period, 
duty-cycle and PWM outputs, and sensing elements 
such as resistive, capacitive and resistive bridges. The 
maximal possible input frequency of a square 
waveform pulse signal for the USTI was 9.1 MHz 
without prescaling, the minimal possible frequency 
was 0.04 Hz. The IC was programmed to measure 
frequency with the minimal possible relative error 
x=0.0005 %. Experimental results of measurements 
for 9 MHz and 0.05 Hz frequencies square waveform 
pulse signals are shown in Fig. 8 (a) and 8 (b) 
respectively. 
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Fig. 8. Experimental results for frequency measurements:  

9 MHz (a), and 0.05 Hz (b). 
 
Before measurements, the USTI was calibrated in 

the working temperature range: +23.5 oC … + 25.4 oC 
with the purpose to compensate the quartz oscillator’s 
systematic error [19]. The statistical characteristics are 
presented in Table 1. 

As it is visible from the table, the maximal relative 
error does not exceed the programmable  
x <  0.0005% in all frequency range including high 
and infralow frequencies. For 0.05 Hz frequency the 
relative error does not exceed x =  0.00009 % <  
0.0005 %. 

The absolute and relative errors for infralow 
frequency measurements (fx=0.05 Hz) are shown in 

fx, Hz 
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Fig. 9 (a) and 9 (b) respectively. The 2 test for 
goodness of fit test was applied to investigate the 
significance of the differences between observed data 
in the histograms and the theoretical frequency 
distribution for data from the Gaussian distribution 
law. 

 
Table 1. Statistical Characteristics. 

 
Value fx 

Parameter 
9 MHz 0.05 Hz 

Number of 
measurements, N 

65 70 

Minimum fx (min), Hz 9000032.48 0.049999576263 
Maximum fx (max), Hz 9000038.73 0.049999652243 
Sampling Range,  
fx (max)- fx (min), Hz  

6.2515 7.6E-0008 

Median 0 0 
Arithmetic Mean, Hz 9000035.42 0.04999962 
Variance 2.405 3.4E-0016 
Standard Deviation 1.5508 1.8E-0008 
Coefficient of Variation 5803428.66 2709716.49 

Relative error, % 
0.00039 < 
0.00050 

0.00009 <  
0.0005 
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Fig. 9. Absolute error (a), and relative error (b) at 0.05 Hz  

frequency measurements. 
 
 
The number of equidistant classes was calculated 

according to the following equation [20]: 
 

k = 1.9  N0.4, (4) 
 

where N is the number of measurements. 
At probability P = 97 %, and 5 equidistant classes 

(k=5), the hypothesis of Gaussian distribution law 
can be accepted for all sets of measurement data 
because of S < 2

max, where S = 1.7593 is the sum of 
deviations between the dataset and the assumed 
distribution; S < 2

max = 7 is the maximum possible 
allowable deviation in the 2 distribution. Hence, the 

hypothesis of normal (Gaussian) distribution can be 
accepted. 

Experimental results confirmed high metrological 
performances and justified, that the USTI IC can be 
used with all quasi-digital sensors existing on the 
modern market [6]. The comparative analyze of 
proposed solution for sensor nodes and convenient 
solution described in [4] is shown in Table 2. The 
comparative metrological and technical performance 
of proposed solution and wireless module T24-PA 
available on the market [5] are shown in Table 3. 

 
 

Table 2. Comparison Results of Sensor Node Designs. 
 

No. 
Traditional 
Solution [4] 

Proposed 
Solution 

Benefits 

1. Analog sensors  
Quasi-digital 
sensors 

More robust and 
cheaper; less 
sensitive to 
interferences and 
noises 

2. 
Analog 
multiplexor 

Digital 
multiplexor 

No addition error 

3. 
Analog and 
mixed IC 
design 

Digital IC 
design 

Easy integration 
in standard CMOS  
technological 
processes 

4. 
Low 
metrological 
performances 

High 
metrological 
performances 

Wide applications 

5. 

Need a 
frequency 
range 
unification 

Does not need 
any frequncy 
range 
unification 

Lower hardware 
expenses 

6. 
Classical direct 
counting 
method 

Modified 
method of the 
dependent 
count 

Constant  
programmable 
quantization error; 
Non-redundant 
conversion time;  
Broad range of 
input frequencies 

7. 
Adaptation 
features: no 

Adaptation 
features: yes 

Self-adaptation; 
wide applications 

 
 

Table 3. Comparative performances. 
 

 T24-PA USTI IC 
Relative error, % 0.15 ... 0.25 0.0005 
Frequency Range, Hz 0.5 ... 3 000 0.04 ... 9 000 000 
Time range, s 333E-06 ...  2 1.5E-06 ...  250 
RPM range (presuming 
1 pulse / rev), rpm 30 ... 180 000 3 ... unlimited 

Power Supply Current, 
mA 35 9.5 

 
 
As it is visible from this table the wireless sensor 

node based on the USTI IC has significantly better 
metrological performance (accuracy (in 500 times 
better) and measuring ranges (in 200 times wider for 
time interval, in 3000 wider for frequency and 
unlimited for rpm), wider functionality (26 measuring 
modes vs. 3 measuring modes), lower power 
consumption (in 4 times less). All these can be 
achieved at significantly less cost (production price). 
In addition, the USTI IC has much wider 
functionalities and can work not only with frequency 
and period output sensors but also with any duty-
cycle, pulse-width modulated, phase-shift, time 

x, % 

x, Hz 
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interval, pulse number output sensors and transducers. 
The price comparison for two sensor nodes is shown 
in Table 4. 

 
 

Table 4. Price comparison. 
 

IC Manufacturers 
Price, $ US 

(in  quantities   
of 1, 000) 

ADS1278, 24-bit,  
8 channels, SPI  

Texas 
Instruments 

23.95 

USTI, 3 channels, 
SPI, I2C, RS232 + 
any digital 8-channel  
multiplexer 

Technology 
Assistance 
BCNA, 2010, S.L. 

19.95 

Saving: 
23.95-18.95 = 

5.00 

 
 
The further reduction of power consumption will 

be able due to the use of advanced method for 
frequency-to-digital converter with non-redundant, 
programmable reference frequency [21]. It will allow 
to change accuracy for power consumption and 
opposite dependent on a sensor node's activity, 
measuring algorithm and available power. 

 
 

5. Conclusions 
 
The proposed sensor node architectures and design 

approach are suitable for any quasi-digital sensors and 
transducers. It is based on the designed USTI IC, 
which lets to achieve high metrological performances 
at relatively low cost, and get robust solution, less 
sensitive for various interferences, noises and 
distortions. Due to the USTI's broad frequency range 
of input signals and constant quantization error, it is 
not necessary to convert the different sensor output 
ranges into the same frequency range. The proposed 
sensor node architectures can also work with analog 
sensors. In this case the output voltage must be 
preliminary converted to the frequency with the help 
of voltage-to-frequency converter. In addition, the 
advanced, modified method of the dependent count 
for frequency measurements provides the best tradeoff 
between accuracy and operation time, giving a 
relative error less than ±0.0005 % at 0.32 s conversion 
time or ±1 % at 0.00016 s conversion time 
respectively. 

The USTI IC is available on the market since 2011 
from the Technology Assistance BCNA 2010 S. L., 
Spain. The USTI-WSN IC will be introduced on the 
market in 2013-2014. 
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Abstract: Wireless Sensor Networks can be considered as one of the most challenging and emerging 
technologies empowering the provision of enhanced services to miscellaneous application domains. The 
objective of this paper is to examine and present an implementation of a real-time parking management system. 
This system adapts efficiently into a contemporary urban environment, and eventually provides to users the 
ability to find and navigate easily to a free curb space. The system is comprised of a deployed sensor network 
based on two collaborative vehicle detection schemes supported by an event-driven processing algorithm and a 
web based application. The evaluation of the system is performed by conducting a number of experiments in 
order to select the optimal sensing modality and confirm the feasibility of the proposed application system in 
actual running conditions. Results demonstrate that the proposed system is capable of effectively detecting 
overlying automobiles and robustly distinguishing false positive indications. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Vehicle detection, Magnetic sensor, Passive infrared sensor, Web based 
user interface. 
 

 
 
1. Introduction 
 

The viable and sustainable development of urban 
environment is inextricably connected with 
contemporary approaches concerning traffic 
congestion issues. A basic aspect of this problem is 
undeniably the parking procedure, a costly and time-
consuming stage within urban transports and an 
everyday headache for millions of drivers and urban 
planning officials. Modeling this procedure is not an 
easy task due to problems in measuring the overall 

time since free curb space finding is dependent upon 
inherently random factors. Looking for parking 
duration it has been proven that is not negligible and 
indeed according to [1], “cruising in congested 
downtowns takes between 3.5 and 14 minutes to find 
a curb space, and between 8 % and 74 % of the traffic 
can be appointed to cruising for parking”. In addition 
to that, a variety of studies, as [2] states, infer that 
automobiles spend approximately over 95 % of their 
time parked and for trucks this percentage is over  
85 %. 

http://www.sensorsportal.com
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In this paper, an innovative approach in solving 
the aforementioned problem is proposed utilizing 
WSNs (Wireless Sensor Networks).  

WSN technology has a wide spectrum of 
applications which are deeply embedded into the 
everyday world ranging from health monitoring and 
disaster early-warning systems up to vehicle 
detection and military purpose application scenarios. 
Such a sensor network is consisted of a large number 
of microelectronic devices capable of monitoring and 
collecting raw data in different environments and 
conditions. Typically, each device –often 
characterized as a node– is consisted of a 
microcontroller, a power source, a radio frequency 
transceiver, an external memory, and various sensors. 
These resource constrained sensor devices 
communicate wirelessly and untethered, forming 
complex mesh networks through which data is being 
disseminated. 

Our objective is to investigate, simulate and 
experimentally verify the prospect of implementing 
an intelligent parking management system that 
provides to drivers the possibility to conveniently 
locate and be guided towards a free parking lot near 
their destination. From a system design perspective, 
WSN solution offers a number of unrivaled 
advantages. Firstly, we can hugely benefit from its 
low-cost deployment. Secondly, there is flexibility 
with regards to vehicle detection approaches since a 
wide spectrum of applicable sensing techniques is 
being offered. Finally, autonomous and long-term 
operation of the system compounds is another 
important feature. The latter can be achieved thanks 
to the enhanced administrative capability since extra 
information can be retrieved in real-time concerning 
features like illegal parking activity, time duration of 
each occupied lot, and other metrics that are 
indicative of a robust system operability. 

Although there is an abundance of existing 
solutions focusing on parking assistance applications 
that are employing WSN techniques, our approach 
differentiates in many aspects. We propose a hybrid 
detection scheme utilizing magnetic and passive 
infrared sensors. A pair of sensors, located at a 
distinct parking spot within the urban fabric, collects 
the raw data. Then this information is received and 
processed at the sinks, and ultimately evaluated 
whether if the correspondent spot is occupied or not. 
The result is appropriately stored in databases in the 
base station and then it is uploaded to a web interface 
and finally, depicted onto a user friendly map. 

Compared to its prior conference incarnation [3] 
this paper differs significantly in the following 
aspects. The viability of utilizing acoustic sensing 
and the user interface subsystem documenting were 
further augmented. Moreover, it was considered 
necessary to expand previous documentation by 
including and defining a set of requirements that the 
proposed system for implementation should possess 
under any application circumstances. Above all and 
when applicable, explanatory figures were added so 
as to increase the overall credibility of the presented 

research attempt and enhance the reader’s insight. 
The ensuing content of this paper is organized as 

follows. Section 2 briefly describes the related work 
and how it is correlated with our approach. Section 3 
overviews the design stages of our system, the 
operating principle of the utilized devices and the 
system architecture. Section 4 describes system’s 
implementation. Section 5 reports the system’s 
testing results with respect to the various simulation 
scenarios and requirements. Finally, Section 6 
concludes with general remarks and discussion about 
the potential for future expansion. 

 
 

2. Related Work 
 
Confronting the problem of park cruising within 

the context of urban transportation planning is not 
something new to this research field. Besides 
theoretical approaches in analyzing the problem [1, 2, 
4], there are numerous research projects [5] utilizing 
intelligent transportation systems (ITS) techniques 
outside the WSN research area. Indicatively, we can 
mention mobiPARK [6], a free parking lot indicating 
system based on a text messaging service platform 
for a driver that departs from a previously occupied 
lot. NYU-Poly and Rutgers University [7] 
collaborating research teams attempt to provide a 
multimedia stream application that could display free 
parking spots within the congested Brooklyn. As 
drivers cruise streets, sensors feed real-time visual 
information regarding parking availability uploaded 
via a 4G network and depicted onto special graphic 
user interface (GUI) platforms. 

From another perspective that focuses mainly on 
WSN technologies there can be found a number of 
similar approaches. Parking Finder [8] is a 
Mica2Dot/MIB510-based WSN platform 
implemented for detecting the presence of a car over 
a designated parking lot within a metropolitan city 
infrastructure. It employs magnetic sensors 
(HMC1001) for vehicle detection with each mote 
running on a TinyOS [9] environment. After data 
aggregation and storage in the base station the 
processed data can be accessed via a Java-based GUI. 
Although there are many commonalities with our 
presented approach, it lacks specific characteristics 
that pose serious threats to its overall credibility. The 
absence of experimental verification is more than 
evident. The GUI does not fully utilize the 
advantages of a web-based implementation that our 
version benefits from and does not offer enough 
interoperability. Above all, the unilateral usage of 
magnetic sensors does not take into consideration the 
inherent abnormalities of the application 
environment. Thorough experimentation within our 
research proved as necessary the complementary 
usage of infrared sensors which Parking Finder 
excluded as inappropriate at the initial stages of its 
implementation. 

In Intelligent parking lot application using WSN 
[10], it was proposed and proven as optimal the 
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combinatory usage of magnetic and ultrasonic 
sensors for an accurate and reliable detection of 
vehicles within a multi-storied parking space. 
Although there are similarities in the deployment 
scenery since Tmote Sky sensors are also utilized, 
their proposal undeniably cannot withstand a 
boisterous and hectic city center environment. 
Moreover, their data processing and detection 
algorithm followed a different approach employing a 
modified version of the min-max algorithm suitable 
for analyzing the waveformed raw magnetic and 
acoustic data. Their extensive experimental results 
imply and strengthen the necessity for assiduous 
system verification, an important attribute for every 
kind of such an application area systems. 

Design considerations for a WSN for locating 
parking spaces [11] presents a scheme for reliable 
detection of automobiles employing the same type of 
sensor nodes, Mica2/MTS310/MIB510 equipped 
with the same 2-axis magnetometer HMC1002. Their 
proposed platform refers to public parking garages 
and is consisted of a network of nodes that are 
distributed in strategic locations throughout the 
targeted public parking area instead of at every 
parking spot. Although the prominent differences in 
the objective, the deployment environment and the 
algorithmic notion of the detection process, the 
important commonality lies in the crucial analysis of 
the peculiarity in the operating nature of the magnetic 
sensor. The obtained through trial and error accurate 
positioning and orientation of the node was also 
observed in this paper. Despite that, their proposed 
algorithmic approach in order to surpass this obstacle 
differentiates from our more practically orientated 
perspective. 
 
 
3. Design Considerations 
 

In this section, the design process is presented 
detailing the procedure under which the specific 
combination of magnetic and passive infrared sensors 
was promoted as the optimal choice. Moreover, the 
operating principle of these sensing devices is briefly 
discussed and finally, the system architecture is 
unfolded. 
 
 
3.1. Design Process 
 

Solving a complicated issue such as cruising for 
curb-space parking, it is relevant upon multilateral 
research derived from distinct launching 
perspectives. Fig. 1 indicates the initial attempt to 
address a solution via the usage of a mechanical arm 
with a sensor node attached at its base, placed under 
the road surface or enclosed in a protective sealing. A 
vehicle while in parking process would drag down 
the joint and an actuator would recognize the 
corresponding slope if a predefined critical angle 
(Φcritical) was breached. This in turn would enable 

the record of a vehicle’s presence for the designated 
spot and this information would be propagated 
throughout the network for further processing. After 
consideration, this scheme was aborted from being a 
plausible implementation due to the 
inappropriateness of joint’s material while colliding 
with vehicle parts and the inherent difficulties in 
implementing such a mechanical arm based on the 
laboratory’s available apparatus. 
 
 

 
 

Fig. 1. Initial system implementation. 
 
 

As a next step passive infrared sensors (PIR) were 
selected as a plausible detection scheme within a 
deployed sensor network. Their advantage lies within 
their passive nature, that is, independence from 
external conditions since receiving and not emitting 
signal. Experimental verification proved that the PIR 
sensors were extremely sensitive in response to 
environment stimuli and their detection range was 
exceedingly wide. This results to the sensor being 
constantly triggered after the initial successful 
detection of the vehicle, in case later on another car 
or pedestrian was mobile within the detection zone. 
Fig. 2 depicts PIR’s response while being placed 
under a tree due to overlying foliage movement only, 
and in nearly apnea conditions. Drastic transitions 
verify the extreme sensitivity. The unilateral usage of 
PIR was thus rejected since neither the detection zone 
nor the detection sensitivity can be recalibrated to 
custom needs according to its manual [12]. 

 
 

 
 

Fig. 2. PIR’s output waveform with respect to time. 
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As a next designing stage, the viability of acoustic 
sensors’ usage was investigated. Various experiments 
were conducted but without deducing sufficient and 
credible conclusions regarding neither a unilateral 
nor a collaborative usage of acoustic sensors. In the 
upper half of Fig. 3, results measuring response while 
a vehicle is performing parking maneuvers are 
depicted. At the bottom half of the same figure, 
response in the absence of an overlying automobile is 
shown with peaks corresponding to passing vehicles 
at a distance of  approximately 2 m. These results 
were repeated without unfortunately deducting 
sufficient and credible conclusions regarding a 
feasible usage of acoustic sensors neither in unilateral 
nor in collaborative implementations. A detection 
pattern for overlying and passing vehicles could not 
be concluded and thus uniformly applied since noise 
in an urban fabric, and especially near road surface, is 
an inherently unpredicted factor. 

 
 

 
 

Fig. 3. Acoustic sensor’s output waveform with respect  
to time in two different detection scenarios.  

 
 
In order to select the optimal sensing device, and 

consequently scheme, we ought to consider the very 
nature of the object to be detected. Since a vehicle is 
in fact a sizable metal mass, the subsequent distortion 
it enforces in the earth’s magnetic field is easily 
tractable by a magnetic sensor, thus resulting to its 
imperative usage. This distortion is unique for every 
ferromagnetic object and under ideal conditions can 
be perceived as its magnetic footprint, a useful 
characteristic for a wide spectrum of ITS applications 
relevant to tracking and detecting automobiles [13]. 

In addition to that, an auxiliary operation of 
passive infrared sensors would benefit the most to the 

system. From one hand, passive infrared sensors as 
described before require restriction in the detection 
zone which can be achieved via enclosing them in a 
protective enclosure. The height of this enclosure 
cannot exceed 10cm based on average vehicles’ 
suspensions setup. Therefore we are obliged to place 
them under road surface and inside this enclosure. 
The road penetrating costs can be compensated if 
considering the advantages that can be obtained 
through this enclosure approach such as, extra 
protection from theft and harsh weather conditions or 
alleviating the constant stresses from wheels 
bouncing [14]. 

At the initial experiments, there were observed 
minor discrepancies in the magnetic sensor’s output 
waveform. Strangely enough, it remained idle at a 
maximum value of approximately 780 (based on the 
range the utilized Oscilloscope/TinyOS application 
produces as an output, see Fig. 4). Moreover, it did 
not respond to the presence of any ferrous objects 
unless a material with high magnetic permeability 
was presented in a distance less than 2 cm. According 
to [15], “the NiFe core of the magnetic sensor is 
extremely sensitive. However, it is also subject to 
saturation. Saturation occurs when the sensor is 
exposed to a large magnetic field. Unfortunately the 
MTS310 circuit does not have an automatic 
saturation recovery circuit”. After experimentation, 
and having excluded the prospect of implementing 
such a recovery circuit, it was elicited that the sensor 
can be calibrated via appropriate nesC [16] coding of 
the relevant interfaces and components. Its sensitivity 
level can be set manually within a range between  
0 and 255, and accordingly to the ambient earth’s 
magnetic field. Thus, as the sensor is moved around 
in the field its output waveform will ultimately 
exhibit transitions. It was experimentally proven that 
the exact sensitivity level for each deployment site 
can be calculated and eventually a waveform in 
between the desired range can be received. The 
sensor is thus ready for use.  

 
 

 
 

Fig. 4. Transitions of the magnetic sensor’s output  
while mobile.  

 
 
3.2. Device Specification 
 

The magnetic sensor module is based on 
Crossbow’s Mica2 [17] motes equipped with the 
Atmega128L MCU (128KB flash, 521KB storage, 
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4KB RAM) that are attended with the MIB510CA 
programming board [18] both depicted in Fig. 5. 
Sensing operation is performed via the MTS310 
sensor board [19] equipped with the HMC1002 2-
axis anisotropic magneto-resistive (AMR) sensor (see 
Fig. 6 for a complete overview) that functions under 
the following principle. Since the earth’s magnetic 
field is uniformly distributed along an area of several 
kilometers a ferrous object (e.g., automobile) causes 

local disturbances in this field while idle and/or 
moving [20, 21] (see Fig. 7). The AMR sensor, 
implemented as Wheatstone bridge, detects such 
disturbances in the X or Y axis and interprets them as 
a differential input voltage that can be transformed 
into exploitable information regarding the presence 
or not of an overlying ferrous object. 

 

 
 

 
 

 
 

Fig. 5. Mica2 mote equipped with the MTS310 sensing board and the MIB510 programming board, [17, 18]. 
 
 

 
 

Fig. 6. Overview, circuitry and microelectronic view of the HMC1002, [19]. 
 

 
 

 
 

Fig. 7. Ferrous object disturbance in uniform magnetic 
field, [21]. 

 
The other subsystem is constituted of a number of 

deployed Sentilla’s Tmote Sky [22] nodes based on 
TI-MSP430F1611 MCU (48KB flash, 1 MB storage, 
10KBRAM). Sensing operation is performed via the 
WiEye sensor board [23] equipped with the 
AMN44121 PIR motion sensor, NaPiOn [24], all 
shown in Figs. 8 and 9. According to the pyroelecrtic 
phenomenon [25], crystalline compounds can 
produce electric charge while being exposed to 
thermal energy. A variable thermal flux within the 
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infrared spectrum will deduct a variable load onto the 
quad-type pyroelectric element of the Napion 
which’s output amplitude into the measuring circuitry 
will be analogous to the amplitude of the changing 
flux. Thus, when an object enters the detection zone, 
NaPiOn identifies the temperature difference between 
the target and its surroundings and transforms this 
difference into a processable value-signal. 

 
 

 
 

Fig. 8. Tmote Sky equipped with WiEye sensor board [23]. 
 
 

3.3. System Architecture 
 
The proposed real-time parking management and 

assistance system is a well structured and hierarchical 
module comprised of a number of collaborating 
subsystems in the context of a three tier architectural 
design. As illustrated in Fig. 10, at the lowest level 

the data collection subsystem is located, followed by 
the valuation and recording subsystem and ultimately 
the user interface subsystem. 

The first subsystem is the cornerstone of the 
whole architecture and is consisted of the deployed 
collaborating wireless sensor networks. Its graphical 
representation is given in Fig. 11. The data collection 
subsystem, as declarative from its name, is 
responsible for collecting environmental stimuli and 
disseminating them to the appropriate sinks. Its 
software functionality is developed in TinyOS-2.x 
environment for sampling raw magnetic and passive 
infrared data which are then aggregated to the 
corresponding sinks. Current system implementation 
directs a one hop routing scheme containing four 
motes, two sensor motes (one magnetic and one PIR) 
that comprise a deployed system node, and the two 
correspondent base stations. Scalability though can 
be easily achieved via the usage of proper 
disseminating nesC interfaces, since the other 
hierarchical levels are already set for a larger number 
of deployed nodes. Ideally, a deployment scenario 
would involve covering a whole area within urban 
fabric capable of monitoring and administering 
hundreds of designated parking spaces even under 
heavy workload during rush hours. 

 

 
 

 
 

Fig. 9. Overview, circuitry and microelectronic view of the NaPiOn motion sensor [23]. 
 

 

 
 

Fig. 10. System architecture representation. 
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Fig. 11. Data collection subsystem’s graphical view. 
 
 
The second level is comprised of the data 

processing applications residing in the two base 
stations. Specially implemented detection algorithms 
indicate the occurrence of a magnetic or a PIR 
triggering event. This information is then stored with 
a timestamp at a database named sensor_state. Each 
record refers to the status of the pair of magnetic and 
PIR sensors that are located at each parking lot. A 
second database named nodes is used for correlating 
these data with the third level. Analogously, each 
record corresponds to a deployed node and contains 
information regarding the status of the node and thus 
the availability of the parking lot, as well as 
timestamps and various geographical positioning 
information. Moreover, there are Java-based 
algorithms responsible for the initialization of the 
system, the execution of the surveying algorithm and 
the update of all the databases’ records correspondent 
to each node deployed. 

Finally, a web server program is implemented 
with the task of uploading the information of the 
nodes database to a web GUI. There are two 
interfaces implemented with distinct layout, one for 
the administrator (providing extra functionality) and 
one for the potential clients that both offer a 
customized query processing operability. The end 
user can select an area of interest within the urban 
fabric and he is given a real-time graphical 
representation of the available parking lots with green 
dots appearing on a Google map. The user is also 
provided if requested with routing directions. The 
administrator on the contrary has access to extra 
information such as lot’s duration of occupation, 
overall system view, or error node’s indication. The 
web server program is also capable of retaining user 
profiles and prompts for secure login as well as 
providing extra explanatory features regarding its 
GUI, all implemented with the latest web 
programming techniques. An overall illustration of 
the system’s information flow is presented in Fig. 12. 

 
 

4. System Implementation 
 

In the current section we will analyze the 
algorithmic perspective of raw data processing as 

well as the administrative principles of our system, 
and we will delve into a more detailed presentation of 
the user interface subsystem’s infrastructure. 
 
 
4.1. Raw Data Analysis 
 

The designing process for an algorithm appointed 
with the magnetic raw data analysis is crucial for the 
overall credibility of the system. The initial 
experiments regarding HMC1002’s response to 
ferromagnetic stimuli proved that a rather simple 
detection algorithm can be utilized based on two 
fundamental notions deriving from the Statistics 
field, the arithmetic mean and the population 
variance. It was observed and verified that in idling 
state the collected data is characterized by a mean 
value within a predefined equilibrium level and by a 
variance tending to zero. Upon the approximation of 
a ferrous object the output waveform would effect a 
drastic transition also indicative via an increase in the 
variance of the samples. Moreover, a constant 
presence of the object would be accompanied with a 
progressive stabilization of the samples’ mean and 
with a variance again tending to zero. To this extend, 
the subsystem’s states can be concluded (Table 1), 
provided that appropriate operating levels are 
predefined with regards to the output waveform (see 
Fig. 13) and thus a transition state machine can be 
derived and followed (see Fig. 14).  
 
 

Table 1. Magnetic sensing subsystem states. 
 

STATE System State Interpretation 

0 System Idle 
Absence of ambient 
stimuli 

1 Detecting Variation detected 

2 
Parking slot - 

Busy 
Overlying 
ferromagnetic object 

3 Car unparking 
Withdrawal 
initialization   

4 Car withdrawing 
Disengage. Final 
stage of withdrawal 

5 
Parking slot - 

Clear 
Initial idling stage 

6 
B U S Y@MID - 

checking 

Check for potential 
malicious parking 
behavior 

7 
B U S Y@MID - 

PICKED 

Potential malicious 
parking behavior 
confirmed 

 
 

As mentioned before, the processing algorithm of 
the infrared data has an auxiliary role due to the fact 
that after experimentation it was proven that PIR 
sensor was constantly triggered and thus, 
implementing an accurate pattern detection scheme 
was unfeasible. Its final contribution was confined in 
confirming an overlying ferrous object after 
consulting for a potential magnetic triggering 
recorded event. Moreover, a passive infrared 
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triggering event may occur on a very frequent rate 
due to overlying ambient mobility but minor ambient 
stimuli are algorithmically neglected since specific 
thresholds must be breached before verifying 
detection. Nevertheless, its usage cannot be excluded 
otherwise the overall system’s credibility can be 

dramatically hindered. Through its utilization all false 
positive magnetic triggering events can be neglected. 
On a similar basis we can define the correspondent 
operating states, as well as a state diagram (see  
Fig. 15). 

 
 
 

 
 

Fig. 12. System’s information flow chart. 
 
 

 
 

Fig. 13. Magnetic sensing subsystem’s operational levels. 
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Fig. 14. Magnetic sensing subsystem’s finite state machine. 
 

 

 
 

Fig. 15. Infrared sensing subsystem’s finite state machine. 
 
 
4.2. Core Algorithm 
 

The core of the administrative algorithm consists 
of an infinite loop in which the node statuses are 
retrieved from the databases and according to various 
combinations we can define updating functions 
calculating the next system state. These combinations 
are explained in Table 2 (OFF stands for a sensor not 
detecting any stimuli, and ON otherwise).  

In case A, both sensors are activated and thus we 
deduce that the corresponding parking lot is 
occupied. Cases B and C are referring to undesirable 
circumstances whenever either an object with low 

magnetic permeability (animal, pedestrian, other) is 
revolving near and/or above the protective enclosure 
or an automobile has not parked within the 
designated lines of the parking slot. 

 
 

Table 2. System status. 
 

Magnetic 

(MG) 
Passive 

Infrared (PIR) 
Interpretation 

ON ON 
Case A -  

Car detected 

OFF ON 
Case B - Error :   

MG=OFF ^ PIR=ON 

ON OFF 
Case C - Error :   

MG=ON ^ PIR=OFF 
Case D -  

Node reinstated 
OFF OFF 

Case E -  
Car withdrawing 

 
 
In both cases the specific parking slot is consider 

to be in error state. After experimentation it was 
derived that the PIR sensor detection range (placed 
within the enclosure) is under 20cm, and the 
magnetic sensor less than 2m. The last combination 
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(case D, E) corresponds to both sensors being 
deactivated. That is either when the system has 
recuperated from an error state (due to hardware 
failure, false positive magnetic triggering or cease of 
constant PIR triggering) or the parking lot is free 
after a vehicle completed its withdrawal. In both 
cases, the space is free and the nodes are 
reinstantiated.  

 
 

4.3. User Interface Subsystem Infrastructure 
 

A first idea about the user interface subsystem 
and its web GUI has already been given in previous 
sections. This interface is consisted of three different 
layers, one initially responsible for the user’s 
identification, then the main functionality module 
(distinct for administrator and typical service clients) 
and finally the exit/logout procedure. They are 
implemented on various modern web programming 
techniques (i.e. HTML, CCS3, Javascript, JQuery, 
JavaServlet, AJAX, MySQL) and with a stylistic 
motive that emulates common features of drivers’ 
everyday environment. A potential subsystem’s 
response to a querying scenario of locating free 
parking spots is illustrated in Fig. 16. According to 
this scenario the client enters his current position and 
the desired destination address and he will be 
provided with all the available parking spots in the 
same district (the urban fabric is appropriately 
partitioned in geographical segments) along with a 
suggested route (as extracted from correspondent 
Google-maps API). The user interface can be easily 
modified with respect to its software implementation 
in order to be executable under modern PDAs and 
smartphones providing to end users real-time parking 
availability of a monitored area given that internet 
access is constantly available. 

 
 

 
 

Fig. 16. Client GUI view in a possible queering scenario. 
 
 

5. System Evaluation 
 
In this section the experimental setup will initially 

be unfolded, an important factor of the system’s 
evaluation including the necessary environmental 

requirements. Then the section continues with the 
description of the very nature of the experiments 
conducted, and finally the evaluation scenarios 
performed in order to challenge our system’s 
credibility will be presented. 
 
 
5.1. Experimentation Requirements 
 

During the system’s designing process a number 
of requirements were initially set and then satisfied in 
the subsequent steps so as the final result would fully 
meet our targeting principles. The ensuing demands 
are perceived within a holistic analytic approach and 
are part of a wide spectrum of possibly set 
requirements. To that extend, it is dictated that within 
its final implementation format the system should: 
 Indicate to a potential client/driver the available 

free parking slots in a direct and concise manner; 
 Address the sensors being enclosed within a 

protective shell and in such a depth under road’s 
surface that NaPiOn’s data sampling operation 
could achieve maximum efficiency; 

 Direct this shell being manufactured from such a 
material that would ensure insulation from 
environmental conditions, protection from 
possible theft and at the same time not hindering 
data collection process or wireless 
communication;  

 Include algorithmic data processing procedures 
run at the base stations and the terminal 
mainframe instead of at each node; 

 Possess continuous and full-scale knowledge of 
sensors’ state that would be provided both to 
clients and the administrator of the system; 

 Embed and respond adequately to the actual 
conditions of a contemporary urban environment; 

 Provide real-time functionality. 
 
 

5.2. Simulation Scenarios 
 

Due to high parking congestion conditions in the 
region where the research was performed, the actual 
curbside parking simulation was emulated by a 
similarly setting illustrated in Fig. 17. In this 
illustration the grey vehicle is the main car used in 
most of the experiments and the blue one the 
secondary. The green arrow indicates a set of 
Mica2/Tmote nodes located within the protective 
enclosure. 

 
System verification and evaluation process 

included different simulation scenarios that reassured 
the correctness and the preciseness of the detection 
procedure. These scenarios involved among others: 

 
 Detecting an overlying and/or passing bicycle, 

motorbike, and distinct manufacturer car models 
(and thus distinct ferromagnetic footprints); 
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 Conducting measurements for sensor’s response 
while a vehicle could be approaching from 
different directions and approximating distances; 

 Simulating a parking procedure with different 
kinds of maneuvers and total moves; 

 Executing an experiment emulating actual 
parking conditions in a free spot between two 
parked cars; 

 Verifying system’s response while using two 
magnetic sensors in order to simulate a malicious 
driver behavior; 

 Evaluating system’s response in full-scale and 
real-time operating conditions. 
 
 

 
 

Fig. 17. Deployed WSN in actual parking conditions. 
 
 

Especially for the latter two scenarios, they were 
crucial in verifying the system’s credibility. As 
previously stated, NaPiOn can benefit the most for 
the system. Its usage is essential in detecting a 
malicious driver parking between two nodes. As 
depicted in Fig. 18, although magnetic sensors are 
initially triggered (t1 and t2 timestamps) the car stops 
in between them and outside their detection area. If 
NaPiOn sensor is used then the magnetic initial 
triggering event could be verified and act 
accordingly, resulting in successful vehicle error 
detection (Case B in Table 2). The final scenarios 
included experiments being conducted in actual 
urban conditions. 

 
 

 
 

Fig. 18. Setup justifying the necessity of NaPiOn’s usage. 
 

5.3. Experimental Results 
 

The experimental procedure evolved according to 
the following stages. Initially, the response of each 
sensor was measured individually and in laboratory 
environment. This was a compulsory step in order to 
become familiarized with the sensors’ operating 
principle and in order to assure that the design of the 
detection algorithm would follow the correct path. As 
a next stage, experiments involving sensors’ response 
within outdoor conditions were conducted. 

The NaPiOn’s outdoor experiments verified the 
initial studies and assumptions regarding its response 
to ambient stimuli. NaPiOn reacts independently 
from the object’s nature to be detected and the 
weather conditions. On the contrary, magnetic 
sensor’s experiments demanded a much more 
strenuous treatment since an assiduous 
comprehension of HMC1002’s sensing philosophy 
was imperative before embarking on fully designing 
its detection algorithm. 

In order to conclude to as safe experimental 
results as possible, it was necessary that the 
experiments were to be repeated under different 
environmental conditions and simulating scenarios. 
In Table 3 the characteristic environmental 
conditions of such distinct experiment are presented. 
As implied from the data, experiments on different 
dates and times of day were conducted in order to 
benefit from variable weather conditions. Regarding 
the magnetic sensor, its sensitivity function was 
invoked with different parameters for the scenarios 
were one and two Mica2 motes (n1, n2 in table) were 
deployed respectively. 
 
 

Table 3. Experiments environmental conditions. 
 

Date 09/04 13/04 16/04 17/04 18/04 
Sensiti -

vity 
50,100-

n1 
50-n1 

50-n1  
45-n2 

50-n1, 
45-n2 

50-n1,
45-n2 

Time 
17:00 

– 
 19:00 

18:20
–

20:10 

17:30  
–  

21:00 

20:30  
–  

21:30 

17:30 
– 

19:30 

Tempera-
ture 

17oC 23 oC 
16 oC 

-  
13 oC 

9 oC -  
8 oC 10 oC 

Humidity ~60% ~50% ~55% ~92% ~77% 
 
 
An important characteristic is the fact that night 

and rain conditions were present on 17.04.2011 day 
adding therefore more credibility to our experimental 
set. Apart from the above, more experiments were 
conducted on laboratory conditions regarding the 
evaluation and the correctness of the detection 
algorithm while it was being implemented throughout 
its various design stages.  

Apart from the above, more experiments were 
conducted on laboratory environment regarding the 
evaluation of the correctness of the detection 
algorithm while it was being implemented within its 
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various design stages. Moreover, real-time system 
verification was performed including a final full-
scale emulation of an actual parking procedure. The 
conducted experiments included active participation 
of all the operational components of the system that 
ranged from the initialization of the sensor nodes, 
verifying the response of the administrative algorithm 
and until projecting the information of the system 
onto the map of our web GUI. These experiments 
were performed both in safe and hostile 
environments. The former was performed in the 
scenery depicted in Fig. 17 and the latter in front of 
the University building in one of the most traffic 
congested avenues and during evening rush hour. 
Truly, in both cases the response of the system was 
exceptional after carefully selecting such a sensitivity 
level that would avoid passing vehicles (even buses) 
hinders its functionality. Performing experiments 
with such a wide range of conditions verified the 
anticipated behavior of both the utilized sensors and 
verified the correctness of the utilized combinatory 
sensing modality. Moreover, it contributed in 
increasing the system’s robustness and ultimately 
enabled management of algorithmic optimization and 
code correction. 

In Fig. 19 the hand-crafted protective enclosure 
containing the pair of sensor nodes used during 
experimentation process is presented. The enclosure 
is made of a material with zero magnetic 
permeability (wood) and on the top it is protected 
from overlying leakage by a PVC surface enabling 
radiation penetration and thus not hindering 
NaPiOn’s operability. More information on the 
verification procedure including photo shoots and 
video raw footage can be found on the application’s 
support website [26]. 

 
 

 
 

Fig. 19. Nodes’ hand-crafted protective enclosure. 
 

 
6. Conclusions 
 

In this section the overall knowledge obtained 
throughout the research procedure are unfolded. 
Future work section concludes the research work 
presented. 
 
6.1. Lessons Learnt 
 

This research idea was developed in an attempt to 
seek an applicable solution for a major problem of 
contemporary urban environments. Cruising for 
parking contributes significantly in exaggerating air 

pollution due to traffic congestion issues, phenomena 
that ought to be reduced or even evicted from our 
future envisioned megacities. Our objective was to 
assiduously examine the viability of such a proposed 
application system by evaluating it on a small-scale 
deployed WSN in real-time and actual conditions. 
After examination the optimal WSN sensing 
technology was utilized, comprised of a collaborative 
usage of magnetic and passive infrared sensors. The 
data sampling procedure was implemented in Java 
via customizing the default TinyOS-1.x and 2.x 
functionalities, and the administrative algorithm 
included various other features responsible for 
processing, storing, uploading and retrieving the 
collected information. Ultimately, a designated 
parking curb space can be monitored and accordingly 
stamped onto a web GUI map if it is occupied or not. 
The experimental and simulation procedure involved 
testing a great range of detection scenarios and under 
variable ambient conditions.  Concrete evidence was 
derived in terms of the specific utilized detection 
scheme and in comparison with the related work 
proposals. The magnetic sensor can be manually 
calibrated in order to adjust to custom needs and thus 
can efficiently detect any overlying vehicle with 
merely zero error rate. The auxiliary operation of the 
passive infrared sensor was proven obligatory since it 
enables the system to be aware of any kind of 
malicious parking behavior or false positive magnetic 
indications. Thus, the overall system error rate is 
substantially low, a fact proven through the strenuous 
full-scale experimental results. 
 
 
6.2. Perspectives for Future Work 
 

The current implementation scale can be 
considered as a rather limited one if we contemplate 
upon the actual capabilities this system can offer at a 
full-scale deployment. To that extend, its further 
expansion could enable further optimization of the 
administrative algorithm in terms of reducing its 
response time from the moment that ambient stimuli 
is recorded until when the information is depicted 
onto the Google map. Another important feature that 
should be ensured is expanding into a multihop 
networking architecture. On the same notion, when a 
multihop scheme will be adopted charging machines 
(present in every urban fabric) can be equipped with 
a pair of motes so as to operate with the form of relay 
nodes with extra powering capabilities that would 
reduce in this sense the overall networking strain. 
Some optimistic scenarios would even promote this 
parking assistance system as a platform responsible 
for traffic management system based on the 
knowledge that each driver declares his destination 
and thus he could receive distinct routing directions 
towards each free parking space. To that extend, 
routing algorithms can be adopted from relevant 
research areas in order to facilitate such kind of 
expansion. 
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Abstract: One of the important research fields for aquatic exploitation and conservation is underwater wireless 
sensor network. Since limited energy source for underwater nodes and devices is a main open problem, in this 
paper, we propose wireless underwater monitoring systems powered by energy harvester which resolves the 
energy constraint. The target system generates renewable energy from energy harvester and shares the energy with 
underwater sensor nodes. For the realization of the system, key components to be investigated are discriminated as 
follows: acoustic modem, actuator, smart battery charge controller, energy harvester and wireless power transfer 
module. By developing acoustic modem, actuator and smart battery charge controller and utilizing off-the-shelf 
energy harvester and wireless power transfer module, we design and implement a prototype of the system. Also, 
we verify the feasibility of concept of target system by conducting indoor and outdoor experiments.  
Copyright © 2013 IFSA. 
 
Keywords: Underwater wireless sensor network (UWSN), energy harvesting, underwater monitoring, acoustic 
modem, remotely operated vehicle (ROV), wireless power transfer, battery controller. 
 

 
 
1. Introduction 
 

During the last few years, there has been a growing 
interest in exploring underwater environments for 
scientific or commercial purpose and monitoring 
ocean currents, winds and Tsunamis for disaster 
prevention. Some researchers have studied and 
developed the prototype of underwater wireless sensor 
network (UWSN) systems [1, 2]. Also, the study on 
acoustic modem has also conducted by many research 
groups. Especially, Yan et al. [3] implemented a 
modem adopting orthogonal frequency division 
multiplexing and verified high-speed acoustic 

communication enabling wireless data transfer in 
underwater. 

One of the open problems for UWSN is the limited 
energy since the devices for UWSN typically rely on 
batteries [4, 5]. Until now, researchers tried to resolve 
this problem by utilizing a finite energy efficiently as 
much as possible. Meanwhile, there was a trial for a 
vehicle to be equipped with solar energy harvesting 
module for semi-permanent monitoring in the Hudson 
river by Beacon Institute for Rivers and Estuaries [6]. 
The vehicle floats to the surface of the river and 
generates energy by using solar panels located on its 
top side. Underwater sensors are connected by a wire 
and placed beneath water. 

http://www.sensorsportal.com
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Recently, many studies on wireless energy sharing 
between devices are investigated in various forms and 
among them magnetic resonant coupling with coils 
has lots of attention due to its efficiency and working 
range.  

Photonics and modern electro-magnetics group 
at MIT has verified this technique by theoretical 
analysis and experiments [7]. According to the study, 
two self-resonant coils having the radius of 30 cm can 
perform wireless power transfer in the air. The 
maximum power transfer was 60 watts and its 
efficiency was 70 % at 1 meter and 40 % at 2 meters, 
respectively. Besides, magnetic induction, RF and 
optics are the candidates of wireless energy transfer in 
air in the spotlight. 

Based on the survey of the abovementioned 
existing work, in this paper, we suggest the concept of 
wireless underwater monitoring system based on 
energy harvesting. This system generates renewable 
energy from a device at water surface and shares it to 
other devices in a wireless manner. With this system, 
it would be possible to observe subaqueous data and 
predict natural disasters such as tsunami and sea shock 
permanently. We first distinguish main technologies 
for the proposed system: acoustic modem, actuator, 
smart battery charge controller, energy harvester and 
wireless power transfer module, and then design and 
implement each module and combined prototype for 

the system. The developed hardware is examined by 
indoor and outdoor experiments to verify its 
feasibility. 

The remainder of this paper is organized as follows. 
We first describe the big picture of the target system in 
Section II. Acoustic transceiver, actuator, smart 
battery charge controller, solar energy harvester and 
wireless power transfer are investigated in detail in 
Section III. Experimental results demonstrating 
functionality and performance are discussed in 
Section IV. Finally, in Section V, we give a brief 
summary of this paper. 

 
 

2. System Overview 
 
Fig. 1 illustrates a system overview of wireless 

underwater monitoring systems with energy harvester. 
This system is comprised of four components for 
monitoring of underwater environments: sensor node, 
sink node, gateway and an onshore user. The basic 
operation of the system is similar to the normal 
UWSN. That is, when the user requires underwater 
sensing data, it queries to a specific sensor node via 
the gateway in downlink transmission and gets the 
requested data in uplink transmission. 

 
 

 
 

Fig. 1. System overview of wireless underwater monitoring systems based on energy harvesting. 
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The main differentiated points of the proposed 
system are energy harvesting, power management, 
actuator module of node and wireless power transfer. 
Renewable energy is generated from the gateway 
located at the surface whereas underwater nodes go to 
the gateway and recharge the battery when it is needed. 
Meanwhile, the power management module on the 
gateway controls energy generation and consumption 
continuously for smart energy management.  
Fig. 2 is a detailed block diagram of a node and 
gateway. In the figure, the dotted black lines represent 
the data flow and the solid red lines stand for the 
power transfer. The specific procedures for energy 
sharing of the system are explained as follows. First, 
solar module on the gateway keeps generating energy 
from the sun and charging a battery. During this 
period, the smart battery charge controller in the 
power management module controls charged voltage 
level and prevents battery from being overcharged or 
undercharged. In underwater, a smart battery charge 
controller contained in each node continuously checks 
the residual battery power. When detected a lack of 

power of its node, the controller reports the present 
state to the gateway and sends a signal to an actuator 
module to move to the gateway. The actuator module 
consists of thruster and ballast which take in charge of 
the horizontal and vertical movements. After being 
arrived near the gateway, the battery in the node is 
charged wirelessly by two strongly coupled induction 
coils. Since two resonant objects having the same 
magnetic resonant frequency have a tendency to 
exchange energy, it is possible to transfer a power 
between the coils. When the recharging process is 
completed, the node goes back in underwater with the 
help of actuator module and starts acoustic 
communication again. 

In order to realize this system, the following 
devices and techniques should be investigated. 

● Acoustic modem transceiver; 
● Actuator; 
● Smart battery charge controller; 
● Marine energy harvester; 
● Wireless energy transfer. 
 

 
 

 
 

Fig. 2. Block diagram of node and gateway. 
 
 

3. Design and Implementation of Wireless 
Underwater Monitoring Systems with 
Energy Harvester 

 
3.1. Transceiver 
 

Several acoustic modems for underwater wireless 
data transmission and reception have been 
implemented in our previous work such as [8], [9]. For 
this work, transceiver hardware is more reinforced 
with regard to amplifiers in transmitter and receiver to 
increase working range and software coding is 
optimized to enhance performance related to data rate. 
Fig. 3 shows our latest acoustic modem being 
comprised of digital board, analog transmission board 

and analog reception board. The specific details on the 
acoustic modem are listed in Table 1. 

 
 

 
 

Fig. 3. Implemented acoustic modem. 
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Table 1. Specification of acoustic modem. 
 

Feature Description 
MCU ARM9 (Cortex-M3) 
Resonant frequency  70 kHz 
Directivity omnidirectional 
Interface UART, SPI 
Data rate 1 kbps 
Power consumption 3 W 
Modem size 7040 mm (øH) 

 
 
3.2. Actuator 
 

A remotely operated vehicle (ROV) equipped with 
actuator has been developed in [10]. Fig. 4 depicts the 
implemented ROV being operated in a water tank and 
Table 2 summarizes the specification of the ROV. The 
actuator of the ROV consists of two thrusters, each 
having a two-blade propeller, and a ballast tank. The 
power consumption of the actuator will be addressed 
further in Section 3.4. 
 
 

 
 

Fig. 4. ROV with actuator. 
 
 

Table 2. Specification of ROV. 
 

Feature Description 
MCU ATmega2560 
Size (LWH) 410260256 mm 
Weight (in air) 3.5 kg 
Thruster 2 (horizontal) 
Propeller 2 (ϕ = 45 mm, 2 blades) 
Power consumption 60 W 

 
 
3.3. Smart Battery Charge Controller 
 

Smart battery controller is a module devised to 
monitor and control energy generation, usage and 
transfer. As shown in Fig. 2, smart battery controller 
located at gateway is connected to energy generation 
module via battery, energy consumption module such 
as RF module, acoustic modem and actuator, and 
energy transfer module.  

Fig. 5 shows the flow chart processed at the smart 
battery charge controller at gateway. It measures 
battery voltage level periodically and compares it with 
a predetermined threshold Th to determine sensing 

period. If the current voltage level is larger than the 
threshold, the gateway sends and receives data 
normally. However, if the voltage level falls below the 
threshold, the controller calculates sensing period to 
save power consumption at nodes and sends alarm 
signal to the user. After completing a cycle, it returns 
to the original state and repeats its operation. 

Fig. 6 represents the implemented battery check 
module for smart battery charge controller. This 
module continuously indicates a residual battery level 
through light emitting diode (LED) whose range is 
from 5 to 15 Volts. 
 
 

 
 

Fig. 5. Flow chart of smart battery charge controller  
at gateway. 

 
 

 
 

Fig. 6. Implemented battery check module. 
 
 
3.4. Solar Energy Harvesting Module 
 

The capacity of solar energy harvester should be 
selected with the consideration of the following 
factors [11]: 

● The amount of power consumption of a device 
per day; 

● The required amount of solar energy per day; 
● The total required amount of solar energy per 

day considering a natural loss factor. 
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Since acoustic modem and actuator mostly consume 
battery power among all modules loaded in sensor or 
sink nodes, the two modules are only concerned for 
the capacity calculation of an energy harvester without 
loss of generality. 

First, the amount of power consumption at 
acoustic modem per day is calculated by multiplying 
the power consumption of acoustic modem by hours 
in use per day. If it is assumed that the acoustic 
modem operates during 20 % in time, the amount of 
power consumption per day at modem becomes 
 

   WH4.142.0243  . (1) 
 
Also, with the assumption that an actuator consumes 
60 watts and operates five minutes per day, the 
amount of power consumption per day at actuator is 
given by 
 

 
WH0.5

60

5
60  . (2) 

 
According to (1) and (2), total power consumption 

per day at each node becomes 19.4 WH. The results 
provided in Tables 1 and 2 are used for the reference 
of power consumption at modem and actuator of an 
underwater node. 

Also, if we assume that the hours exposed to 
sunshine are 3.5 hours in average, the required amount 
of solar energy per day is calculated by dividing the 
amount of power consumption per day at a node by the 
average sunshine hours, which becomes 
 

 
W5.5

5.3

4.19
 . (3) 

 
By considering a typical loss factor of 1.2, the total 

required amount of solar energy per day is obtained by 
 

 W6.62.15.5  . (4) 
 

Since three nodes are considered for the system 
scenario as shown in Fig. 1, our solar energy harvester 
should generate at least 19.8 watts. From these reasons, 
a solar panel which can generate 20 watts is chosen for 
the implementation of this system. Table 3 represents 
the power consumption at a node and the harvested 
power at gateway. 

 
 

Table 3. The amount of power consumption and harvest. 
 

Consumption 
Acoustic modem  Actuator 

Harvest 

3 W 60 W 20 W 
 

 
3.5. Wireless Power Transfer Module 
 

In order to transmit power from gateway to a node, 
off-the-shelf wireless power transfer modules are 

utilized for implementation. Both source and 
destination power transfer modules are equipped with 
coils for coupling and connected to gateway and a 
node respectively. The detailed specification on the 
modules is listed in Table 4. 

 
 

Table 4. Specification of wireless power transfer. 
 

Feature Description 
Operating voltage 
(source) 

13 – 19 V 

Output voltage 
(destination) 

5 V 

Output current 
(destination) 

1 A 

Transmission distance 1 cm 
 
 
4. Experimental Results 
 
4.1. Harvester and Modem Test 

 
The solar energy harvester and the developed 

acoustic modem are tested in a pond. Fig. 7 shows the 
experimental environment and scenario. As shown in 
the lower left figure, solar energy harvester is 
connected to the transmitting modem and keeps 
generating power from the panel. The receiving 
modem is placed on the other side at the distance of  
50 meters. For ease of handling, only transducers are 
submerged into the pond. The maximum depth of the 
pond is approximately 2 meters. According to 
experiments, error free communication is possible 
between two modems at the data rate of 1 kbps while 
harvesting energy from the solar panel. 

 
 

 
 

Fig. 7. Experiment in a pond. 
 
 

In order to verify the performance of the acoustic 
modem, another experiment has been conducted in a 
lake whose radius and depth are around 500 meters 
and 2 meters, respectively. Fig. 8 is a plot of bit error 
rate (BER) with respect to communication distance 
with a fixed data rate of 1 kbps in the lake. Up to  
200 meters, there were no errors. From the fact that 
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204,000 bits are transmitted for each test and the 
maximum resolution for a measured BER is 4.9·10-6 
(=1/200,400), the BER of 4.9·10-6 is plotted in the 
figure instead of zero. As expected, it is observed that 
BER performance is degraded with the increase of 
range. The protruding result at 350 m could be 
attributed to underwater topography and temporal 
variations. 

 
 

 
 

Fig. 8. Bit error rate with respect to distance;  
data rate=1 kbps. 

 
 
4.2. Smart Battery Charge Controller Test 

 
In order to verify smart battery charge controller, 

we conducted an experiment by using a power supply. 
Fig. 9 illustrates a test scenario for it. As shown in Fig. 
9, if a power is supplied to the controller, it recognizes 
the power level and represents it through LED. Note 
that the voltage level indicated by dashed red 
rectangle and the LED status represented by dashed 
red circle match well. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 9. Smart battery charge controller test. 

4.3. Wireless Power Transfer Test 
 
Wireless power transfer module is examined by 

using the smart battery charge controller. Fig. 10 
illustrates the test scenario of an experiment. In  
Fig. 10 (a), the left and right modems act as gateway 
and a node, respectively. In the experiment, a power is 
supplied to gateway but not to the node. When the 
node approaches gateway gradually, it gets a power 
wirelessly from gateway and turns on LED as shown 
in Fig. 10 (b) by a dashed red circle. From this 
experiment, the joint interoperability between smart 
battery charge controller and wireless power transfer 
module is verified. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 10. Wireless power transfer test. 

 
 
5. Conclusions 
 

In this work, we have suggested the concept of 
wireless underwater monitoring system based on 
energy harvesting which could be operated 
permanently and distinguished key technologies for 
the system. In addition, we have investigated every 
building block by implementing some modules for 
ourselves and utilizing some commercial modules. 
Several experiments on acoustic modem, battery 
charge controller and wireless power transfer have 
been conducted to examine the feasibility of the 
proposed system. Since the system could resolve the 
limited power problem, it might be utilized in many 
underwater applications after further integration. 
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1. Introduction 
 

Nowadays, the necessity for observing and 
controlling hostile environments through Wireless 
Sensor Networks (WSNs) becomes essential for 
many military and scientific applications [1]. Recent 
works have shown the needs for using such networks 
for rural and forest fire detection [2-8]. The basic 
principle for detecting fire using WSNs is to deploy a 
number of wireless sensors to cover a target area. 
Such sensors should be able to collect several 
parameters, such as temperature, humidity level and 
light intensity [2, 4]. In order to properly evaluate 
those parameters, three types of sensors are generally 
used [8]. The first type is responsible for collecting 
information about the environment where these 
sensors are deployed. Such information is transmitted 
via a radio link to the second type of sensors, i.e., the 
sinks. This type of sensors processes the data coming 

from the wireless sensors and transmits such data to a 
gateway. The latter is directly connected to a host 
computer via a USB (Universal Serial Bus) port, 
which enables to directly transfer the data received 
from the sinks to the host computer. In this context, 
the host computer displays the processed information 
to home users.  

Many applications of WSNs have been 
implemented for fire detection [1, 9, 17]. The role of 
these applications is to provide accurate information 
on how the actual fire is spreading out. In this 
context, a number of equipments, such as GPS 
(Global Positioning System), cameras and base 
stations, can also be used in order to have more 
details and to better locate the fire. For example, 
Lloret et al. [11] used cameras in a wireless sensor 
network for image and video caption of a real fire, 
which is useful to validate the presence of fire and 
prevent false alarms. Also, the sensor network 

http://www.sensorsportal.com
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implemented by da Penha Jr. and Nakamura [12] 
does not take the wind into account, which does not 
properly detect the presence of fire on time. In the 
same vein, Yu et al. [13] propose a method for 
detecting forest fire, using WSNs for collecting 
information on temperatures, relative humidity and 
wind speed. However, in the paradigm proposed in 
[13], the wind direction is not taken into account, 
which is not realistic and raises some questions. How 
can the presence of wind in a site have an impact on 
the temperatures recorded? Do the wind direction and 
the wind speed affect the process of fire detection?  

This paper proposes a set of real-time 
experiments that enable to assess the impact of both 
wind direction and wind speed on the temperatures 
collected by a WSN. It is organized as follows. 
Section 2 presents related works on fire detection 
using WSNs. Section 3 introduces the hardware 
platform, as well as the application implementation 
of the proposed approach. Section 4 describes the 
experiments and discusses the results analysis, 
whereas Section 5 gives some concluding remarks. 

 
 
 

2. Related Works 
 
Modeling fire behavior raises a lot of challenges, 

as several parameters involved in this phenomenon 
may vary over time [1, 9, 10]. In this context, several 
approaches have been proposed [12, 19]. This section 
presents such approaches. 

 
 
2.1. Moderate-resolution Imaging 

Spectroradio-meter (MODIS) 
 

MODIS is one of the first projects in the area of 
fire prevention [18]. The MODIS instrument provides 
high radiometric sensitivity (12 bit) in 36 spectral 
bands ranging in wavelength from 0.4 µm to  
14.4 µm. Two bands are imaged at a nominal 
resolution of 250 m, with five bands at 500 m, and 
the remaining 29 bands at 1 km. A ±55-degree 
scanning pattern at the EOS (Earth Observing 
System) orbit of 705 km achieves a 2,330-km swath 
and provides global coverage every one to two days.  

Like other similar systems, MODIS is based 
on satellite images to provide reports on 
the fire. Such a system is costly and depends on 
weather conditions. For example, if the sky is cloudy, 
the satellite images are not accurate, which 
influences the performance of the global system. As a 
result, finding other systems that are cheaper 
and more reliable is necessary. In other words, the 
sensor reliability, their cost and their adaptation to the 
environment where they are deployed have led 
to new research projects that are based on the 
sensor capability for detecting the fire behavior [14]. 
 

2.2. Neural Networks 
 

Yu et al. [13] have proposed a wireless sensor 
network paradigm for real-time forest fire detection. 
The goal of such a paradigm is to detect and forecast 
forest fire more promptly than traditional systems. In 
the proposed paradigm, a large number of sensor 
nodes have been deployed in a forest, which is 
illustrated in Fig. 1. Such sensor nodes are 
organized into clusters, whereas each sensor has 
a cluster head to match with.  

 
 

 
 

Fig. 1. A WSN for forest fire detection. 
 
 
The sensor nodes collect the measured data, such 

as temperature, relative humidity and wind speed, 
while sending their location to their related cluster 
head. The latter produces a neural network that takes 
the measured data as input, and produces 
weather indexes that measure the likelihood that a 
fire will occur. The weather indexes are then sent to 
the sensor manager using the sink. Thus, based 
on weather indexes and other factors, the sensor 
manager provides two types of information to the 
users: (1) emergence report for abnormal event, 
(2) the forest fire danger rate for each cluster. 

The main drawback of this paradigm is that it 
works as a simulation tool, not as a real-time 
application. In this context, it does not take the wind 
direction into account. Only the wind speed is taken 
into account, which is not sufficient for the sensors to 
provide efficient monitoring of forest fire. 
 
 
2.3. Fusing Light Intensity and Temperature 

 
In [12], da Penha Jr. and Nakamura propose a 

method that combines light intensity and temperature 
measurements for detecting fire. The aim of this work 
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is to propose and evaluate two algorithms in order to 
detect fire, when only temperature measurements and 
light intensity are provided. The method starts by 
gathering real-time information (temperature, light 
intensity) in the absence of fire for several days. The 
purpose of this step is to have an idea about the 
temperature measurements and light intensity under 
normal environmental conditions. The rest of the 
experiment consists of artificially creating fire while 
gathering new temperature measurements and light 
intensity levels. From the collected information, the 
behavior differences are analyzed, as environmental 
properties that distinguish fire conditions from 
normal conditions are identified. Then, from such 
analysis, two algorithms based on information fusion 
methods have been proposed: the threshold method 
and Dempster-Shafer method. In particular, the 
threshold method proposes a state machine with 
seven states, where each state corresponds to a 
specific condition of the environment.  

However, even if this application gathers real-
time information in order to make a decision, it 
remains incomplete since it only relies on 
temperature values and light intensity levels. In 
addition, the effect of wind on the obtained results 
has not been taken into account.  
 
 
3. The Proposed Approach 
 

In this research, we consider a realistic model 
which takes into account both wind direction and 
wind speed in the context of fire detection using a 
WSN. In this section, we present the hardware 
platform and the implementation of the WSN 
applications. 
 
 
3.1. Hardware Platform 
 

The proposed network consists of a sensor that 
collects information about its environment, and a 
sensor gateway that transfers the collected data to a 
host computer. In order to ensure interaction between 
the environment and the hardware system, a primary 
application for data collection is implemented, 
whereas a second application for graphical display is 
installed on the host computer.  

For the experiments, Tmote Sky wireless sensors 
from Moteiv were used [14]. Each sensor is equipped 
with integrated detectors for light, temperature and 
humidity detection [15]. The sensors are controlled 
by a Texas Instruments MSP 430 microcontroller 
which has 48 KB of flash, 10 KB of RAM, and 
contains an internal digitally controller directed 
oscillator (DCO) that runs at 8 Mhz. In the same 
vein, TinyOS was used as a development 
environment [16]. It is an operating system designed 
for networks with limited resources. TinyOS libraries 
and applications are written in nesC, a version of C 
that was designed for programming embedded 

systems. In nesC, programs are built from 
components that are connected together to form an 
entire program. 

According to [15], the units for the temperatures 
obtained are ADC (ADCcounts). Conversion to °C is 
done as follows: 

- Find the internal voltage Vint as follows : 
 

Vint = (ADCcounts)  (Vref/4096), (1) 
 
where Vref = 1.5 

 
- From (1), it is possible to calculate the 

temperature in °C as follows: 
 

Temperature (°C) = (Vint – 0.986)/0.00355 (2) 
 
 
3.2. Implementation of the WSN Applications 
 

A WSN application is a distributed program 
which consists of several modules that are executed 
by different computers. Such modules are illustrated 
in the deployment diagram presented in Fig. 2, where 
the nodes represent the software packages and the 
lines correspond to the data flowing between the 
nodes. The application execution is controlled by a 
host computer that is connected with the sensor 
gateway. Then, the communication between the 
sensor gateway and the host computer is established 
with a USB cable, using the application coming from 
the base station (apps/TOSBase part) of TinyOS 
distribution.  

 
 

 
 

Fig. 2. Deployment diagram. 
 
 

In the context of this research, the needs for 
implementing a number of applications are specific. 
First of all, it is necessary to be able to modify the 
parameters of the experiments: the fire intensity, the 
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wind direction, as well as the number of sensors and 
their coordinates. Secondly, as the deployment is 
expensive, it is necessary to place the sensors in 
specific locations, so that it is possible to download 
all the samples recorded and to detect missing data. 
Furthermore, it is difficult to control the wind 
direction. In order to do so, a controlled wind will be 
produced by using a fan. Finally, an electric oven will 
be used in order to generate and simulate the heat. 

Moreover, the main application used in the 
experiments is called Delta. Its installation requires 
first to compile it in order to obtain a binary image in 
TinyOS, then to install the binary image on each 
sensor. The commands for compiling and installing 
Delta application are the following: 
 

cd /opt/moteiv/apps/Delta 
make tmote 
make tmote reinstall,1 

 
Once Delta application is installed, each sensor 

node can sample its internal temperature and 
communicate it to the other sensors.  Then, another 
application called Trawler that comes with TinyOS 
can be used. Trawler enables to start the process of 
creating an ad hoc network and displaying the 
network topology, as well as the messages received 
by the PC on the screen. It is responsible for sending 
the sensor commands via a USB port and the 
gateway. Also, it is responsible for graphical 
representation of incoming data, and for displaying 
the current temperatures obtained from the sensor 
network and information about the sensor status. The 
command for running Trawler is: 

 
MOTECOM = serial@COM4:tmote java com 

moteiv.trawler.Trawler 

 
This command enables to send requests to the sensor 
nodes through port COM4 that connects the gateway 
with the PC. 

Moreover, the following application java 
net.tinyos.sf.SerialForwarder is used as a java applet 
that creates a TCP socket for enabling data sharing 
with other applications on the host computer. It 
forwards the requested packets to the Universal 
Asynchronous Receiver Transmitter (UART), as the 
sensor attached to the PC sends the messages on the 
radio link. In addition, it takes the messages coming 
from the UART, and forwards them to other users via 
an Internet connection, which enables other 
applications to use such information. 

Note that, in the proposed experiments, only one 
sensor sends information to the sensor gateway using 
the radio link. Then, the sensor gateway sends such 
information to the host computer which displays it on 
the screen. In this context, the sensor gateway runs an 
application that listens to the radio link. When a 
message coming from the sensors is received, it is 
transmitted via a serial interface, in order to make it 

available to the serial forwarder, and finally to the 
screen [17]. 
 
 
4. Results and Analysis 

 
In this section, we first present the impact of wind 

direction on the temperatures recorded by the 
sensors. Then, we evaluate the impact of wind speed 
on the temperatures. 

 
 

4.1. Impact of Wind Direction 
 
The first experiment aims at collecting the 

temperatures recorded and transmitted over time by 
the sensor. Such an experiment is mainly carried out 
for testing the sensor capability to collect exact 
temperature values. For that, an oven is used to 
produce the heat, as the sensor is placed at 6 cm from 
the heat and the wind speed is set to zero. At the 
beginning of the experiment, the sensor indicates 
17,079 °C as ambient temperature. Then, after 
turning on the oven, the sensor node indicates that the 
temperatures are increasing, as illustrated in Fig. 3. 
We then realize that the temperature variation is 
linear from the 103rd to the 1203rd second, then 
becomes logarithmic. The maximum temperature is 
54.215° C obtained after 2303 seconds. 
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Fig. 3. Temperature variation indicated by the sensor node. 
 
 
Such results can be interpreted as follows. At the 

beginning of the fire, the temperatures increase 
quickly, which justifies the linearity between 103 and 
1203 seconds. After a while, the growth rate of the 
temperatures decreases until it converges to a nearly 
constant value. This corresponds to the case of a real 
fire, where temperatures are used to continuously 
increase until a fixed value [13]. In other words, in 
the context of fire monitoring, a 50° C threshold can 
be set. Therefore, when the temperatures collected by 
the sensors exceed such a threshold, an alarm can 
indicate the possible presence of fire. 
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Moreover, in the context of a real wildfire, the 
wind can play an important role in the fire 
propagation. The purpose of the following 
experiments is to evaluate the impact of the wind 
direction on the temperatures recorded by the 
sensors. It helps answer the following question: will 
the temperatures collected by the sensors remain the 
same if the tests are repeated under the same 
conditions, but with changes in the wind direction?  

For this, a wind generated by a fan at a constant 
speed of 8 km per hour is established. The distance 
between the sensor and the heat is set to 6 cm.  The 
wind direction is controlled by positioning the fan in 
specific angles relative to the axis that passes through 
the heat and the sensor as follows: 0 degree, 45 
degrees, 90 degrees, 135 degrees and 180 degrees, 
which is illustrated in Fig. 4. More specifically, angle 
of 0 degree means that the wind blows in the same 
direction as the heat and the sensor, i.e., the wind first 
passes through the heat before it reaches the sensor. 
On the other hand, angle of 180 degrees means that 
the wind first passes through the sensor before it 
reaches the heat. Angles of 45 degrees, 90 degrees 
and 135 degrees are other directions that the fan can 
take with respect to the heat and the sensor. Note that 
for all the experiments, the temperature values are 
registered at the same time (2200th second) for each 
orientation. Also, note that we have not considered 
any gust factor in the experiments. 

 
 

 
 

Fig. 4. Variation of wind direction in the proposed 
approach. 

 
Fig. 5 illustrates the temperature values obtained 

for this experiment. We realize that the highest 
temperature is registered when the wind direction is 
set to an angle of 0 degree. Each time the wind 
direction is changed, the sensor collects lower 
temperature values. More specifically, at 135 
degrees, the lowest temperature is registered. Indeed, 
when the wind blows at 135 degrees, it redirects the 
heat from the fire to other directions. As a result, it 
prevents the sensors from collecting the correct 
temperature values. Theoretically, the sensor should 
collect the lowest temperature at 180 degrees. 

However, for unexplained reasons, it was not 
possible to obtain such a temperature for this 
condition of the experiment. 
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Fig. 5. Temperature variation in function of the wind 
direction at 6 cm. 

 
 
In general, the distance between the sensor nodes 

and the heat can play an important role in the early 
detection of the fire. As a result, the sensor nodes 
must be as close as possible to the heat, so that they 
can report the presence of fire on time. In the next 
experiment, we propose to evaluate the impact of 
wind direction on the temperatures collected, while 
changing the distance between the sensor and the 
heat to 20 cm, and keeping the other conditions the 
same as in the previous experiment. Fig. 6 illustrates 
the results obtained for this experiment. As for the 
previous experiment, the highest temperature is 
registered for wind direction of 0 degree, whereas the 
lowest temperature is registered for wind direction of 
135 degrees. 

Fig. 7 compares the results obtained from both 
experiments. In general, for the same wind direction, 
the temperatures collected by the sensor at 20 cm 
from the heat are lower than those collected at 6 cm. 
For instance, the highest and lowest temperatures 
recorded by the sensor at 6 cm are 51.5 °C and  
41.2 °C respectively, whereas such temperatures 
respectively reach 43.3 °C and 34.39 °C at 20 cm. 
Such comparison confirms that the maximum 
temperature is recorded at 0 degree, whereas the 
minimum temperature is recorded at 135 degrees. In 
other words, if a WSN is implemented for fire 
detection under windy conditions, the time for fire 
detection will be the fastest for wind direction of  
0 degree and the slowest for wind direction of  
135 degrees.  

For wind directions of 45 or 90 degrees, the 
collected temperatures depend on the distance 
between the sensor node and the heat. At 6 cm, the 
temperature registered for wind direction of  
45 degrees is higher than that registered for wind 
direction of 90 degrees, which is not the case at  
20 cm. As a result, for wind directions of 45 or  
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90 degrees, the time for fire detection depends on the 
distance between the heat and the WSN. An 
important lesson learned is that the wind direction 
has an impact on the temperatures collected by the 
sensors and can be an important parameter for 
detecting fire on time using a WSN. Note that at  
180 degrees, the registered temperatures are not the 
lowest for both experiments. 
 
 

0 45 90 135 180
33

34

35

36

37

38

39

40

41

42

43

44

45

T
em

pe
ra

tu
re

 (
°C

)

Wind direction (degree)  
 

Fig. 6. Temperature variation in function  
of the wind direction at 20 cm. 
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Fig. 7. Comparison of temperatures recorded  
for two different distances. 

 
 

4.2. Impact of Wind Speed 
 

In order to analyze the impact of wind speed on 
the fire propagation, a series of experiments are 
carried out. In such experiments, the wind direction is 
set to a constant value whereas the wind speed is 
being increased, as temperature measurements are 
collected by the sensors. More specifically, two 
scenarios are considered: the wind direction is set to 
0 degree, and the wind direction is set to 180 degrees. 
Such directions are indicated in Fig. 4. 

For the scenario where the wind direction is set to 
0 degree, the wind speed takes the following values 

(in kilometers per hour): 0, 2.8, 6.1, 7.5, 11.1 and 
15. The distance between the sensor and the heat 
is set to 6 cm. Then, for each wind speed, the 
temperature value is measured at the 1500th second. 
Fig. 8 illustrates the temperature measurements in 
function of the wind speed. We realize that the 
maximum temperature measurement is collected for a 
wind speed of 15 kilometers per hour (km/h), 
whereas the minimum temperature is obtained for a 
wind speed of 0, i.e., there is no wind effect. Between 
0 and 15 km/h, it is hard to predict the temperature 
measurements. As a result, the wind speed has an 
impact on the temperatures collected, and can play an 
important role during the heat propagation. 
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Fig. 8. Impact of wind speed on the temperatures - 

Scenario 1. 
 
 

For the second scenario, the wind speed values, as 
well as the distance between the sensor and the heat, 
remain the same as in the first scenario. Compared to 
the first scenario, the only difference is the wind 
direction which is now set to 180 degrees. Also, for 
each wind speed, the temperature value is measured 
at the 1500th second. Fig. 9 illustrates the temperature 
measurements in function of the wind speed for the 
second scenario.  

We realize that the results for the second scenario 
are completely different from those obtained from the 
first scenario. More specifically, the maximum 
temperature measurement is obtained for a wind 
speed of 0, whereas the minimum temperature is 
obtained for a wind speed of 15 km/h. Between 0 and 
15 km/h, the tendency for the temperature 
measurements is different from the first scenario, 
which confirms that the wind direction has an impact 
on the temperatures collected. Fig. 10 compares 
results obtained from both scenarios. In general, for a 
given wind speed, the temperatures collected for a 
wind direction of 180 degrees is lower than those 
obtained for a wind direction of 0 degree. Such 
results confirm that both wind direction and wind 
speed have an impact on the temperatures collected 
by the sensors. 
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Fig. 9. Impact of wind speed on the temperatures - 

Scenario 2. 
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Fig. 10. Comparison of results for two different wind 
directions. 

 
 
5. Conclusion and Future Work 
 

In this paper, a set of experiments were presented 
for assessing the impact of both wind direction and 
wind speed on the temperatures recorded by a WSN. 
In this context, a real heat was generated using an 
oven, whereas the presence of wind was simulated 
using a fan that had different orientations. Several 
applications were implemented in the sensor nodes 
for recording environmental temperatures and 
sending such information to a sensor gateway. 
Results analysis shows that both wind direction and 
wind speed have an impact on the recorded 
temperatures. More specifically, if a WSN is 
implemented for fire detection under windy 
conditions, the time for fire detection can be the 
fastest for wind speed of 15 km/h and wind direction 
of 0 degree. However, the slowest time for fire 
detection is found for wind speed of 0 and wind 
direction of 135 degrees. Future work should focus 
on methods and algorithms that can combine both 

wind direction and wind speed for exact fire location 
using a WSN. 
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1. Introduction 
 

The application of flexible lightweight sensors in 
electronics is a key point in the development of novel 
high-tech [1-4]. Engineering flexible all-organic 
sensing materials with electrical detection principle 
brings great opportunities in the field of physical 
sensors for their applications in intelligent textiles, 
robotic interfaces and body sensing devices [1-3]. A 
simple covering process of polymeric films with 
highly strain sensitive, piezoresistive networks of 
micro- or nano-crystals of BEDT-TTF-based 

molecular conductors has been developed previously; 
BEDT-TTF = bis (ethylenedithio)tetrathiafulvalene, 
Fig. 1 [4, 5]. 

 
 

 
 

Fig. 1. Skeletal formula of BEDT-TTF. 

http://www.sensorsportal.com
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We have shown that these bi-layer (BL) films 
may have a great interest in sensor engineering due to 
important material properties, such as electrical 
conductivity, high strain (pressure) sensitivity, 
excellent elasticity, weightless and biocompatibility 
[6]. Since the ultimate goal of our studies is to use the 
developed BL films in human body sensing 
technology the biocompatibility of the BL film has 
been tested. Haematoxylin-Eosin staining of the 
tissues adjacent to the sensing BL film and to the 
silicon band showed the less inflammatory reaction to 
BL film samples compared with the reaction to a 
silicone band [6]. The developed sensing BL films 
have therefore a higher biocompatibility than 
standard silicone-based materials often used in 
surgery. 

The processing characteristics of polycarbonate 
films, covered with the layer of a BEDT-TTF–based 
organic molecular conductor, make them potentially 
useful for electronic applications where conductivity, 
lightweight, large or small area coverage and 
flexibility are required [4]. Recently, we have 
reported on the integration of polycarbonate films 
metalized with the highly strain sensitive β-(BEDT-
TTF)2I3 metal in a polyester textile, demonstrating 
that the strain sensing properties of this unique 
organic molecular metal can be completely 
transferred on the fabric [7]. This result prompted us 
to further develop a sensing material that also uses 
the electrical detection principle. Noteworthy is that 
the BL film-based sensors have to be equipped for 
some particular applications especially in 
biomedicine with some electronic circuit to measure, 
amplify and transmit the deformation data where hard 
wired sensors can not be used. 

Here, we present flexible, lightweight sensing BL 
films whose electrical resistance significantly 
responses to deformation (piezoresistive) changes 
depending on the type of molecular conductor used 
for covering the polycarbonate film. This article also 
demonstrated a first system that can measure strain 
and the possibility to transmit the measured data to a 
data acquisition (DAQ) system. Portable prototypes 
of strain sensors with wireless data transmission were 
developed and are presented as well. 

 
2. Fabricating Flexible Strain Sensing 

Film with Electrical Detection 
Principle 
 
In line with the early reported method, [8, 9] we 

first prepared a 25 μm thick polycarbonate (PC) film 
that contains 2 wt. % of BEDT-TTF, a precursor for 
various organic molecular metals or semiconductors. 
The films were cast on glass support at 130 oC from a 
1,2-dichlorobenzene solution of PC and BEDT-TTF. 
In order to cover the film with the layer of a BEDT-
TTF-based conductor we exposed the film surface to 
vapors of a solution of either iodine or IBr in 
dichloromethane. The surface of a polycarbonate film 
easily swells under its exposure to dichloromethane 

vapors; this swelling facilitates a migration of BEDT-
TTF molecules from the film bulk to the swollen film 
surface where the part of donor molecules are 
oxidized to radical cations by halogen, which 
penetrates in the film surface together with 
dichloromethane vapors. This redox process induces 
the rapid nucleation of the highly insoluble (BEDT-
TTF)+•(halogen)n

- conductor and a topmost layer of 
an organic molecular conductor is formed. It should 
be stressed that the treatment of the film surface with 
iodine/dichloromethane vapors resulted in the 
formation of the covering layer of the α- phase of 
(BEDT-TTF)2I3; whose gauge factor (GF) is equal to 
10 [4]. On the other hand, we have shown that PC 
films covered with the layer of the beta-phase of 
(BEDT-TTF)2I3 exhibits a GF being equal to 20 [4]. 
Taking into account that the highly piezoresistive 
layer of β-(BEDT-TTF)2I3 may be formed via a 
thermally-activated α→β phase transition that occurs 
at T>100 oC [9], the BL film with the layer of α-
(BEDT-TTF)2I3 was annealed at 150oC for 30 min. 
The formation of both the covering layers based on 
either the strain sensing β-(BEDT-TTF)2I3 metal or 
α´-(BEDT-TTF)2IxBr3-x semiconductor was 
confirmed by the X-ray diffraction patterns. 
Preliminary results of the α´-(BEDT-TTF)2IxBr3-x 
exhibit a GF of about 8. Referring to Fig. 2 (top) and 
3 (top), both patterns demonstrate only 00l reflections 
that are characteristic of conducting layers formed by 
oriented crystals: the c* axis of the crystals is 
perpendicular to the film surface and their molecular 
ab conducting layers are parallel to it. The surface 
analysis on a micro scale, performed using a “Quanta 
FEI 200 FEG-ESEM” scanning electron microscope 
(SEM), showed that the crystallites of both types of 
sensitive covering layers are of submicro sizes (Fig. 2 
bottom and Fig. 3 bottom). 

 
 

2. Electronic and Electro-mechanic 
Measurements - Prototypes 
 
With the aim to study the possibility to apply the 

highly sensitive BL films as physical sensors, 
different sensor prototypes have been developed and 
published previously [4, 6, 10]. 

 
 

2.1. Portable Prototype Capable  
of Monitoring Deformation induced 
Resistance Change Displayed in a LED 
Array 

 
A new sensor prototype capable of measuring 
deformations of the BL-film manifested in either 
compression or expansion of the crystalline network 
has been developed. For this purpose, a BL-film 
covered with β-(BEDT-TTF)2I3, was glued on top of 
a 30 μm thick steel foil (see Fig. 4 bottom, right). An 
electronic circuit which includes a Wheatstone 
bridge, operational amplifiers and two transistor 
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driven “staircase” light emitting diode (LED) 
schemes to monitor the deformation is also shown in 
Fig. 4. Upon expansion of the BL-Film or upon 
compression the corresponding LEDs turn on 
sequentially. 

 
 

 
 

Fig. 2. X–ray powder diffractogram (top) and SEM image 
of the piezoresistive covering layer of β-(BEDT-TTF)2I3 

(bottom). 
 
 

 
 

Fig. 3. X–ray powder difractogram (top) and SEM image 
(bottom) of the covering layer of α´-(BEDT-TTF)2IxBr3-x. 

 
 

 
 

Fig. 4. Demonstration proof of concept prototype to 
monitor the compression and expansion of BL-Film based 
sensor glued on a thin (30 m) steel foil. Electronic scheme 
(top) and finished prototype box developed at NANOMOL 
Department (ICMAB-CSIC) with a bigger view of the 
sensor element (right). 

 
 

2.2. Development of Prototypes based  
on Piezoresistive BL-films with Wireless 
Data Transmission 

 
Our sensor prototypes developed up to now 

exhibited high sensitivity and reproducibility in the 
strain measurements; however the sensing unit was 
connected with an electrical cable hard wired to the 
measurement unit which was further connected to a 
computer. In many real applications, especially in 
monitoring vital functions of the human body or 
human health care, sensors connected with the data 
acquisition (DAQ) system using wires presents an 
important limitation. A striking improvement in this 
regard is the development of a small measurement 
unit connected to the sensor element which than 
transmits the measured data set wirelessly to a DAQ 
system or a computer. 

A simple variant of such an electronic scheme 
includes a Wheatstone bridge and an operational 
amplifier [11]. Depending on the chemical nature of 
the BL-film and the particular application one is 
interested in, the Wheatstone bridge also allows be 
used for temperature effect compensation if needed. 
The analog electrical signal obtained after the 
amplifier has to be digitalized (A/D converter), 
encoded and transmitted. Fig. 5 shows a simple block 
diagram of the complete sensor unit that works for 
piezoresistive sensors. 

On the receiving side of the electrical circuit, the 
signal has to be decoded and transferred either 
directly to a DAQ-system (i.e., computer) or back 
converted to an analog signal (Fig. 6). 
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Fig. 5. Schematic block diagram of the BL-film based 
sensor unit including Wheatstone bridge with amplifier and 

transmitter scheme for wireless data transmission. 
 
 

 
 

Fig. 6. Schematic electronic receiver diagram with decoder 
for either analog output or connected directly to a data 

acquisition (DAQ) system (i.e. Computer). 
 
 

For the construction of a proof of concept device 
to measure, transmit and receive the variation of the 
electrical resistance induced in the BL-film based 
sensor a commercial transmitter-receiver unit was 
purchased at ABACOM Technologies [12]. The 
transmitter unit (RF-AD-TX) consists of an 8 bit 
analog to digital converter able to convert a voltage 
range from 0 to 5 V of up to four independent 
channels and a corresponding step size of about  
20 mV. The transmitter works at a frequency of  
433 MHz in a range of more than 30 meters in open 
space. The receiver unit (RF-AD-RX), on the other 
hand, consists of an 8 bit digital to analog converter 
and for corresponding analog outputs. A schematic 
representation is shown in Fig. 7. The electrical 
power supply is done with rechargeable batteries. 

For a further improvement of the amplification 
circuit an instrument amplifier [11] was used. This 
scheme, shown schematically in Fig. 8, includes a 

potentiometer (Rgain) which permits to tune the gain 
of the amplifier. This type of instrument amplifiers 
can be built with individual operational amplifiers 
and precision resistors; this was done for this project. 
The above mentioned operational amplifiers and 
resistors are also available in integrated circuit form 
from several manufacturers enhancing the 
performance and operational stability further. With 
the improvement of using the above shown 
instrument amplifier it is possible to adjust the 
amplification and to meet the full range of the  
0 – 5 V of the A/D converter circuit at the input of 
the transceiver. By employing the corresponding 
receiver unit obtained by ABACOM Technologies 
[12] combined with a VM167 input/output USB card, 
it was possible to transfer the signal to a 
measurement laptop and monitor the measured data 
in soft real time. A home written MATLAB program 
was developed to record and show the measured and 
wirelessly transmitted data in soft real time on the 
screen of a measurement laptop. The performance of 
the designed system was tested by adapting the 
previously developed electromechanical deformation 
system [4] and using the Keithley 2400 to measure 
the potential V1 after the amplification, but before the 
A/D conversion and transmission. At a measurement 
laptop the voltage V2 transmitted wirelessly was 
measured. Fig. 9 (top) shows 8 cycles of linear 20 m 
deformation induced by the adapted linear parker 
actuator [4], while Fig. 9 (middle) shows the 
measured voltage V1 before the A/D conversion and 
transmission; V2 finally is shown in Fig. 9 (bottom). 
Despite the use of low-cost components for the 
development of this devices a clear correlation, with 
almost no shifts or delay times was observed 
comparing the two voltage signals V1 and V2, which 
demonstrates that the measured voltage signal is 
correctly transmitted by the wireless system. 
Although the developed system was tested with a 
piezoresistive sensor element it is straight forward 
applicable to any sensor which electrical resistance 
changes under the influence of an external stimulus. 

 
 

 
 

Fig. 7. Commercially available analog to digital transmitter (RF-AD-TX) and digital to analog receiver (RF-AD-RX) used to 
transmit the measured and amplified signal of the BL-Film based sensor (scheme taken from data sheet, [12]). 
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Fig. 8. Improved electronic amplification scheme including 
Wheatstone bridge and instrument amplifier. The sensor 
element is shown in the blue circle, Rgain permits to tune the 
gain of the amplifier, V1 output voltage is connected to the 
A/D converter of wireless transmitter. 

 
 

 
 

Fig. 9. Performance test of developed measurement system: 
(top) Monoaxial deformation of 8 cycles of 20 m, 
(middle) voltage drop V1 measured after amplification, but 
before A/D conversion and transmission and (bottom) 
transmitted voltage V2 measured with a data acquisition 
(DAQ) system. 

 
 

For a final test, the BL-film mounted on the steel foil, 
as shown above in Fig. 4, was connected to the 
instrument amplifier, the A/D converter and the 
transmitter. The sensor was bent at different radii and 
the measured electrical voltage (V1) was transmitted. 
Fig. 10 depicts the measured voltage V2; the inset 
shows receiver unit and measurement laptop. 
 
 
6. Conclusions 
 

A low cost and small portable measurement unit 
powered by batteries connected to the BL film-based 
sensing elements able to transmit the deformation 
induced voltage variation to a DAQ system was 
developed, tested and the performance was shown. 

The preliminary data show that the polycarbonate 
films covered with molecular BEDT-TTF-based 
conductors show a considerable promise as flexible 
wireless physical sensors that are able to compete 
with conventional metal-based strain sensor in 
biomedical high-tech. It is expected that the 
developed sensing materials will have a large impact 
in biomedical applications as well as in human health 
care. 

 
 

Fig. 10. Measured variation of voltage V2 (transmitted 
signal) upon deformation of sensor element glued on the 30 
m thick steel foil with the receiver unit shown in the inset. 
The transmitted voltage V2 was found to be sufficient 
constant, when the bending radius of the sensor was not 
changed. 
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Abstract: Vibration analysis is a promising approach in order to detect early hip prosthesis loosening, with the 
potential to extend the range of diagnostic tools currently available in clinical routine. Ongoing research efforts 
and developments in the area of multi-functional implants, which integrate sensors, wireless power supply, 
communication and signal processing, provide means to obtain valuable in vivo information otherwise not 
available. In the current work a medical wireless measurement system is presented, which is integrated in the 
femoral head of a hip prosthesis. The passive miniaturized system includes a 3-axis acceleration sensor and 
signal pre-processing based on a lock-in amplifier circuit. Bidirectional data communication and power supply 
is reached through inductive coupling with an operating frequency of 125 kHz in accordance with the ISO 
18000-2 protocol standard. The system allows the acquisition of the acceleration frequency response of the 
femur-prosthesis system between 500 to 2500 Hz. Applied laboratory measurements with system prototypes on 
artificial bones and integrated prostheses demonstrate the feasibility of the measurement system approach, 
clearly showing differences in the vibration behavior due to an implant loosening. In addition a possibility to 
evaluate the non-linear mechanic system behavior is presented. Copyright © 2013 IFSA. 
 
Keywords: Hip prosthesis loosening detection, Vibration analysis, Wireless medical system, Lock-in amplifier. 
 

 
 
1. Introduction 
 
Established and widely used diagnostic techniques in 
clinical routine, such as plain radiography, bone 
scintigraphy or arthrography (subtraction or nuclear), 
are yet to unreliable in order to determine the fixation 

state of a hip prosthesis in the bone as, for example, 
discussed in [1-3]. Under these circumstances, a 
reliable predication of the loosening state is still 
challenging and leaves room for misinterpretation. 
This leads to either revision of sufficiently 
osseointegrated endoprostheses (false-positive result) 
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or a late diagnosis with bone stock destruction and 
difficulties in implant revision (false-negative result). 
Therefore, there are continuing efforts to establish 
new or enhance established diagnosis techniques to 
increase sensitivity and specificity. In [4], a shaft 
integrated loosening sensor based on the conservation 
of momentum theory is described and evaluated with 
an oversized demonstrator; in [5], an ultrasound 
based extracorporeal testing method is presented. A 
promising alternative approach to determine the 
loosening state is vibration analysis, e.g., frequently 
used in mechanical structural analysis. A 
measurement system, capable of delivering amplitude 
and phase information of a femurs’ frequency 
acceleration response due to a mechanical excitation, 
is the required base to extract system resonance 
frequencies. By monitoring the shift of these 
resonances, predictions about the loosening state are 
possible. Several early attempts [6, 7] used both, 
extracorporeal vibration excitation and extracorporeal 
acceleration measurement, in order to determine the 
system response in frequency or time domain. 
Especially for an extracorporeal acceleration 
measurement the obtained signal amplitude is heavily 
damped due to the influence of tissue. Is a 
miniaturized system directly placed in the prosthesis, 
as, e.g., realized by Puers [8], the negative influences 
of tissue in the measurement path are minimized. In 
difference to a previous realization with a prosthesis 
shaft integrated system [9], a solution with a femoral 
ball head integrated measurement system is presented 
in this paper (Fig. 1). Within this work the proposed 
overall medical system is described, a description of 
the integrated lock-in amplifier is given and two 
housing variants of the femoral ball head integrated 
system are discussed. The developed end-user 
application is described. Several experimental results 
of applied measurements on an artificial bone-
prosthesis system, demonstrating the influence of 
loosening, are presented. 

 
 

 
 

Fig. 1. Medical wireless system (cross sectional cut) 
integrated in the femoral head of the hip implant 

(packaging variant). 
 

2. Diagnostic Measurement System 
 
The diagnostic measurement system (Fig. 2) 

consists of two main components: the prosthesis 
integrated wireless sensor system (intracorporeal 
unit) and a reader station combined with a 
mechanical vibration excitation and measurement 
system, both connected to a PC (extracorporeal unit). 

The wireless sensor tag is placed in the femoral 
ball head of the hip implant, in difference to the 
previous placement in the stem [9]. This approach 
follows the request of the medical industry project 
partners due to the following reasons: 1) it simplifies 
the manufacturing process (modifying stems involves 
higher costs) 2) it permits an unproblematic 
sterilization process (stems exhibit a special micro 
porous surface coating supporting osseointegration, 
which requires a gamma sterilization process with 
devastating effect on integrated hard- and firmware) 
and 3) it reduces the required number of system 
variations (there are less femoral ball head types and 
embodiments). 

 
 

 
 

Fig. 2. Overview of the diagnostic measurement system. 
 
 

The intracorporeal system is built around a freely 
programmable transponder unit called Smart Tag 1 
(Fraunhofer IPMS ST1). It is designed specifically 
for transponder applications requiring a sensor 
interface in order to monitor physical quantities 
besides providing identification information. It 
includes a 16 bit MSP430 microcontroller core,  
16 kByte Flash, 8 kByte RAM and 512 Byte 
EEPROM memory, 16 digital I/O signals,  
2 counter/interval timers, a Real-time clock, RF front 
end, 10 bit A/D converter with four channels, I2C bus 
module and an integrated voltage regulator. Wireless 
energy transmission and bidirectional data 
communication via inductive coupling and amplitude 
modulation between tag and reader are in accordance 
to ISO 18000-2 standard at a carrier frequency of  
125 kHz. Transponder coil and a tuning resonance 
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capacity are connected directly to the chip. 
In order to perform vibration analysis, the 

application specific circuitry incorporates a low 
power acceleration sensor (ADXL327, Analog 
Devices) for x, y and z axis measurements with a 
mechanical resonance frequency of 5.5 kHz. It 
provides a typical measurement frequency range 
(3dB cutoff frequency) of 0.5 to 1600 Hz in x, y 
direction and 0.5 to 550 Hz in z direction and a 
typical sensitivity of 420 mV/g with a measurement 
range of ±2.5 g. Since the acceleration sensor output 
is strongly affected by noise, additional signal 
preprocessing is required. For this purpose a single 
phase lock-in amplifier, based on a switched 
rectangular reference signal, has been integrated in 
the sensor tag in order to improve the signal-to-noise 
ratio. The mechanic excitation system consists of an 
electro dynamic vibration excitation (S50018, 
TIRAvib), in short a shaker, with a maximum force 
of 18 N (unloaded) and a working frequency range 
from 2 Hz to 18 kHz. It is connected to a power 
amplifier and measurement unit. Besides 
amplification of the excitation signal provided by the 
reader, it is responsible for measurements of 
excitation current and voltage as well as acceleration 
and static pressure at the point of force application. 
For a medical diagnosis system, these additional 
measurements are necessary in order to detect faults 
and to ensure reproducibility between different 
measurements. 

The external reader unit generates the magnetic 
field generation, extracts data and provides the low 
frequency input signal for the sinusoidal mechanical 
vibration excitation. Further measurement flow 
control, processing and visualization of measurement 
data as well as data storage and maintenance are 
carried out on a PC connected to the reader. 
 
 
3. Integrated Lock-in Measurement 
 

The lock-in measurement technique, as an 
application of cross-correlation in signal processing, 
has been identified as a very useful approach to 
reduce the noise influence in the measured 
acceleration sensor signal [10]. It is integrated in the 
wireless sensor tag as a discrete circuit. The approach 
is feasible due to the facts that the mechanical system 
(prosthesis, femur and surrounding tissue) is excited 
through the shaker with a signal of known frequency 
and phase, the acceleration response is time-periodic 
and shows a fix phase relation for each frequency, 
and the mechanical excitation signals frequency and 
phase information is available in the wireless sensor 
tag in order to generate the lock-in reference signal. 
The principle behavior of the integrated lock-in can 
be described through Eq. 1, in which UL is the 
voltage after applying the lock-in technique, UM is 
the measured signal amplitude, ωM the measured 
signal frequency, ωref the reference signal frequency 
and φref the reference signal phase, which are 
averaged over the time period T. For explanation 

purposes, the measured signal is a spectral 
component of interest, contained in the mechanical 
system response (besides noise, harmonics, ...). 

 

 
 
When the excitation signal has the same 

frequency as the reference signal (ωM=ωref) and an 
integration time from 0 ≤ t ≤ T is used, the integral 
solves to Eq. 2. 

 

 
 
The unwanted parts in Eq. 2 are of increasing 

influence in the case of small integration times and 
small measurement signal frequencies. If for a given 
frequency a phase match is reached (phase difference 
φref=0°) the lock-in amplified signal reaches its 
maximum signal output (Eq. 3). 

 

 
 
Due to technical constraints, such as available 

energy and space in the sensor tag, the generation of 
a sinusoidal reference can be too costly. In this case a 
periodic rectangular signal can be used, as reference 
for the lock-in amplifier, an approach also chosen for 
the sensor tag. The associated special circumstances 
(i.e., higher order harmonics) have been discussed in 
[9]. 

The acceleration sensor signal is AC coupled and 
split into two signal paths, which are separately 
amplified (inverted and non-inverted) and passed 
through a switch to an integrator (low pass). 
Therefore the integration time (T) of the lock-in 
amplifier has a fix value. Switching is controlled with 
the rectangular reference signal (with ωref, φref) by the 
transponder unit ST1. The base frequency, for both 
excitation and lock-in reference signal, is the 125 
kHz telemetry frequency of an internal oscillator 
(synchronized with reader station), which is divided 
by the factor n. 

This leads to a large step width with increasing 
frequencies. The controller can adjust the phase shift 
to obtain measurements with an arbitrary phase 
angle. A disadvantage of the switched rectangular 
reference signal is the occurrence of odd harmonics. 
These are partly damped by the low pass (integrator) 
before digitized through the 10 bit A/D converter in 
the sensor tag. The magnitude information, in 
general, is easier to interpret in order to identify the 
initially unknown or estimated system resonances in 
a frequency spectrum. If the extrema of a single 
phase measurement are evaluated a changing phase 
relation (i.e., change of excitation or measurement 
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equipment) can influence a determined extrema 
frequency value (Fig. 3). By performing two 
measurements for each examined frequency (UL,A, 
UL,B), with a 90° phase difference, the magnitude can 
be calculated. The result is independent from an 
unknown reference phase angle (Eq. 4) and the 
behavior of a dual phase lock-in amplifier can be 
reproduced (regarding the magnitude). 

 

 
 
 

 
 

Fig. 3. Influence of a varying reference phase onto the real 
part of simulated mechanical system response, possibly 
leading to falsely interpreted resonance frequency values. 

 
 

Fig. 4 and Fig. 5 demonstrate the feasibility of the 
approach with both numerically simulated and 
experimentally obtained data from the measurement 
system. For the applied measurements with the 
measurement system, the reference phase has been 
varied in steps of 10° between 0° and 90°. For each 
frequency point the two consecutive measurements 
(φref =x°, φref =x°+90°) were performed instantly after 
each other. When evaluating a system response, it’s 
behavior must not necessarily be of linear nature. 
Especially in case of a loosening of prosthesis, a non-
linear behavior is likely. This has been demonstrated 
in [8]. Therefore measurement techniques targeting 
the non-linear system should be considered. Since the 
presented lock-in amplifier works in the frequency 
domain, additional harmonics (2,3,4) besides the 
fundamental frequency (1. harmonic) could be 
present in the acceleration sensor signal output. 
These could be generated by the bone-prosthesis 
system, e.g., due to the prosthesis hitting the bone in 
a loose case, or also due to a nonlinear behavior of 
the bone-prosthesis interface. There are numerous 
possibilities and so far there is no complete 
understanding, of what the actual reasons are. 

As Fig. 6 depicts a non-linear system responds to 
a sinusoidal excitation with additional spectral 
components. 

 

 
 

Fig. 4. Advantage of combining two measurements with 
90° phase difference - the calculated magnitude is 
independent from an unknown phase angle of excitation 
and measurement path. 

 
 

 
 

Fig. 5. Applied measurement with the INHUEPRO system 
on a mechanical resonator around a resonance frequency 
with varied reference phase (φref =0°...90°) of the lock-in 
amplifier. The top-left plot shows the measurement in the 
first quadrant (φref =x°), the top-right plot shows the 
measurement in the second quadrant (φref =x°+90°), the 
bottom plot shows the calculated magnitude (the dashed 
line is averaged and additionally interpolated to increase 
the frequency resolution, since frequency step width 
increases with increasing frequency). The magnitude 
response maxima frequency is almost independent from the 
reference phase angle (φref). 

 
 

 
 

Fig. 6. The spectral response of a non-linear system (NL) 
compared to a linear system (LTI). 
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In case of the excited femur-prosthesis system, 
not only the waveform of the sinusoidal excitation is 
changed, but in addition resonances of the femur-
prosthesis system are excited. Due to the dispersive 
nature of the mechanical waves in the system, the 
higher eigenfrequencies are not integer multiples of 
the first eigenfrequency. Therefore harmonics of the 
excitation signal are generated, as well as standing 
waves in the femur-prosthesis system. For the 
presented system approach multiplying the frequency 
of the lock-in amplifier was not favorable due to the 
fact, that it relies on the fixed base frequency of  
125 kHz which is divided by an integer value (1 byte) 
in order to create the lock-in reference frequency. 
The frequency step width for measuring the higher 
order harmonics would be too large. Instead of 
varying the frequency ωref of the lock-in amplifier, 
the excitation signal frequency (ωexc), the mechanical 
system is excited with, and therefore ωm is varied. In 
addition, this approach also allows to shift the start 
frequency to lower values (e.g. ωref/1= 490 Hz,  
ωref/2 = 245 Hz, ωref/4 = 122 Hz, ...). In the following 
this is called a subharmonic excitation. In the 
technical realization only an even division of the 
fundamental reference frequency is possible by the 
vibration excitation subsystem. But one has to keep 
in mind, that the generated signal amplitudes are 
much smaller for the harmonics than for the 
fundamental frequency. When carrying out 
measurements under laboratory conditions, 
analyzable signals from an artificial bone prosthesis 
system could be obtained for the 2nd and 4th 
subharmonic.  

 
 

 
 

Fig. 7. Possible frequencies, which can be evaluated by 
dividing the mechanic excitation signal. For the presented 
system a division by even divisors is possible, which 
allows the evaluation of the 2nd/4th/nth harmonic. Each 
division lowers the starting frequency. 

 
 
But hereby damping played only a minor role. 

The approach by a division of the harmonic 
excitation signal in order to detect system harmonics 
can be expressed with following representation: 

 

 
 
Under the assumption that the measured system 

response is of analytic nature the Hilbert transform 
can be used to calculate the imaginary part instead of 
measuring it. This could lead to a decrease in 
measurement time. A demonstration based on 
measured data is presented in Fig. 8. Applying the 
Hilbert transform introduces additional errors (start 
and end of measurement range). Otherwise spectral 
characteristics and their associated frequencies seem 
to stay consistent. The approach requires further 
investigations and is hereby only demonstrated as a 
possible solution to reduce the overall measurement 
time. 
 

 

 
 

Fig. 8. Feasibility of the application of the Hilbert 
transform (12 individual measurements of real and 
imaginary part). The first (top) plot shows a measured real 
part of the system response, the second plot shows a 
measured imaginary part of the same system. The third plot 
shows the calculated system response based on the Hilbert 
transform and the 4th plot shows a comparison of the 
calculated magnitudes based on the measured data (blue) 
and partially calculated data (red) using the Hilbert 
transform. Additional errors are introduced in the 
beginning and at the end of the measurement range. 
Otherwise spectral characteristics and their associated 
frequencies seem to stay consistent. The approach requires 
a further investigation and is hereby only demonstrated as a 
possible solution to reduce the measurement time. 

 
 

5. Implant Specific Packaging Concepts 
 
Materials typically used for electronic devices are 

neither resistant against the reactive biological 
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environment nor biocompatible [11, 12]. Therefore, a 
reliable encapsulation of the medical wireless system 
is necessary, to enable the system function within its 
default life time (usually more than  
10 years). Several requirements must be fullfilled. 
First of all, interface materials have to be 
biocompatible according to USP Class VI or ISO 
10993 standard. Furthermore the material properties 
should be stable and resistant during a chosen 
sterilization process (preferred is an ethylene oxide 
sterilization), the implantation and the system 
lifetime. In this regard the encapsulation complies 
with demands on tissue protection against toxic 
materials used in electronic devices and device 
protection against harsh biological environment 
simultaneously. And finally, electrical insulation and 
mechanical protection of the device are required. For 
a first packaging variant, combining the microsystem 
with the prosthesis should not cause any alteration of 
the femoral ball head. For this purpose the 
microsystem was miniaturized and placed in the cone 
of the ceramic ball head (Fig. 1 and Fig. 9). Other 
known approaches, for example described in [8], 
would have led to significant constructional 
modifications impeding a marketing approval 
procedure. In the first integration concept an 
encapsulation with suitable electromagnetic 
screening properties was required, as the telemetry 
unit (coil) is not separated from the printed circuit 
board (Fig. 9). As an additional requirement, the 
microsystem has to be durable connected to the 
femoral ball head for transmitting the femur´s 

mechanical excitation to the acceleration sensor. 
Therefore potting the sensor system in the cone of the 
ceramic head, has been identified as an easy to 
realize and cost-efficient approach. Pourable 
polymers like epoxy resin, silicone and polyurethane, 
which comply with USP Class VI or ISO 10993 
standards, are promising candidates. In general, 
polymers are more advantageous due to their weight, 
space, processing, advantageous chemical as well as 
mechanical properties and electromagnetic 
permeability compared to an inflexible titanium 
package. Since polymers interact with their 
environment and change their properties over time 
[13], these materials have not yet been used for 
packaging of long-term-implanted microsystems 
[14]. For this reason, chemical, mechanical and 
electrical properties of three epoxy resins (Epoxy 
Technology, Inc., two silicones from NuSil Silicone 
Technology and polyurethane from AdvanSource 
Biomaterials) were investigated, in order to 
determine their stability during sterilization and 
implantation. None of the characterized polymers 
fulfill requirements equally well, but low-consistency 
silicone seems to be the most reliable and suitable 
encapsulation material, as demonstrated in earlier 
work in [15]. 

Because of the electromagnetic screening effect 
of the titanium acetabular fossa on the telemetry 
transmission, in a second housing concept the coil 
was placed beneath the ceramic head (shown in  
Fig. 10), where it was mounted on the titanium 
sleeve. 

 
 

 
 
Fig. 9. Microsection of potted sensor system integrated in the femoral ball head and covered with a ferromagnetic ceramic to 

suppress electromagnetic screening effects caused by prosthesis stem. 
 
 

 
 

Fig. 10. A second realized sensor system housing concept, with electronics integrated in the titanium sleeve and the 
transponder coil (with triangular cross section) wound on a PEEK element. 
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The second integration concept provides a hermetic 
packaging of the printed circuit board in the upper 
part of the sleeve. The electronic is potted in a 
special designed recess, and protected by a welded 
titanium plate. As a drawback, this approach requires 
leadthroughs to connect the transponder coil with 
remaining electronic components. Also unfavorable 
is the much more elaborate encapsulation and 
mounting technology of the transponder coil, due to 
the unprotected position outside of the ceramic ball 
head. The whole assembly should not extend the 
round shape of the ball head, to maintain the original 
prosthesis geometry. Therefore, the coil was 
designed with a triangular cross section, and was 
wound on a polyether ether ketone (PEEK) element 
and mounted on the sleeve. In a final step the coil 
will be covered with glass. 
 
 
6. Developed End-user Application 
 

The software of a medical product must be in 
agreement to the ISO 62304 standard, which 
implicates a classification as ’Class B’ component. 
The usage of the software and its components could 
cause ’nonserious’ injury. Since the development of a 
market ready solution was not the project goal, these 
requirements are only partially discussed. In favor of 
a proof of concept, passing the medical approval at 
this early state was not a subject of highest priority 
during the software development. However, from the 
software perspective, no roadblocks are expected, 
which would prevent a medical approval.  

The main component of the developed end-user 
application is a measurement loop, which gathers up 
to four acceleration values for each frequency step, as 
shown in Fig. 11. In addition, the excitation system is 
constantly monitored to ensure equal measurement 
conditions during each measurement run. Is a 
threshold violation of one of the monitored 
parameters detected (so far voltage, current, pressure, 
acceleration) the measurement process is stopped, 
until the limits are again met or the measurement is 
aborted.  

The two relevant measurement modes are either a 
frequency or phase sweep, of which the frequency 
sweep is preferred. The initial phase relationship 
between the mechanical system and the lock-in 
amplifier is unknown. It is possible, to implement a 
calibration procedure, which can be used to 
determine and set this initial phase relationship. 
During a standard frequency sweep measurement run, 
the lock-in measurement is carried out with a 
reference phase of φref= φ0+0°, 90°, 180°, 270° 
relative to the set reference phase angle φ0, resulting 
in a four quadrant measurement (Q1,Q2,Q3,Q4). This 
measurement carries redundant information, which is 
used to assess the quality of a taken measurement. 
Due to the fact, that the lock-in amplifier output is 
overlayed with a constant offset, an additional offset 
correction is required for each taken data point. This 
offset can be either determined by a direct 

measurement with the vibration excitation turned off 
or indirectly by a calculation from the acquired four 
quadrant measurement data. Besides the collection of 
measurement data, one of the goals of the developed 
software, was an automatic determination of 
frequency response characteristics (markers), as a 
criteria to detect a prosthesis loosening. These 
markers are determined by an intersection of the 
frequency response functions of the second (90°) and 
the fourth (270°) quadrant measurement. To avoid 
false-positive results additional criteria were 
introduced, such that the Q2 and Q4 measurements 
show a minimum and the complementary Q1 and Q3 
measurements show a maximum. In addition, a 
minimum threshold (MTH) value must be exceeded, 
so that |UM,Q1−UM,Q3| ≥ MTH. The identified markers 
are internally rated from 0 to 1 in order to provide a 
validity level. Fig. 12 is an example of the 
visualization of the collected measurement data with 
the developed software GUI, with all visualization 
options activated. Multiple measurements can be 
compared with each other using the developed 
’marker view’ representation shown in Fig. 13. 
Hereby identified markers for individual 
measurements are filled into a grid, in which the  
x-axis represents the frequency and the y-axis the 
time of a measurement. This allows the comparison 
of a time series of taken measurements and provides 
a tool to determine and compare any shifts of 
identified marker frequencies. 

 
 

 
 

Fig. 11. Measurement process program flow chart. 
 
 

7. Experimental Results 
 
The overall system prototype has been tested in a 

measurement setup, which allows a varying 
anchorage of prosthesis (Bicontact S, Aesculap) in an 
artificial femur (Sawbone). The housed sensor tag 
prototype is placed at the proximal end of the 
prosthesis stem and pressed onto the stem (Fig. 14). 
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Fig. 12. Example of the visualization of the acquired measurement during a single measurement run. The top plot shows the 
acceleration responses of the 4 quadrant measurement versus frequency. The bottom plot shows the calculated magnitudes, 

as well as a phase relationships from the 4 quadrant measurement. In addition algorithmically identified resonances are 
visualized. 

 
 

 
 

Fig. 13. Example of the ’marker view’ representation, used to visualize the shift of resonances due to loosening over time. 
The horizontal axis represents the measurement frequency range, the vertical axis represents the time the individual 

measurement was taken. Identified frequencies for the spatial x, y and z directions are visualized with individual symbols. 
This representation allows the visualization of trends and should be useable during clinical routine. 

 
 

A reproducible anchorage variation is realized 
through threaded sleeves, placed in the artificial 
femur, which are distributed evenly around the 
prosthesis. In order to verify the feasibility of the 
measurement approach, the influence of loosening 
(decreasing prosthesis anchorage) on the resonance 

frequencies in the frequency spectrum is of interest. 
Therefore, the mechanical setup focuses on this 
behavior. Other influencing mechanical factors (i.e., 
surrounding tissue, hip and knee boundary 
conditions, etc.) are not in the scope of this work. The 
femur-prosthesis system is attached to an electro-
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dynamic vibration exciter (TIRAvib S522). The 
mechanic connection is realized via a clamp, placed 
at the central part of the femur, and a thread bar 
attached to the shaker. The reader station (with 
attached coil establishing communication and energy 
supply) is connected to a PC running the user 
application. It also provides the mechanic excitation 
signal for the shaker, which is amplified by a power 
amplifier (TIRA BAA 60). During the experiment the 
state of anchorage has been gradually increased. For 
each measurement run, screws were fixed step-by-
step starting from the distal end, until the well-fixed 
case was reached.  

 
 

 
 

Fig. 14. Measurement setup focusing on a variation  
of the loosening state. Hereby prosthesis is integrated  
in an artificial bone. An adjustable anchorage is reached  
by fastening or loosening off screws evenly distributed 
around the prosthesis. 

 
 
The obtained measurement results for a 

measurement with an initially unknown phase  
(1. quadrant measurement - claimed real part) and a 
measurement with a 90° degree offset (2. quadrant 
measurement – claimed imaginary part) are presented 
in Fig. 15. For each frequency value the magnitude is 
calculated, which leads to the results in Fig. 16. The 
first four magnitude resonance frequencies have been 
evaluated. The absolute values for each loosening 
case as well as the frequency difference to the initial 
loose case are presented in Fig. 17. In Fig. 18 
measurements results for the non-linear system 
behavior are presented. For these measurements the 
prosthesis was excited with half of the reference 
frequency of the lock-in amplifier circuit  
(ωexc= ωref/2). Therefore the second harmonic of the 
mechanic system has been evaluated. Starting from 
an initial fix case, screws were unfastened at the 
proximal end of the prosthesis. The obtained 
maximum shifts to lower values. In order to quantify 
the precision of the developed measurement system, 
14 measurements were repeated and the standard 
deviation (SD) for each frequency point has been 
calculated (Fig. 19). For larger amplitude values, the 
standard deviation increases. In general the averaged 
precision over all frequencies is tolerable, showing a 
variation below 1 % over the full measurement scale. 

 

 
 

Fig. 15. Measurement example with an artificial bone and 
an artificial prosthesis showing I. quadrant (0°, referenced 

as real part, top) and II. quadrant measurement  
(90°, referenced as imaginary part, bottom). 

 
 

 
 

Fig. 16. Calculated magnitude of several measurements on 
the same mechanic system with varied prosthesis 

anchorage state. 
 
 

 
 

Fig. 17. First four extracted resonances as identified with 
the diagnosis system under the influence of a step-by-step 
increase of prosthesis fixation (individual bars). The top 
plot shows the absolute frequency value for each fixation 
step. The bottom plot shows the absolute difference to the 
initial loose state. 
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Fig. 18. Non-linear vibration behavior can provide 
additional frequency domain characteristics, which might 
aid the detection of a loosening. The plot shows the system 
response, when mechanically exciting the system with the 
half reference frequency (ωexc= ωref. In the top left (real 
part) and top right (imaginary) plot measurements of the 
second subharmonic around a resonance frequency are 
presented. In the lower plot the magnitude is presented. 
Starting from an initial fix case, screws were unfastened 
step-by-step at the proximal end of the prosthesis. 

 
 

 
 

Fig. 19. Calculated standard deviation (bottom plot) of the 
digitized lock-in amplifier output signal from 14 repeated 
measurements of the real (blue) and imaginary (red) part of 
the mechanic demonstration system response. In addition, 
the bottom plot shows also the averaged standard deviation 
for real and imaginary part over the full frequency range. 

 
 

6. Conclusions 
 
Vibration analysis can be a valuable extension in the 
range of diagnostic measurement techniques and has 
the potential to detect hip prosthesis loosening. 
Through integration of a miniaturized vibration 
measurement system directly into the implant, the 
damping effects of tissue in the measurement path 
can be overcome. Different loosening states of the 
implant can be distinguished in the mechanic 
frequency response of the bone-prosthesis system as 
demonstrated in the experimental section. In general, 
resonance frequencies are shifted to lower values if 

the loosening increases. When later on performing 
measurements with real patients, the obtained 
frequency spectra will be very different between 
patients (bone and tissue mass/stiffness, muscle 
tension, etc.). Therefore, a reference data set, 
obtained from a measurement after the hip 
replacement and finished prosthesis osseointegration, 
is needed for each patient. It can serve as a reference 
for long term patient monitoring and can be part of a 
medical case database. Additional experiments, not in 
the scope of this paper, indicate that mechanic cross-
sensitivities, such as static load or mass of 
surrounding tissue, also influence the detected 
resonances and need further analysis. Only evaluating 
a single resonance in order to determine a loosening 
seems not very favorable, multiple resonances should 
be evaluated. Current work focuses on the 
identification of additional affecting factors and their 
impact (e.g., influence of lubrication) onto resonance 
shifts, the improvement of the wireless data 
transmission within the challenging metal 
environment (stem and backing), an improved bio-
compatible housing and the preparation of the 
medical approval as well as the development of 
additional meaningful data visualization strategies, 
besides the shown examples, supporting the 
diagnostic system. Favorable for the measurement 
system would be an increase in the frequency 
resolution, as well as a constant frequency step over 
the full measurement range.  
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Abstract: This paper presents a survey of simulation tools and methods for wireless sensor networks. Wireless 
sensor network modelling and simulation methodologies are presented alongside judgments concerning their 
capabilities, relative ease of use and accuracy. Finally, we propose mixed-mode simulation methodology that 
integrates a simulated environment with real wireless sensor network testbed hardware in order to improve both 
the accuracy and scalability of results when evaluating different prototype designs and systems. 
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1. Introduction 
 

This paper is an extension of previous paper 
namely "Simulation Issues in Wireless Sensor 
Networks: A Survey" presented on SENSORCOMM 
12 conference held in Rome [1]. A successful large-
scale Wireless Sensor Network (WSN) deployment 
necessitates that design concepts are checked before 
they are optimized for a specific hardware platform. 
Developing, testing, and evaluating network 
protocols and supporting architectures and services 
for WSNs can be undertaken through test-beds or 
simulation. Whilst test-beds are extremely valuable, 
implementing such test-beds is not always viable 
because it is costly and time-consuming to utilize 
large numbers of nodes in order to study the different 
factors of concern. The substantial cost of deploying 
and maintaining large-scale WSNs and the time 

needed for setting up the network for experimental 
goals makes simulation invaluable in developing 
reliable and portable WSNs applications. 

In WSNs, simulation provides a cost effective 
method of assessing and evaluating systems before 
deployment. It can, for example, help assess the 
scalability of algorithms free of the constraints of a 
hardware platform. Furthermore, simulators can be 
used to simplify the software development process 
for a particular WSN application. For instance, 
TOSSIM [2] utilizes the component based 
architecture of TinyOS [3] and provides a hardware 
resource abstraction layer that enables the simulation 
of TinyOS applications which can then be ported 
directly to a hardware platform without further 
modifications.  

Simulation is hence the research tool of choice for 
the majority of the mobile ad hoc network 
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community. An examination of research papers 
published in SENSORCOMM 2011 [4] reveals a 
significant increase in using real testbeds compared 
to the study published by Kurkowski et al. [5]. Yet, 
53 % of the authors still used simulation in their 
research. Apart from the self-developed simulators, 
there are a few widely used network simulators 
including NS-2 [6], OPNET [7], MATLAB [8], IFAS 
[9], and OMNet++ [10]. Fig. 1 shows the simulator 

usage following a survey of simulation based papers 
in SENSORCOMM 2011 conference. Simulation of 
ad hoc wireless capabilities for WSNs have been 
addressed by extending existing simulators, or 
specifically building new ones, such as NS-3 [11]. 
The latter class of simulators mostly focuses on 
protocols and algorithms for layers of the network 
stack, but they do not directly support WSN.

 
 

 
 

Fig. 1. Simulator usage results from a survey of 
simulation based papers in SENSORCOMM' 2011. 

 
 

Recently, several simulation tools have appeared 
to specifically address WSNs, varying from 
extensions of existing tools to application specific 
simulators. Although these tools have some collective 
objectives, they obviously differ in design goals, 
architecture, and applications abstraction level. In the 
next section, we review some of the important WSNs 
simulation tools and explore their characteristics. 

In this paper we have addressed and discussed 
fifteen simulation tools, emphasizing the main 
features and the major drawbacks. We believe that 
these simulation platforms are the most widely used 
in education, research, and industry. However, some 
of these simulators can be useful for one purpose, 
while other can be adapted to all needs. For instance, 
cnet provide good tools for educational matters but it 
has limited support for accurate modeling necessary 
for industrial or commercial use. However, NS3 is 
appropriate for all circumstances, as it can be used 
with different levels of abstraction and accuracy for 
education, research and/or industrial complexity. The 
WSNs simulators tools reviewed in this paper are 
SensorSim, TOSSIM, TOSSF, GloMoSim, Qualnet, 
OPNET, EmStar, SENS, J-Sim, Dingo, NS-2, NS-3, 
Shawn, GTSNetS, cnet. 

The rest of the paper is organized as follows: In 
Section II, the most popular WSNs simulators are 
outlined and their strengths and weaknesses are 
discussed. Section III, focus on Abstract Models for 
WSNs. Section IV, presents our views about the 
future of WSNs testing and evaluation methods. 
Section V concludes the paper. 

 
2. WSNs Network Simulation Tools 

 
2.1. SensorSim 

 
SensorSim [12] builds on the NS-2 simulator 

providing additional capabilities for modelling 
WSNs. The main features of this platform are: power 

and communication protocol models; sensing channel 
and sensor models; scenario generation; and support 
for hybrid simulations. The public release of the 
SensorSim suite of tools was withdrawn due to its 
unfinished nature and the inability of authors to 
provide the needed level of support. 

Georgia Tech SensorSimII [13] is written in a 
modular style, where sensor nodes are organized into 
three components: application, network, and link. 
The work in SensorSimII may be divided into two 
areas: the simulator core and the visualization tools. 
The simulator core essentially manages an array of 
independent sensor nodes throughout time. The 
visualization tools provide views of both individual 
node state and communication traffic between nodes. 

Both SensorSim projects are open source and free 
to use. However, the simulators are limited in their 
realism because (apart from SensorSim's power 
modules) neither simulator considers the limited 
resources of sensor nodes such as memory, and real-
time computational capability. Moreover, it is not 
always required by the WSN to validate the 
functional correctness and/or, to provide performance 
guarantees. SensorSim simulates the complete WSN 
protocol stack, although this can be regarded as 
overkill and adding unnecessary complexity as this is 
not required in order to simulate the expected 
behaviour. This makes the SensorSim platform 
complex and difficult to use. 

 
 

2.2. TOSSIM 
 
There are platforms specifically designed to 

simulate WSNs, such as TOSSIM [2] which is a part 
of the TinyOS development efforts [3]. TOSSIM is a 
discrete-event simulator for TinyOS 
applications [14]. It aims to assist TinyOS application 
development and debugging by compiling 
applications into the TOSSIM framework, which runs 
on a PC instead of compiling them for a mote. Using 
the TOSSIM framework, programs can be directly 
targeted to motes without modification. This gives 
users a bigger margin to debug, test, and analyze 
algorithms in a controlled and repeatable 
environment. In TOSSIM, all nodes share the exact 
same code image, simulated at bit granularity, and 
assuming static node connectivity is known in 
advance. Therefore, TOSSIM is more of a TinyOS 
emulator than a general WSN simulator. It focuses on 
simulating TinyOS rather than simulating the real 
world. This has the advantage that the developed 
algorithms can be tested on a target platform. 
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However, this may place some restrictions of the 
target platform on the simulation. TOSSIM is not 
always the right simulation solution; like any 
simulation, it makes several assumptions about the 
target hardware platform, focusing on making some 
behaviour accurate while simplifying others [2]. 
TOSSIM can be used as a tool for absolute evaluation 
of some causes of the behaviour observed in real-
world network deployments. 

 
 

2.3. TOSSF 
 
TOSSF [15] is a simulation framework that 

compiles a TinyOS application into the SWAN [16] 
simulation framework. It can be viewed as an 
improvement over TOSSIM with a primary focus on 
scalability. It allows simulation of a heterogeneous 
collection of sensor nodes and a dynamic network 
topology. TOSSF suffers from potentially long test-
debug cycles because it does not provide a scripting 
framework for experimentation. Although it enables 
development of custom environmental models, the 
absence of a scripting framework requires those 
models to be compiled into the simulation 
framework. Given that both of these simulators are 
tightly coupled with TinyOS, they may be unsuitable 
for early prototyping, or developing portable WSN 
applications. 

 
 

2.4. GloMoSim  
 
GloMoSim [17] is a scalable simulation 

environment for wireless and wired network systems. 
Its parallel discrete-event design distinguishes it from 
most other sensor network simulators. Though it is a 
general network simulator, GloMoSim currently 
supports protocols designed purely for wireless 
networks. GloMoSim is built using a layered 
approach similar to the seven layer network 
architecture of the OSI model. It uses standard APIs 
between different simulation layers to allow rapid 
integration of models developed at different layers, 
possibly by different users. 

As in NS-2, GloMoSim uses an object-oriented 
approach, however for scalability purposes; each 
object is responsible for running one layer in the 
protocol stack of every node. This design strategy 
helps to divide the overhead management of a large-
scale network. GloMoSim has been found to be 
effective for simulating IP networks, but it is not 
capable of simulating sensor networks 
accurately [18]. Moreover, GloMoSim does not 
support phenomena occurring outside of the 
simulation environment, all events must be gathered 
from neighbouring nodes in the network. Finally, 
GloMoSim stopped releasing updates in 2000 and 
released a commercial product called QualNet. 

 
 

2.5. Qualnet 
 
Qualnet is a commercial network simulator tool 

released by Scalable Network Technologies [19] that 
is derived from GloMoSim. Qualnet significantly 
extends the set of models and protocols supported by 
GloMoSim. It also provides a comprehensive set of 
advanced wireless modules and user-friendly tools 
for building scenarios and analyzing simulation 
results. Qualnet is a discrete-event simulator, as such, 
it is event driven and time aware. It uses a layered 
architecture that is run by each node. When a 
protocol resides in a particular layer at one node, the 
packets are passed down crossing the remaining 
layers at the sending node, across the network, and 
then up to the protocol stack at the receiving node. 
Qualnet has a modular design and an intuitive GUI 
that make it easy to use to learn and modify. 

 
 

2.6. OPNET 
 
OPNET [20] is a further discrete event, object 

oriented, general purpose network simulator. The 
engine of OPNET is a finite state machine model in 
combination with an analytical model. It uses a 
hierarchical model to define each characteristic of the 
system. The top hierarchy level contains the network 
model, where the topology is designed. The second 
level defines the data flow models. The third level is 
the process editor, which handles control flow 
models defined in the second level. Finally, a 
parameter editor is included to support the three 
higher levels. The hierarchical models result in event 
queues for a discrete event simulation engine and a 
set of entities that handle the events. Each entity 
represents a node which consists of a finite state 
machine which processes the events during 
simulation. 

Unlike NS-2 and GloMoSim, OPNET supports 
modelling sensor-specific hardware, such as 
physical-link transceivers and antennas. It also 
enables users to define custom packet formats. An 
attractive feature of OPNET is its capability of 
recording a large set of user defined results. 
Furthermore, the GUI (Graphical User Interface), 
along with the considerable amount of documentation 
and study cases that come along with the license are 
another attractive feature of the simulator. This GUI 
interface can also be used to model, graph, and 
animate the resulting output. The network operator is 
provided with editors that are required to simplify the 
different levels of modelling. Though model 
parameters can be changed, the simulation accuracy 
is influenced because OPNET is not open source 
software. Similar to NS-2, the object-oriented design 
of OPNET causes scalability problems. It does not 
have a high number of protocols publicly available 
possibly because of source code licensing constraints. 
Finally, OPNET is only available in commercial 
form. 
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The second class of simulators is application-
oriented simulators, including EmStar [21], SENS 
[22], J-Sim [23], Shawn [24], and Dingo [25]. 

 
 

2.7. EmStar 
 
EmStar [21] is a component based, discrete-event 

framework that offers a range of run-time 
environments, from pure simulation, distributed 
deployment on iPAQs [26], to a hybrid simulation 
mode similar to SensorSim. Emstar supports the use 
of simulation in the early stages of design and 
development by providing a range of simulated 
sensor network components, including radios, which 
provide the same interfaces as actual components. It 
supports hybrid mode with some actual components 
and some simulated components, and full native 
mode with no simulated components. As in TOSSIM, 
EmStar uses the same source code that runs at each 
of these levels to run on actual sensors. Amongst 
other simulators, such as TOSSIM, EmStar provides 
an option to interface with actual hardware while 
running a simulation. EmStar is compatible with two 
different types of node hardware. It can be used to 
develop software for Mica2 motes [27] and it also 
offers support for developing software for iPAQ 
based microservers. The development cycle is the 
same for both hardware platforms. The next step in 
the development cycle following the simulation is 
data replay. In this model, EmStar uses data collected 
from actual sensors in order to run its simulation. 
Leading directly from this, Emstar uses the half-
simulation methodology similar to SensorSim's, 
where the software is running on a host machine and 
interfacing with a real physical communication 
channels. The final step in the development cycle is 
deployment. 

EmStar combines many of the features of other 
WSNs simulators. Its component based design allows 
for fair scalability. Moreover, each aspect of the 
network can be logically fine-tuned due to its 
development cycle design. Because it targets a 
particular platform, many protocols are already 
available to be used. At the deployment step in the 
development cycle, only the configuration files have 
to be designed. This potentially adds constraints on 
the user as they must either ensure that the hardware 
configuration being used matches the existing 
configuration file, or they must write their own files. 

The main goal of Emstar is to reduce design 
complexity, enabling work to be shared and reused, 
and to simplify and accelerate the design of new 
sensor network applications. While not as efficient 
and fast as other frameworks like TOSSIM, Emstar 
provides a simple environmental model and network 
medium in which to design, develop and deploy 
heterogeneous sensor network applications. When 
used as a migration platform from code to real sensor 
environment, the environment model may be 
sufficient for most developers. Another drawback of 

Emstar is that the simulator supports only the code 
for the types of nodes that it is designed to work with.  

 
 

2.8. SENS 
 
SENS [22] is a customizable component-based 

simulator for WSN applications. It consists of 
interchangeable and extensible components for 
applications, network communication, and the 
physical environment. In SENS, each node is 
partitioned into four main components: application, 
simulates the software application of the sensor node; 
network, handles incoming and outgoing packets; 
physical, reads sensed information; and environment, 
network propagation characteristics. Multiple 
different component implementations offer varying 
degrees of realism. For example, users can choose 
between various application-specific environments 
with different signal propagation characteristics. As 
in TOSSIM, SENS source code can be ported directly 
into actual sensor nodes, enabling application 
portability. SENs also provides a power estimation 
module for development of dependable applications 
with specific energy consumption/battery life 
requirements. 

SENS defines three network models that can be 
used. The first successfully forwards packets to all 
neighbors, the second delivers with a chance of loss 
based on a fixed probability, and the third considers 
the chance of collision at each node. The physical 
component includes the non-network hardware for 
the sensor such as the power, sensors, and actuators. 
At a lower level, the environment component models 
the physical phenomena and the layout. The layout 
model includes different types of surfaces, each 
affecting radio and sound propagation in a different 
way. 

SENS is less customizable than many other 
simulators, providing no chance to alter the MAC 
protocol, along with other low level network 
protocols. SENS uses one of the most sophisticated 
environmental models and implements the use of 
sensors well. However, the only measurable 
phenomenon is sound. 

 
 

2.9. J-Sim 
 
J-Sim [23] is a component-based discrete event 

simulator built in Java based on NS-2 functionality. 
The design of this simulator aims to solve many of 
the shortcomings of comparable object-oriented 
simulators like NS-2. J-Sim uses the concept of 
components instead of the concept of having an 
object for each individual node. J-Sim uses three top 
level components: the target node which produces 
stimuli, the sensor node that reacts to the stimuli, and 
the sink node which is the ultimate destination for 
stimuli reporting. Each component is broken into 
parts and modelled differently within the simulator; 
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this eases the use of different protocols in different 
simulation runs. 

J-Sim claims to have several advantages over NS-
2 and other simulators. Firstly, its component based 
architecture scales better than the object oriented 
model used by NS-2 and other simulators. Secondly, 
J-Sim has an improved energy model and the ability 
to simulate the use of sensors for phenomena 
detection. Like SensorSim, there is support for using 
the simulation code for real hardware sensors. 
However, J-Sim is comparatively complicated to use. 
While no more complicated than NS-2, the latter 
simulator is more popular and accepted in the sensor 
network research community and more community 
support is available, therefore, more people are keen 
to spend the time to learn how to use it. 

Though it is scalable, J-Sim has a set of 
inefficiencies. First, there is unnecessary overhead in 
the intercommunication model. The second problem 
is inherited by most sensor networks simulators that 
are built on top of general purpose simulators, 802.11 
is the only MAC protocol that can be used in J-Sim. 
Finally, Java is possibly less efficient than many 
other languages. 

 
 

2.10. Dingo 
 
Dingo [28] provides a workbench for prototyping 

algorithms for WSNs taking a top-down design 
methodology. Having no target platform means the 
full functionality of a programming language can be 
used. This eases the design process as prototype 
algorithms can be tested before optimization for the 
target platform. Dingo consists of a fixed API, with 
customizable internals. It has a simple graphical user 
interface and a set of base classes, which are 
extended by the user to create simulation. Each 
simulated sensor node runs in its own thread and 
communicates using the same protocols that would 
be deployed on a physical node. Sensors are 
modelled using a pool of concurrent, communicating 
threads. Individual sensors are able to: (1) Gather 
and process data from a model environment; (2) 
Locate and communicate with their nearest 
neighbors; (3) Determine whether they are operating 
correctly and act accordingly to alter the network 
topology in case of faulty nodes being detected. 
Nodes may be configured differently to simulate a 
heterogeneous sensor network. Dingo comes with a 
set of application level routing packages including 
simple multi-hop flooding, MuMHR [29] and 
LEACH [30]. 

Dingo offers a significant improvement in 
simulation performance by giving the option to split 
the visualization from the simulation. It provides 
tools for the simulation and deployment of high-
level, Python code on real sensor networks. For 
example, Dingo-boom provides a two-way interface 
between MoteIV's Boomerang class motes and 
Dingo. Dingo-top is another tool which is used to 
dump network topology data to a text file and 

generate a graphical representation of that topology. 
Furthermore, Dingo has several features in the form 
of plugins. These can be activated/deactivated on the 
plugin menu. 

As with SensorSimII, Dingo provides an 
extensible visualization framework that aims at 
easing the life for sensor network debugging, 
assessment, and understanding of the software by 
visualizing the sensor network topology, the 
individual node state, and the transmission of the 
sensed data. Dingo comes with an interface between 
the simulation environment and different hardware 
platforms, for example the Gumstix [31] platform. 
Also, Dingo allows mixed-mode simulation using a 
combination of real and simulated nodes. In Dingo, 
nodes have the ability to obtain their sensed data 
from a database or graphical objects like maps; this 
improves the fidelity of simulations as it makes it 
possible to check the simulation results against the 
real data. 

Dingo focuses on the protocols and algorithms for 
higher layers of network state but it does not directly 
support sensor networks at the physical layer. It has 
major drawbacks which limit its functionality. Most 
of these drawbacks are due to the incomplete nature 
of the tool. These drawbacks are: (1) The lack for 
Media Access Control or MAC layer, 
communications to be handled by point-to-point 
systems. (2) No collision management procedure, 
partly due to the absence of the MAC layer.  

 
 

2.11. NS-2 and NS-3 
 
NS-2 [32] is an object-oriented discrete event 

simulator targeted at networking research. It is an 
open source network simulator originally designed 
for wired, IP networks. The NS-2 simulation 
environment offered great flexibility in studying the 
characteristics of WSNs because it includes flexible 
extensions for WSNs. NS-2 has a number of 
limitations: (1) It puts some restrictions on the 
customization of packet formats, energy models, 
MAC protocols, and the sensing hardware models, 
which limits its flexibility; (2), the lack of an 
application model makes it ineffective in 
environments that require interaction between 
applications and the network protocols. (3) It does 
not run real hardware code; (4) It has been built by 
many developers and contains several inherent 
known and unknown bugs. (5) It does not scale well 
for WSNs due to its object-oriented design; (6) Using 
C++ code and oTcl scripts makes it difficult to use. 

To overcome the above drawbacks the improved 
NS-3 simulator [11] was developed. NS-3 supports 
simulation and emulation. It is totally written in C++, 
while users can use python scripts to define 
simulations. Hence, transferring NS-2 
implementation to NS-3 require manual intervention. 
Besides the scalability and performance 
improvements, simulation nodes have the ability to 
support multiple radio interfaces and multiple 
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channels. Furthermore, NS-3 supports a real-time 
schedule that makes it possible to interact with real 
systems [11]. For example, a real network device can 
emit and receive NS-3 generated packets. 

 
 

2.12. Shawn 
 
Shawn is an open source discrete event simulator 

for WSNs. It is written in C++ and can be run in 
Linux/Unix and Windows environments. Shawn aims 
to simulate large-scale WSNs, where physically 
accurate simulations fail. The idea behind Shawn is 
to use abstract models to simulate the affects of a 
phenomenon rather than the phenomenon itself [24]. 
Users of Shawn can adapt the simulation to their 
needs by selecting the application preferred 
behaviour. The authors claim that Shawn provides a 
high abstraction level that hides a lot of the 
simulation details. Users are given full access to the 
communication graph, which allows them to observe 
nodes and their data [24]. However, there are some 
limitations in using Shawn, for instance: 
Visualization output is not supported, MAC module 
is not extent, and also users need to do much 
programming [33]. 

 
 

2.13. GTSNetS 
 
An open-source, written in C++, event-driven 

simulator for studying moderate to large scale 
networks including wireless networks. The GTNetS 
simulation environment separates protocol stack 
layers to imitate the structure of actual networks. 
Users can simulate different network topologies and 
end-user applications that describe the flow of data 
over the communication links between the simulated 
nodes. Khan et. al. (2011) claims that this is the only 
available simulator that can simulate network with 
large number of nodes (up to 200000 nodes) [34]. 

GTSNetS has been designed in a way to allow 
users to use any architecture or design to simulate a 
particular required WSNs. Available features such as 
tracing options, different energy models, network 
protocols provides various implementation options 
for the developers. Other advantages of GTSNetS 
include: the overall lifetime of the simulated network 
is trackable, the energy consumption of each unit can 
be measured, supporting mobility such as mobile 
sensor nodes, mobile basestation, and the movement 
of sensed objects [35]. Unfortunately, to the best of 
the authors' knowledge this simulation tool has not 
been updated since 2008. 

 
 

2.14. Cnet 
 
Cnet [36] is an open source network simulator 

developed at the University of Western Australia for 
research and learning purposes. This simulation 

platform allows various experimentation at the data-
link, the transport and the network layers. It 
implements both the IEEE 802.112 and IEEE 802.3 
protocols, which makes it capable of simulating 
mobile and wireless networks. At the application 
layer, cnet provides advanced users with the 
capability to develop their own applications; 
however, users must write protocols to fill in any 
necessary internal layer to cope with any lost frame 
that might be introduced by cnet Physical layer.  

The cnet comes with a set of tutorials and 
comprehensive documentation that describes the 
process from installation stage up to final stage of 
simulation. Users can have full simulation vision and 
graphical presentation of the network under Tcl/Tk. 
cnet's comes with a graphical interface that allow 
users to relocate nodes by mouse and change nodes 
attributes using a simple checkbox interface. The 
major drawback of cnet is that it can only run a 
maximum of few hundreds nodes, which limit its 
usefulness in studding large-scale networks. It also 
does not support Windows operating systems.  

 
 

3. Abstract Models for WSNs 
 
Hammoudeh et al (2009) [45] contend that 

abstract models can provide cost effective methods 
for analyzing WSNs algorithms before deployment. It 
can, for example, help in assessing the scalability of 
algorithms independently from target hardware 
platforms and with a certain degree of accuracy; or 
else, it may simplify the software development 
process for WSNs applications. One of the main 
difficulties in modelling WSNs lays in their intrinsic 
interdependency with the environment in which they 
operate. It had been observed that WSNs applications 
are characterized by the tasks involved in a particular 
application. WSNs applications attribute integration 
of communication, computation, and interaction with 
the physical environment. 

This inherent environment-application mutuality 
suggests that a reasonable model for WSNs has to 
encompass the environmental conditions affecting the 
performance of WSNs systems. To the best of our 
knowledge, a suitable abstract model encompassing 
those peculiarities of WSNs is still missing. 
Available models, like those defined in [37, 38, 39] 
neglect the environmental issues. We contend that a 
modelling framework for WSNs to cover these 
concerns is required. In [40], a first attempt to specify 
such a model has been tried showing how 
Synchronized Hyperedge Replacement (SHR) can 
suitably represent several aspects of WSNs 
mechanisms in a unique formal framework.  

Tuosto (2005) proposed a framework, called 
Tarzan, based on graph rewriting which allow to 
express many quantitative aspects of WSNs. Tarzan 
main idea is to exploit ''formal semantics'' for 
coordination aspect of WSNs nodes, routing 
algorithms or specific application taking into account 
the limitation of physical equipments [41]. 
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In [45] Hammoudeh et al proposed graph 
transformations as a suitable modelling framework 
for WSNs; Synchronized Hyprered Replacement 
(SHR) was used to model one of the major practical 
problems facing designer of large WSNs; network 
configuration. Hammoudeh claimed that the success 
of one simulation can not be taken as indicative of 
satisfactory function in situations other than the one 
in which the simulation was performed. Analytical 
examination of the network offers the possibility of 
proving at least some of its behaviors, and may 
therefore be able to reach where simulation can not. 
One major problem with this approach is finding a 
suitable modelling framework in which to describe 
the behaviour of the network. In [45], it has been 
assumed that SHR is suitable and appropriate for this 
type of problem, and this has been demonstrated by 
the modelling of a clustering algorithm. SHR 
intuitive, visual, and mathematical precise modelling 
made it easy to specify and prototype the clustering 
algorithm by abstracting its intensive computation 
and clearly presenting communication and relations 
between different network objects. This made it 
simple to implement and simulate the algorithm with 
fewer errors [45]. 

 
 

4. Discussion 
 
Generally, real WSNs testbeds provide a more 

accurate, realistic, and replicable validation 
mechanism for algorithms and protocols. However, 
the cost of deployment and maintenance of large-
scale testbeds limits their applicability. Moreover, the 
wide variety of available sensor hardware can make it 
rather difficult to replicate any results produced by 
real testbeds. Besides, in some applications, where 
dangerous conditions are being studied, e.g. chemical 
pollution, a real testbed is an unwanted choice. Out of 
these restrictions came the need for simulation as a 
tool for validating and testing algorithms/protocols. 
As shown in Section II, simulation tools are widely 
available and used by WSNs researchers. However, 
most of the existing simulators are incomplete and 
follow different approaches to investigate different 
problems. The variety of existing simulation tools has 
led to accuracy and authenticity issues that concern 
even the best simulators available today. Such issues 
also make it even more difficult to replicate and 
compare evaluation results from competing 
simulation systems. Simulation drawbacks also 
include the lack of visualization tools, GUI's, poor 
documentation, absence of examples, amongst others.  

There are some factors that effect the accuracy of 
results among different simulators, even when 
applying the same scenario in different platforms, 
according to [34, 42-44]. These factors including: 
protocol stack, application’s nature, parameter sitting, 

simulation assumption, and traffic generator 
parameters. 

To solve the dilemma of having an accurate but 
scalable and low-cost prototyping solution, we 
suggest the use of mixed-mode simulation as an 
effective midrange solution. Mixed-mode simulation 
is the integration of a simulated environment and a 
real testbed to improve both the accuracy and 
scalability of testing results. In other words, the 
mixed-mode simulation enables the simulation of 
algorithms partially in software and partially in a real 
hardware WSN testbed. A small number of 
simulation tools like NS-3 and Dingo already support 
this mode of simulation. This simulation mode allows 
researchers to compare the results of running the 
same algorithm in both simulation and on physical 
sensor hardware; the comparison allows the inclusion 
or the modelling of more realistic conditions in the 
simulation environment. A flexible mixed-mode 
simulator should support integration of 
heterogeneous sensor devices. Also, the simulation-
testbed interaction remains a challenging task that 
needs to be addressed. For instance, the authors of 
Dingo describe in [42] a new Python library that 
implements synchronous message-passing 
concurrency to improve coordination between many 
hosts. Kim and Hou (2007) investigated mixed-mode 
simulation example for IEEE 802.11 operated 
WLAN. They propose interaction model at wireless 
channel between the foreground flow and the other 
background flows, taking into account their 
achievable throughput. Their experiments indicate 
that mixed-mode simulation is effective in studying 
transmission activities in WLANs equipped in IEEE 
802.11, the execution time is reduced, and significant 
improvement in the simulation performance. In 
addition, the relative error falls 2 % in all cases [46]. 

Yet, the choice of a suitable simulator is a 
difficult decision. There is no 'best' simulator; each 
simulator has specific features that work well in 
certain circumstances. The selection of a simulator 
depends mostly on the algorithmic feature to be 
evaluated. 

High level simulators like NS-2 gives an 
estimation about the applications and some 
middleware behaviour. Mid-level simulators, e.g. 
OMNET, provides more information about the 
physical layer components that are simulated without 
giving too many details. Low-level simulators 
provide accurate bit level estimations of the hardware 
as well as software performance. Regardless of the 
simulator, any simulations will always have 
weaknesses either due to non-realistic assumptions or 
modelling errors that may be present in the algorithm 
itself. Therefore, developing formal methods, e.g. 
using graph theory [43], to verify the correctness of 
new algorithms and protocols is also part of the 
testing or evaluation research.  
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Table 1. Summary about reviewed simulation tools.  

 

Simula-
tors 

Programming 
Language 

GUI 
General or 

Specific 
Simulator 

Open 
Source 

Main Features Limitations 

SensorSim C++ No 
Specifically 

designed 
for WSNs 

Yes 

-Power and communication 
protocol models Sensing 
channel and sensor models 
-Scenario generation 
-Support for hybrid 
simulations 

-Limited in SensorSim 
project realism 
-Consider limited 
resources of sensor 
nodes. 
-Simulates the complete 
WSN protocol stack 
 

TOSSIM C++ Yes 
Specifically 

designed 
for WSNs 

Yes 

-Can be targeted to motes 
without modification 
-Nodes share the exact same 
code image 
-The developed algorithms 
can be tested on a target 
platform 

-Makes several 
assumptions about the 
target hardware platform 
-Focusing on making 
some behaviour accurate 
while simplifying others 

TOSSF C++ Yes 
Specifically 

designed 
for WSNs 

Yes 

-Primary focus on 
scalability 
-Support heterogeneous 
nodes and dynamic 
topology 

-Long test-debug cycles 

Qualnet C/C++ Yes General 
Comm-
ercial 

-Comprehensive set of 
advanced wireless modules 
and user-friendly tools 

- The annual license is 
expensive 

GloMoSim C/Parsec Yes General Yes 

-Supports protocols 
designed purely for wireless 
networks. 
-Built using a layered 
approach. 
-Uses standard APIs 
between different 
simulation layers. 

-Not scalable of 
simulating sensor 
networks accurately 
-does not support 
phenomena occurring 
outside of the simulation 
environment 

OPNET C/C++ Yes General 
Comm-
ercial 

-Uses a hierarchical model 
to define each characteristic 
of the system 
-Capability of recording a 
large set of user defined 
results 

- Scalability problems 

EmStar C Yes 
Specifically 

designed 
for WSNs 

Yes 

-Supports hybrid mode 
-Provides an option to 
interface with actual 
hardware while running a 
simulation 
-Compatible with two 
different types of node 
hardware 

-Supports only the code 
for the types of nodes that 
it is designed to work 
with 

SENS C++ No 
Specifically 

designed 
for WSNs 

Yes 
-Multiple different 
component implementations 

-Less customizable 
-Only measurable 
phenomenon is sound 

J-Sim Java Yes 
Specifically 

designed 
for WSNs 

Yes 

-Ability to simulate the use 
of sensors for phenomena 
detection 
-Support for using the 
simulation code for real 
hardware sensors 

-Comparatively 
complicated to use 
-Unnecessary overhead in 
the intercommunication 
model 

Dingo Python Yes 
Specifically 

designed 
for WSNs 

Yes 

-Full functionality of a 
programming language can 
be used 
-Option to split the 
visualization from the 
simulation 

-Does not directly 
support sensor networks 
at the physical layer 
-Incomplete nature of the 
tool 
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Simula-
tors 

Programming 
Language 

GUI 
General or 

Specific 
Simulator 

Open 
Source 

Main Features Limitations 

NS-3 C++ No General Yes 

-Supports simulation and 
emulation 
-Supports a real-time 
schedule 
-Ability to support multiple 
radio interfaces and multiple 
channels 

- Some restrictions on the 
customization. 
-Lack of an application 
model 
-Does not run real 
hardware code 
-Does not scale well for 
WSNs 

Shawn C++ No 
Specifically 

designed 
for WSNs 

Yes 

-Able to simulate large- 
scale WSNs 
-Ability of selecting the 
application preferred 
behaviour 
-Full access to the 
communication graph 

-Does not support 
visualization output 
-MAC module is not 
extent 
-Lots of programming is 
required 

GTSNetS C++ Yes General Yes 

- can also adapt new 
approaches such as 
algorithms and protocols. 
- The only simulator can 
simulate network with large 
number of nodes 
- Support the simulation of 
user-applications 
 

- No update since 2008 
- It is a generic network 
simulation that support 
the simulation of wireless 
links 

cnet C Yes General Yes 

- For research and learning 
purposes 
- Allows various 
experimentation at the data-
link, the transport and the 
network layers. 
- Full simulation vision and 
graphical presentation 
- Support the simulation of 
user-applications 

- It can only run a 
maximum of few hundred 
nodes 
- Does not run under 
Windows 

 
 
5. Conclusion 

 
This paper provides a comprehensive review of 

simulation tools that are widely used in the field of 
WSNs. The aim is to help researchers choosing the 
most appropriate simulation tools to evaluate their 
work. There are a variety of simulation tools with 
different capabilities. However, the authors believe 
that they are insufficient for testing and evaluating 
WSNs algorithms. This is because the simulation 
results can be unrealistic due to the incomplete or 
inaccurate simulation models. An immediate measure 
is to develop unified models, e.g. energy, for 
different simulators. This allows realistic 
comparisons between results produced by different 
simulators to be made. To improve authenticity and 
accuracy of simulation results, it is important that 
researchers make their simulation code available for 
download by other researchers. Moreover, 
researchers should dedicate more space in their 
papers to clearly describe their simulation setup. On 
the other hand, large-scale real testbeds are still 
infeasible due to their cost and complexity. It can be 

easily observed that the trend in the WSNs field is to 
use mixed-mode simulation as an interim solution. 
Finally, we believe that theoretical validation of 
algorithms can serve as a good means for evaluating 
many WSNs algorithms. 
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Abstract: This paper presents the testing results of a wireless sensor communication system with low power 
consumption integrated with an energy harvesting power source. The experiments focus on the system’s 
capability to perform continuous monitoring and to wirelessly transmit the data acquired from the sensors to a 
user base station, for realization of completely battery-free wireless sensor system. Energy harvesting 
technologies together with system design optimization for power consumption minimization ensure the system’s 
energy autonomous capability demonstrated in this paper by presenting the promising testing results achieved 
following its integration with structural health monitoring and body area network applications. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

Technological advances have led to increasing 
levels of automation, but have also contributed to 
creating new vulnerabilities to equipment failure, 
human error, weather conditions and other interfering 
factors. These vulnerabilities need to be addressed 
using technologic approaches. The continuity and 
viability of critical infrastructures can be ensured 
using adaptive approaches that monitor sensory data 
coming from various sensors situated in vulnerable 
locations. Such networks of sensors that monitor 
different physical or environmental conditions, and 
then communicate this data wirelessly to a base 
station, are known as wireless sensor networks 
(WSN).  

A wireless sensor network consists of sensor 
nodes that possess computing power and the ability 
to transmit and receive messages wirelessly. Each 
sensor node is typically formed of a sensing unit (i.e., 
sensors), a processing unit (i.e., microcontroller), a 
transmitter/receiver unit (i.e. the part that connects 
the node to the network) and an energy source (i.e., a 
battery or an energy harvester).  

The energy source is one of the most important 
components of a sensor node, as this component 
determines its life span. The use of a battery as 
energy source would limit the lifetime of the sensor 
node, and of the entire sensor network. This 
shortcoming can be addressed by designing self-
powered wireless sensor nodes that harvest energy 
from the surrounding environment and use this 
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energy efficiently to ensure a potentially unlimited 
functionality of the sensor node. Energy harvesting 
from external sources such as ambient vibrations, 
wind, heat or light could produce sufficient energy 
for the sensor nodes to be functional indefinitely, as 
long as the wireless sensor network uses this energy 
efficiently.  

Energy efficiency is a major issue for wireless 
sensor networks. The most power-consuming activity 
of a WSN is communication. In our previous work 
([1, 2]) this problem was addressed by proposing a 
novel design and implementation of an autonomous 
wireless sensor communication system with low 
energy consumption powered from a vibration 
piezoelectric harvester. The innovative design and 
implementation technique targeted power 
consumption minimization at three different levels: 
hardware, software and data transmission, in order to 
reduce the power consumption of the off-the-shelf 
components included in the system with the aim of 
ensuring its energy autonomy through a smart energy 
flow management. The capability of the resulted 
system to perform continuous monitoring and to 
wirelessly transmit the data acquired from the sensors 
to a user base station was then evaluated in the 
context of structural health monitoring (SHM) and 
body area network (BAN) applications. The main 
motivation underlying this paper is to present the 
results of laboratory testing for the designed and 
implemented low power consumption 
communication sensing system in SHM and for BAN 
technology. 

This article is structured as follows: Section II 
reviews previous related work in this field, Section 
III describes the general structure of our system, 
while Section IV focuses on its implementation. The 
testing results collected from the two different setups 
for SHM and BAN technology are presented in 
Section V. Conclusions are drawn in Section VI. 

 
 

2. State-of-the-Art 
 
In recent years, energy harvesting devices have 

attracted much interest due to an increasing need for 
battery-free remote monitoring of different structural 
parameters. Vibration energy harvesters (EH) can 
scavenge and transform environmental vibration into 
electricity using electro-magnetic or piezoelectric 
structures and, according to their design purpose, one 
can distinguish two categories: vibration energy 
harvesters for SHM, and for BAN. The two groups 
are built differently because of environmental factors 
such as force, acceleration and displacement, which 
in the end determine the weight, internal structure, 
and the impedance of the designed harvester. The 
devices powered by the above presented groups of 
EH are used to collect, monitor and display different 
data directly related to the two domains of BAN and 
SHM. When powered from a weak power source 
such as an energy harvester, existing monitoring 

technology is not suitable to function and provide the 
full range of monitoring processes such as collecting 
data, processing and transmitting this information. 
This is why recent research has focused on the design 
and implementation of low power wireless 
communication systems that can be used as 
autonomous health monitoring systems while being 
powered only from an energy harvester.  

In the case of BAN systems, the vibration 
harvesting technology was implemented in wrist 
watches [5], intelligent clothing [6], remote control 
radio press-buttons [7, 8] and implants [9]. In the 
case of SHM systems, EH technology was used for 
monitoring tire pressure [10], vibrations from 
vehicles’ rotating engines [11], environmental 
characteristics [12], vibrations from buildings and 
bridges [13]. Some of these applications feature a low 
power wireless communication system whose 
autonomy is ensured through the use of a vibration 
energy harvester. For example, the paper [11] 
presented a wireless system powered from a vibration 
harvester for an aircraft’s SHM.  

Our previous work [1, 2], focused on the design 
and implementation of a low power wireless 
communication system that uses off-the-shelf 
available technology and is powered from a vibration 
energy harvester. Laboratory measurements indicated 
a very good performance and confirmed the 
advantages of the three level energy consumption 
optimization approach: the main aim of the design 
and system implementation methodology was to 
reduce power consumption at the hardware, software 
and data transmission levels. The module resulted 
from our previous research is general enough to be 
employed in a variety of applications. Its wide 
generalization capability is demonstrated in the 
present article, whose novelty lies in the fact that it 
presents the same low power wireless communication 
module functioning with the energy produced by a 
vibrational piezoelectric harvester being successfully 
employed to provide continuous monitoring in the 
context of both SHM and BAN applications.  

There are no previously published reports of any 
module relying on vibration energy harvesters 
capable of continuous self-powering and continuous 
monitoring both for SHM and BAN, and this is 
where the present work brings its original 
contribution.  
 
 
3. System Description 
 

Fig. 1 illustrates a self-powered autonomous 
wireless sensor system composed of a power source 
and a wireless sensing communication system. These 
two main subsystems are further divided into five 
functional blocks: vibration energy harvester block, 
power management block, wireless communication 
block, wireless sensor management block and sensors 
block. 
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Fig. 1. Block diagram of a wireless sensor node powered by a vibration energy harvester. 
 
 
The vibration energy harvester block is the 

power supply. The energy it produces is directly 
dependent on the vibration provided by the wireless 
sensor deployment environment.  

The power management block transforms and 
stores the energy generated by the vibration 
harvester.  

The wireless sensor management block is the 
link between the sensors block and the wireless 
communication block. It takes data from the sensors 
block and processes it in order to be sent to the 
wireless communication block.  

The sensors block interacts with the external 
environment and interprets specific stimuli (e.g., 
temperature, acceleration, light intensity, pressure, 
etc.) by transforming them in useful signals for the 
management block processing.  

The wireless communication block transmits the 
data provided by the wireless sensor management 
block, to a base station which can be linked to the 
internet or directly to the user. 

At the system design stage, the key-problems to 
be resolved are:  
 Reduce the power consumption in the active 

mode (while executing the programmed 
instructions, reading sensors’ data, and 
transmitting wirelessly the information), and in 
the passive mode (while the device is 
disconnected from the power source or enters an 
idle mode known as deep sleep, until the energy 
storage device regains enough energy for the 
system to function in active mode); 

 Preserve the system’s basic functionality and 
compatibility with standards after reducing the 
energy consumption (i.e., preserve the main 
function of transmitting data using a certified 
protocol like IEEE 802.15.4, and respect the 
restrictions involving power and license for 
certain geographic regions). 
 
 

4. System Implementation 
 
This section describes briefly the design and 

implementation of the system to overcome the 
challenges that appeared during the initial design 
stages presented in our previous articles ([1], [2]). 

The novelty of our approach lies in the analysis and 
implementation of the optimal strategy to reduce the 
power consumption for all the embedded off-the-
shelf subsystems at three different levels: hardware, 
software and data transmission.  

At hardware level, the wireless microcontroller 
was isolated from the power management module 
during periods of inactivity by introducing an Energy 
Aware Interface (EAI) which monitored the amount 
of energy produced by the harvester stored in a 
charging element, and interrupted the power supply 
to the wireless communication module until the 
minimum level of energy required for the active state 
was reached. The current consumption of the whole 
system was reduced to 1.19 µA for the disconnected 
mode – the passive mode of the functioning duty-
cycle. This represents a 10-times reduction in current 
consumption before undertaking any modification of 
the system module. 

At software level, the system was improved in 
terms of reducing power consumption by choosing 
the most suitable libraries for the application, the 
right sensors and by designing a suitable power-
saving algorithm to read and transmit data.  

The choices concerning data transmission were 
made with a view towards minimizing the energy 
consumption, preserving the simplicity of the 
architecture, avoiding collisions and interferences, 
and ensuring data security. To this end, an IEEE 
802.15.4 star configuration was selected for the data 
transmission level. The data was wirelessly 
transmitted using 3 different channels corresponding 
to the 2.4 GHz world-wide free license frequency. 
This multichannel mode favored the implementation 
of a TDMA (Time Division Multiple Access) 
protocol, thus ensuring better transmission/reception 
and efficiency due to solving the problem involving 
the data packets collisions.  

The energy harvester is different for each of the 
applications presented in the following, i.e. SHM and 
BAN, and it was chosen as the most suitable model 
for implementation in these two different 
technologies. 

For SHM, the vibration energy harvester is based 
on the Macro-Fiber Composite (MFC) [14] and glued 
to an aluminium alloy substrate of the same type used 
in the airplane industry for producing the aircraft 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 156-165 

 159

lower wing skin. The aluminium plate is mounted on 
a tensile testing machine which is used to simulate 
the airplane wing flying stress levels and vibration 
conditions. 

For BAN, the vibration energy harvester is based 
on a design created at our energy harvesting group at 
Cranfield University for a project involving body 
wearable energy harvesting sources, and described in 
[15] and [16]. It is composed of four fixed bimorph 
piezoelectric cantilevers which are fitted in the centre 
of a wearable rotating wheel. Small plectra are fixed 
on the interior side of the wheel’s outer ring. The 
wheel is mounted on a stepper motor to simulate the 
joint-knee movements. When the wheel is rotating, 
the plectrum pluck the bimorph piezoelectric 
material, makes it vibrate, therefore converting the 
leg movement to bimorph vibration, and afterwards 
to electricity.  

The implemented design of the wireless sensing 
module powered by a vibration piezoelectric energy 

harvester is presented in Fig. 2. In the context of this 
architecture, the harvester which converts the 
vibration energy to electricity, correspondent to the 
block diagram illustrated in Fig. 1 is different for 
each application: SHM and BAN. The power 
management module then rectifies the voltage and 
stores it in two 1 mF reservoir capacitors. The energy 
is discharged when a pre-set threshold is reached. 
This is triggered by the energy aware interface 
present on the back of the module. The energy is 
distributed to each sensor by the wireless 
microcontroller. The microcontroller, represented by 
the JN5148 module manufactured by Jennic-NXP is 
one of the lowest power consumption products 
currently available on the market. It features a 32 bit 
CPU (Central Processing Unit), 4 to 32 MHz clock 
frequency and 128 Kb RAM (Random Access 
Memory) [17]. 

 

 
 

 
 

Fig. 2. Implemented system architecture. 
 
 
The three sensors were chosen to be included in 

the system because of their low power consumption, 
low initialization time, and also due to the deployed 
environmental stimuli. The first-one is ADXL 335  
3 axes accelerometer [18], the second one is the 
temperature sensor MCP9700 [19], and the last one is 
the light intensity sensor GA1A2S100 [20].  

All sensors are interrogated by the JN5148 
microcontroller, and afterwards the information is 
sent to the wireless integrated transmitter/receiver 
(Tx/Rx). The Tx/Rx is compliant with the IEEE 
802.15.4 protocol working at 2.4 GHz frequency and 

allowing the usage of 16 different channels. Out of 
those 16 channels, three channels were chosen for a 
multichannel transmission which allows the 
implementation of a simple TDMA (Time division 
multiple access) anti-collision algorithm, reduces the 
possibility of channel overlapping and interference 
with the existent wireless applications active in the 
same area, and also provides the user the possibility 
to calculate the location of the node using a TOF 
(Time-of-flight) algorithm.  

The data is sent wirelessly to the user base station 
equipped with the same JN5148 wireless 
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microcontroller, powered by a stable power source 
(battery or DC power source) and linked via a USB 
cable to a computer.  

The information is displayed in LabView using a 
graphical interface especially designed and 
implemented for this purpose. The signal strength 
and data from the sensors are monitored and saved 
for further analysis in two output text files: one 
containing all the sensors and signal data, and another 
one counting the number of transmissions/receptions 
and measuring the time interval between two 
consecutive ones.  

Due to the fact that the module is designed to 
continuously monitor the vibration, which is its 
energy source, the system duty cycle is directly 
related with the energy source: if there is vibration, 
there is energy to function, to monitor and transmit 
the data; if there is no vibration, there is no energy 
and nothing to be monitored.  

In order to test the wireless sensing system’s 
ability to provide continuous monitoring, we powered 
it, in turn, from two different energy harvesting 
technologies related to SHM and BAN, the main 
criterion used to illustrate the performance of the 
system being the dimension of the time gap between 
two consecutive duty cycle transmissions. 

The data is transmitted with the standard IEEE 
802.15.4 speed of 250 kbps, using three different 
channels, and the total amount of data transmitted 
during one duty cycle (i.e., data payload, network 
addresses and correction Bytes) contains 100 Bytes. 
The system duty-cycle used for testing as presented 
above and in [2] consists of two stages: 
 Passive mode – the system is waiting for the 

energy stored in the 2 mF capacitor to reach the 
preset level in order to start the operations. At this 
stage, due to the smart management of the energy 
flow accomplished by the implemented energy 
aware interface (EAI), the current consumption is 
1.19 µA. 

 Active mode – the system is reading data from 
the three sensors and transmits wireless the 
information to the user base station using a 
multichannel transmission. The whole process 
duration is 10 ms and the average power 
consumption to read data and transmit 100 Bytes 
at +2.5 dBm transmission power is 16.7 mW. 

 
 
5. Testing Results 
 
5.1. SHM 
 

As previously mentioned in Section III, the 
wireless sensing system integrated with SHM 
technology is powered by a vibration harvester based 
on NASA’s MFC glued on an aluminium plate which 
is then mounted into the Instron 8500 tensile testing 
machine. The tensile testing machine is used to apply 
a force with the frequency from 1 to 10 Hz and the 
amplitude between 11 and 51 kN to the aluminium 

plate the material strain varying from 114 to  
570 µε. This investigation is motivated by the 
intention of implementing piezoelectric vibration 
harvesters in aircraft wings so that they power 
wireless sensing systems embedded or mounted in 
the same area. The wirelessly transmitted data would 
be collected by a base station, powered from a 
regular power source, which can be located inside the 
airplane body. 

The piezoelectric harvesters were chosen against 
electromagnetic ones due to their light weight, small 
volume and possibility to be embedded in layered 
structures or used as patches. The downside of the 
piezoelectric vibration harvester materials is the 
small amount of power output and, as a consequence, 
the power consumption of the wireless sensing 
system should be reduced at all three levels, 
hardware, software and data transmission, so that it is 
able to grant the continuous monitoring capability of 
the system. The targeted SHM application and the 
equivalent laboratory testing set-up are presented in 
Fig. 3.  

The continuous monitoring capability can be 
observed in Fig. 4 obtained by plotting the data 
stored by the LabView user interface.  

The data reveals a gap of only 0.4 s between two 
consecutive data transmissions for 10 Hz vibration 
frequency and 51 kN (570 µε) of applied force.  

The measured time gap between two consecutive 
system transmissions (duty cycle) is presented in 
Table 1, [21], for all frequencies and strain outputs 
generated when the applied force is present. As 
results included in the table above demonstrate, the 
system’s continuous monitoring capability is 
achieved not only for higher vibration frequencies 
like 7.5-10 Hz, when it can monitor and transmit new 
data every 0.4 s, but even at a vibration level of 1 Hz, 
when it can transmit the 100 Bytes of information 
every 3.5 s. 

 
 

5.2. BAN 
 

In the case of the BAN technology, the power is 
supplied by the wearable “Pizzicato energy 
harvester”, [22] and [23], developed at our energy 
harvesting group at Cranfield University.  

This system is designed to be fitted externally on 
the side of a human knee in order to produce energy 
by harvesting the body movement. For the tests 
presented in this paper, the harvester was fitted onto a 
stepper motor controlled via a controller driver 
interface and a National Instruments data acquisition 
card (DAQ).  

The aim of the application is to monitor and to 
wirelessly transmit real time data about the bearer, 
using the three sensors already described, and/or to 
link future implantable sensors with shorter wireless 
range, interrogating them and retransmitting the data 
to the user base station which can be a regular 
computer or a wearable low power consumption 
display interface (i.e., wrist watch), as in Fig. 5. 
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Fig. 3. Structural Health Monitoring: application and laboratory testing set-up. 
 
 

Table 1. Experimental Data Transmission for SHM. 

 
Test Conditions Time gap between two consecutive system duty cycle data transmissions [s] 

  
Applied Force 
(Strain) 

Frequency   

11 kN  
(114 µε) 

21 kN  
(228 µε) 

31 kN  
(342 µε) 

41 kN  
(456 µε) 

51 kN 
(570 µε) 

1 Hz 39.6 12.5 7 4.9 3.5 
2.5 Hz 13.5 4.9 2.7 2 1.5 
5 Hz 6.6 2.4 1.5 1 0.8 
7.5 Hz 6.2 1.7 1.1 0.7 0.6 
10 Hz 5.2 1.4 0.7 0.6 0.4 

 
 

 
 
Fig. 4. Time gap between transmissions for SHM. 

 
 
Three simulated testing scenarios were used for 

the harvester movement based on real data gathered 
from human behaviour monitoring. The first scenario 
simulates the movements of a human carrying an 

empty backpack, the second one simulates a human 
carrying 12 kg inside the backpack, and the third one 
a human that has 24 kg inside the backpack. The 
power from the piezoelectric harvester, after 
rectification, is transferred via two wires to the 
wireless sensing module. The module stores the 
energy in the 2 mF capacitors and transfers it to 
sensors and microcontroller when there is enough to 
perform the duty cycle. Afterwards, it transmits the 
100 Bytes to the user base station for further analysis.  

A representative example of continuous 
monitoring capability can be observed in Fig. 6. The 
data shows a gap of only 1.1s between any two 
consecutive data transmissions for the simulated 
scenario when the backpack contains 0kg of weight.  

The experimental test results obtained for the all 
three tests described above are presented in Table 2. 
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Fig. 5. Body Area Network: application and laboratory testing set-up. 
 
 
Table 2. Experimental Data Transmission for BAN. 

 

Simulated 
Situations 

Time gap between two 
consecutive system duty cycle 

data transmissions [s] 

0 kg Backpack 1.1 

12 kg Backpack 1.1 

24 kg Backpack 1.1 

 
 
The results of these experiments demonstrate the 

system’s continuous monitoring capability for BAN 
energy harvesting technology, being able to transmit 
the 100 Bytes of data every 1.1s for all the three 
simulated scenarios [24]. 

 
 

6. Testing Results of the Wireless Sensing 
Module from the End User Perspective 
 
One of the main requirements from an end-user 

concerns the dimension of the final wireless sensing 
module. If the user is interested in SHM, the 
dimension is important due to the lack of space inside 
the monitored machine or structure. If the user focus 
is a BAN, the scale of the module can be decisive in a 
direct wearing scenario.  

Provided that nowadays all electronic components 
can be made on-chip, the only bulky component of 

the module will be its antenna. The classic radio 
antenna design aims to provide a gain in signal 
transmission/reception, and is strictly related to the 
frequency of the communication protocol used, in our 
case the 2.4 GHz free-license frequency band 
corresponding to the IEEE 802.15.4 protocol. 

The following measurement set-up was designed 
to analyze the influence of the antenna size on the 
energy consumption of the entire wireless node. 

Three different 2.4 GHz off-the-shelf antennas 
were empirically analyzed in order to identify the 
best alternative for short distance transmission range 
and power consumption. Fig. 7 illustrates the antenna 
types used in this testing experiment. 

 
 

b) c)a)  
 

Fig. 7. Three 2.4 GHz off-the-shelf antenna types:  
a) ceramic integrated SMD (Surface-Mounted Device) 
antenna, b) SMA (Sub Miniature version A) external dipole 
antenna, and c) PCB (Printed Circuit Board) antenna. 
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The three types of antennas were chosen because 
they represent the most frequent solutions 
implemented in today’s 2.4 GHz technology. All of 
them provide an impedance of 50 Ω, but differ in 
their signal gain factor measured in decibels relative 
to an isotropic antenna (dBi). The ceramic SMD 
antenna offers the user a signal gain of 0 dBi [25], the 
SMA external antenna yields a gain of 4.9 dBi, [26], 
while the gain of the PCB printed antenna is 2 dBi, 
[27].  

The three off-the-shelf antennas were connected 
alternatively to the wireless node programmed to 
wirelessly transmit information data packages to the 
user base station. The distance between the node and 
the base station was gradually increased until it 
reached a maximum of 12 m indoor office space, as 
illustrated in Fig. 8. 

 

 
 

 
 

Fig. 8. Distance range for indoor testing. 
 

 
The aim was to verify the distance range within 

which the data could be transmitted using one 
channel transmission, and not multichannel like in 
the SHM and BAN set-up because this test did not 
take into consideration the indoor interference 
sources and the overlapping channels for the 2.4 GHz 
frequency band. For each antenna type, a minimum 
of 100 transmissions were performed in order to 
measure the percentage of unaltered data that was 
reaching the base station. Nevertheless, because the 
transmission channel was chosen to be one of the 
recommended 2.4 GHz non-overlapping channels, 
[28], and also due to the lack of indoor interferences 
provided by an enclosed office environment, the 
percentages of received data packets were either  
100 % or 0 %. In this context, the only factors 
directly influencing the transmission were the 
distance, the antenna signal gain and the transmission 
power level. Four settings were used for the JN5148 
wireless transmitter power level, ranging from power 
level 0 to 4, levels which correspond to -32 dBm,  
-20.5 dBm, -9 dBm and +2.5 dBm, respectively. 

The experimental data resulted from distance 
range measurements by alternating the power levels 
and the antenna types are plotted in Fig. 9. The 
experiments show that for the ceramic integrated 
antenna, at power level 0, the maximum distance 
range for which 100 % of the data reached the base 
station was less than 3 m. By increasing the signal 
strength to power level 1, and using the same ceramic 
SMD antenna, the percentage of data received by the 
base station remains 100 % for all the possible 
distances up to the maximum distance of  
12 m used in the experiments. The same result was 
obtained with the other two antenna models at power 
level 0. This means that an antenna of a reduced size, 
such as the ceramic SMD antenna, requires more 
power consumption to achieve the same distance 
transmission performance as the other two bigger 

models presented above. 
 
 

 
 

Fig. 9. Distance range measurements for the three antenna 
types: for the ceramic integrated SMD antenna at power 
levels 0 and 1, for the SMA external dipole antenna at 
power level 0, and for the PCB antenna at power level 0. 
 
 

Considering this indoor short range test, and 
presuming that a future wireless sensing node will 
operate for certain short distances (i.e., in the range 
of tens of meters) and that the whole module will be 
enclosed inside a small protective box, the best trade-
off solution that accounts both for the small 
dimension and for the long distance transmission 
range is the printed PCB antenna which can also be 
included inside a protective enclosure box or made as 
part of the box. 
 
 
7. Conclusions 
 

This work relies on a low power consumption 
wireless sensor communication system that was 
designed and implemented so that the power 
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consumption was minimized at three levels: 
hardware, software and data transmission. This 
optimization strategy that guided the system 
development was directed towards the aim of 
achieving energy autonomy, while at the same time 
ensuring the required functionality only with the 
power provided by a low power vibration energy 
harvester. The resulted battery-free wireless sensor 
communication system built using only off-the-shelf 
components, and powered by a low energy vibration 
harvester, was employed in two different 
applications: SHM and BAN monitoring. The 
successful testing scenarios presented in this paper 
illustrate the system’s ability to not only adapt for 
usage with two different energy harvesting 
technologies, but also to continue monitoring and to 
transmit wirelessly via multichannel the 100 Bytes of 
information, using a standard communication 
protocol and the transmitter power pre-set at the 
highest level of +2.5 dBm at the same time achieving 
a speed between two transmission duty cycles of  
0.4 s for SHM and 1.1s for BAN. 

Further directions of research will focus on each 
deployment environment scenario, and will 
investigate ways to decrease the power consumption 
either by replacing the set of general purpose sensors 
with one dedicated sensor, or by using a different 
transmission frequency/protocol, or by optimizing 
other application-specific factors. 
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Abstract: Monitoring extreme values (maximum or minimum) is important to many applications in wireless 
sensor networks. A previous work, called Hierarchy Adaptive Threshold (HAT), proposed a tree-based structure 
to distribute queries efficiently and filter out the unnecessary data updates that are not extreme values. In this 
paper, a data reduction algorithm is presented to reduce energy consumption of the HAT due to network 
transmission. The proposed method utilizes historical information of extreme values and their corresponding node 
ID to adjust the reporting rate of sensors properly and eases the burden of the parent of extreme nodes by 
balancing the packets from extreme nodes to all their possible parents. We evaluate the performance of the 
proposed algorithm by NS-2 network simulator and real-world data traces. The results indicate that the overall 
network packets are reduced to 80% with 1% data error in comparison with HAT. Copyright © 2013 IFSA. 
 
Keywords: Sensor networks, Extreme values, Data reduction, Power saving. 
 

 
 
1. Introduction 
 

Wireless sensor networks (WSNs) have been 
widely applied to many current and envisioned 
applications, including vehicle tracking and habit 
monitoring [1], [2], nuclear reactors, test areas, 
disaster management, combat field surveillance, 
factory temperature monitoring, border control and so 
on. A maximum (or minimum) query is a query, which 
continuously requests the sensor node with the 
maximum (minimum) sensor reading. That is, a 
maximum query continuously maintains the (node id, 
value) pair in the network. 

Monitoring maximum (or minimum) value is 
important for detecting abnormal or extreme behavior 
in many sensor network applications. For example, 
monitoring maximum temperature in a factory is 
essential to improve production yield, or finding out 
the node and its corresponding areas with the highest 
pollution index for the purpose of pollution control. A 
minimum query, on the other hand, can be requested 
to continuously monitor the sensor node with the least 
residual energy so that it can be instructed to adapt its 
sampling rate (or transmission rate) for extending 
network lifetime. Since the discussions of maximum 
and minimum queries are similar, in the following we 
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will only focus on answering the continuous 
maximum monitoring problem. 

The difficulty of answering a maximum query is 
unable to know the sensors that constitute high values 
in priori. Hierarchy Adaptive Thresholds (HAT) was 
proposed to monitor the maximum query efficiently 
[3]. HAT prevents the nodes which will not be 
maximum nodes from transmitting by giving 
constraints on nodes such as filter threshold. 

However, there is a penalty where additional 
queries are required to be issued when the sink cannot 
definitely decide the current maximum value. 
Moreover, the performance of HAT highly depends 
on the update strategy of filter thresholds at nodes. On 
the basis of HAT, a novel filter-based monitoring 
algorithm is proposed in this paper. According to the 
observations on real data, the locations and values of 
the maximum nodes are usually stable. That is, 

1) Parts of nodes inside the network become the 
maximum node more often than the others. This 
suggests that some nodes are always likely to 
become the maximum node, and in contrast, 
some are unlikely to be the maximum one. 

2) The maximum node often remains unchanged for 
some consecutive time intervals (i.e., temporal 
correlation between sensor readings). 

3) When a new maximum node emerges, it is often 
nearby the previous maximum node (i.e., spatial 
correlation among nearby nodes). 

In light of the phenomenon above, the proposed 
algorithm utilizes historical information of the past 
maximum values and the nodes that generate them. 
Specifically, the algorithm measures the probability of 
a node being the maximum node by using historical 
information. The quantitative relationship between 
reporting rate and filtering interval is also measured. 

According to the probability, nodes are 
dynamically instructed to re-adjust their filtering 
threshold so as to meet the required reporting rate (e.g., 
decrease the reporting rates of nodes with lower 
probability and increase the reporting rates of those 
with higher probability). The typical goal is to prolong 
the network lifetime by reducing unnecessary data 
updates. This article is an extended version of our 
previous study [32]. 

The rest of this paper is organized as follows. The 
related work is given in Section 2. Section 3 presents 
the proposed algorithm. Simulation results are 
described in Section 4. Finally, the conclusion is 
drawn in Section 5. 

 
 

2. Related Work 
 
Monitoring aggregation functions (such as 

average, maximum, and minimum) in sensor networks 
have received extensive attention in the past few 
years. However, the main focus has been on how to 
establish the communication structure and how to 
apply aggregation techniques to reduce network 
traffic [5, 6]. Work has also been done on compressing 
historical sensor readings for transmission [7, 8]. 

These methods are applicable to archival data 
collection where the application wants to log historical 
sensor readings and analyzes them later. In contrast, 
we consider monitoring applications that continuously 
request up-to-date sensor readings. Approximate 
monitoring schemes have been proposed for average 
and sum aggregates in [9, 10]. Yoon and Shahabi [11] 
proposed a clustered aggregation (CAG) algorithm for 
approximate query processing. CAG reduces network 
traffic by forming clusters of nodes where the cluster 
heads are responsible for aggregating the readings of 
their children. Another work for approximate query 
processing is range caching. There is a value range 
installed at each node and the base station caches all 
the values of ranges at nodes. A node updates its new 
reading with the sink only if the difference between 
the new value and the previously reported value 
beyond the range. The nodes are sorted by range upper 
bounds, and on receiving a maximum query, the sink 
searches each node in order one by one. This approach 
is costly and inefficient because it does not take 
aggregation into consideration. A maximum query can 
be a special case of top-k query, and studies on 
evaluating snapshot top-k queries in distributed 
networks are included in [12–15]. 

In this paper, we are interested in monitoring a 
continuous maximum query. Although continuous 
monitoring could be simulated by repeatedly 
executing a snapshot query, many snapshot queries 
would be costly and inefficient if the answers remain 
unchanged. Recent work on monitoring continuous 
top-k queries in distributed networks are described in 
[3, 16–19]. In [18], a filter-based approach called 
FILA was proposed to exploit the semantics of top-k 
query. The basic idea of FILA is to install a filter at 
each sensor node to suppress unnecessary sensor 
updates. Silberstein et al. [3] explored techniques for 
continuously monitoring a maximum query, with the 
objective of minimizing network traffic. They 
proposed a HAT approach, which use suitable 
constraint settings to prevent nodes unlikely to have 
the maximum value from transmitting. However, 
HAT does not take historical information of the 
maximum values into account. 

 
 

3. The Proposed Algorithm 
 
As mentioned above, the purpose of the proposed 

algorithm is to reduce network packets when running 
HAT. The proposed monitoring algorithm of extreme 
values is on the basis of HAT algorithm. The 
significant improvement of the proposed method over 
the HAT is that it utilizes historical information of the 
maximum values (and the maximum nodes) to 
measure the probability of a node being the maximum 
node. The quantitative relationship between reporting 
rate and filtering threshold is also measured. 
According to the probability, nodes are dynamically 
instructed to re-adjust their filtering thresholds so as to 
meet the required reporting rate. 
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Consider a wireless sensor network that includes n 
fixed location sensors. The network is rooted at the 
sink with a continuous power supply, and the sensor 
nodes are powered by battery. It is assumed that there 
is a tree-based communication infrastructure installed 
on the network by which nodes beyond the 
transmission range of the sink can send their data to 
the sink [31]. Each sensor is assumed to periodically 
sample the local phenomenon, such as temperature, 
humidity and pollution index, at a fixed rate. Without 
loss of generality, the period between two successive 
samplings is assumed to be one time unit (round). That 
is, we assume the query is processed repeatedly over a 
series of rounds, where each node generates a value in 
each round. Each round is long enough for all 
necessary messaging to occur in order to complete the 
query. 

In this paper, we consider a maximum query that 
continuously queries the sensor node with the 
maximum sensor reading at each round. The 
maximum query is to continuously maintain the (node 
id, value) pair for the node with the maximum value in 
the network. The monitoring result is logged at the 
sink and provided to external users. The monitoring 
algorithm of extreme values is to control when and 
how sensor readings should be sent to the sink to 
continuously generate maximum query results. 

 
 

3.1. Procedure of the Proposed Algorithm 
 
1) Initialization: Let Ci denote the set of the 

immediate children of a sensor node si and pi denote 
the parent node of si in the network communication 
infrastructure, respectively. Denote the reading of 
sensor i and the maximum value at the t-th round as vt

i 
and vt

max respectively. Initially, each sensor node 
sends its reading to its parent node. When an internal 
node si receives all readings of its child nodes, it 
obtains the maximum value in the sub-tree rooted at si 
by sorting the sensor readings, including its own 
reading. That is, node si aggregates the messages of its 
child nodes and itself by only passing the packet with 
the highest value since it is impossible for those values 
to be the maximum. Then the node si computes a filter 
threshold for itself and each of its child nodes. The 
thresholds are sent to all of its child nodes. Similarly, 
we denote ht

j as the filter threshold of node sj at the t-th 
round. Note that the filter threshold of a node is by 
known to both itself and its parent node. This message 
aggregation is bottom-up, beginning at leaf nodes 
until the sink is reached. Accordingly, the sink obtains 
the initial query result, i.e., v0

max, by collecting the 
readings from all sensor nodes. Once a maximum 
node is obtained, the sink will also send a message to 
designate the node reporting the maximum value as 
the current maximum node, denoted by s0

max. 
2) Sequential Rounds: Each subsequent round 

proceeds in three stages: node-initiated report, 
root-initiated query and reporting rate adjustment. 

Node-initiated report: If a node sk is the 
designated maximum at the last round (t-th round), i.e., 

sk = st
max, it transmits an update containing the (node id, 

new value) pair to the sink only if vk
t+1  vt

max. (i.e., the 
new gathered value vk

t+1 differs from the maximum 
value in the last round.) For a node sj, sj   st

max, if the 
new reading at the (t + 1)-th round is smaller than its 
filter threshold ht

j, then no update is sent to its parent 
node. Otherwise, an update is sent to its parent node. 
When an internal node si receives any update from its 
child nodes, it computes the new maximum value vi

* 
in the sub-tree rooted at si. If vi

* > ht
i, an update with 

the new value vi
* is sent to its parent; otherwise, all 

packets in the sub-tree rooted at si will be filtered out 
to reduce network traffic. Namely, node si aggregates 
the messages of it child nodes by only passing the 
packet if the highest value breaks its filter threshold. 
Then si will also update its threshold hi

t+1 and the filter 
thresholds hj

t+1 for its child nodes that send an update 
by sending a threshold update packet to them. 
Obviously, the threshold hj

t+1 is known to both sensor 
sj and its parent node si. 

Root-initiated query: If the designated maximum 
node smax in the last round does not report, it can be 
known in the sink that the reading of smax remains 
unchanged in the current round. Then the stored value 
of vmax in the last round can be used to evaluate the 
new maximum value. Once all of the update packets 
are received at the sink, it determines v*

sink from the set 
of all returned values. It can be verified easily that if 
the reading of smax stays the same or rises, then v*

sink is 
the maximum value since all values higher than v*

sink 
will definitely overtake their filter threshold. On the 
other hand, a node can become the new maximum 
node without breaking its filter threshold only if the 
old maximum value falls. In the case, it is possible that 
the new maximum value can only be discovered 
through root-initiated querying process. More 
specifically, the root sends query messages containing 
the temporary maximum value v*

sink to those of its 
child nodes with filter threshold greater than v*

sink. In 
turn, each node receiving a query packet only 
forwards it to its child nodes with thresholds greater 
than v*

sink. On receiving the query packet, only those 
nodes with values greater than v*

sink send their new 
readings to the sink. Similarly, all reply messages are 
aggregated at internal nodes along the transmission 
path and only the maximum of them is forwarded 
upward. Moreover, the filter thresholds of nodes along 
the transmission are also updated accordingly. 

Reporting rate adjustment: Here we assume that 
the sink maintains a probability value t

i for each node 
si at the t-th round. (We postpone the detailed 
discussion of t

i in the next subsection.) After deciding 
the maximum value in the current round, the sink will 
re-evaluate t

i and check whether t
i <  or not for all 

nodes in the network, where  is a given system 
parameter. If t

i <, then si is classified as an 
unimportant node that has very low probability to 
become the maximum node in the next round. 
Therefore, the sink sends a reporting rate adjustment 
packet containing t

i to the nodes with t
i <. On 
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receiving a reporting rate adjustment request, node si 
raises its filter threshold by 

 
i
t

i
tt

i
t

i
t hvh   max

1 )1(  (1) 

 
 
3.2. Node Classification 

 
In this subsection, a strategy will be presented to 

classify the nodes as important and unimportant nodes. 
In real world, most scenarios, the locations where the 
maximum values occurred are quite stable (i.e. the 
distribution of monitored value would not change 
rapidly). For example, the maximum temperature of a 
factory usually stays in the same region and the 
maximum humidity of a rainforest may stay in the 
same region as well. With this observation, we can 
take advantage of this phenomenon. We endow the 
sink node with the ability to learn the importance of all 
nodes. In short, we deem that a node is important if it 
becomes maximum node frequently. Similarly, a node 
is classified as an important node if it has very low 
chance to become maximum node. Hence, the sink 
node will keep a maximum times table used to store 
the times of each node being the maximum node. 

According to this maximum times table, the sink 
node could differentiate important nodes from all 
nodes. However, in most cases, recent observations 
are much more important than older observations. 
Therefore, an additional table is also utilized to store 
recent observations in the sink node. The older 
observations are in global maximum times table, and 
the recent observations are stored in temporal 
maximum times table. Table 1 and Table 2 show an 
example of global maximum times table and temporal 
maximum times table. By using the maximum times 
tables, a node could be classified by computing the 
important factor as follows. 

 
]1,0[w),T(P)w1()G(Pw iii   (2) 

 
 

Table 1. Global maximum times table for 70 rounds. 
 

Node 1 2 3 4 5 6 7 8 
Max times 5 0 5 0 0 0 40 20 

 
 

Table 2. Temporal maximum times table for 20 rounds. 
 

Node 1 2 3 4 5 6 7 8 
Max times 0 0 0 0 0 0 15 5 

 
 
i represents the importance of a node (the probability 
of this node to become maximum node). P(Gi) and 
P(Ti) denote the probabilities of node si being the 
maximum node in Global Maximum Times Table and 
Temporal Maximum Times Table, respectively. And 
w is the weight of Global Maximum Times Table. In 
practice, we would set a threshold to i. A node si 

would be classified as an important node, if i break 
this threshold. Otherwise, it would be classified as an 
unimportant node. 

 
 

3.3. Adjustment Strategy of Reporting Rate 
 

Three strategies will be adopted in the proposed 
method to dynamically adjust the reporting frequency 
of sensors according to their classification [21]–[30].  

 
1) Round basis: 

The round basis strategy is to transmit the 
regulation packets periodically. Although this strategy 
could respond the burst traffic in time, it also incurs a 
lot of control overheads. Furthermore, this strategy 
may transmit redundant control messages when the 
maximum value decreases. 
 
2) Moving average and linear regression: 

As mentioned previously, the HAT would 
generate a lot of update messages when the maximum 
value suddenly increases since many nodes break their 
local filters. In other words, the sink node could send 
control messages only if the maximum value increases 
aggressively. Base on this observation, linear 
regression approach could be utilized to compute the 
trend of maximum values. From Linear Regression, 
we could obtain a line to fit the maximum values. 
Before applying Linear Regression, Exponential 
Weighted Moving Average (EWMA) could be used to 
remove fluctuations of maximum values. 
 

]1,0[,S)1(YS 1ttt     (3) 

 
In Eq. (3), the smoothed statistic St is a weighted 
average of latest observation Yt and previous 
smoothed statistic St-1. The parameter  is the smooth 
factor and is set to 0.2 in the following experiments. 
After performing EWMA on the historical maximum 
values, the trend of the smoothed data points could be 
estimated by using Linear Regression. Let the fitting 
line be y = x + . 
 

 
 






2
i

2
i

iiii

)x(xm

yxyxm
  (4) 

  
  

 
   






2
i

2
i

iiii
2
i

)x(xm

yxyyx
 , (5) 

 
where m represents the number of data points, i.e., 
sliding window size, used in Linear Regression. The 
trend of the maximum values can be divided into two 
states, as depicted in Fig. 1. 

Steady State: The maximum values are steady or 
decreasing. In this state, there are only small 
network traffics. 
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Crisis State: The maximum values are increasing 
aggressively. In this state, there are huge network 
traffics. 

 
 

Steady Crisis Steady

Time

Monitored Value

 
 

Fig. 1. Changing states of maximum values. 
 
 
In the steady state, the reporting rate needs not be 
adjusted; however, in crisis state, regulation packets 
are sent to adjust the reporting frequency of sensors. 
More specifically, if the estimated slope  is negative, 
it means that the maximum values are decreasing. In 
such case, no regulation packet is needed because 
there are only small traffics in the steady state. The 
sink starts to send regulation messages when the 
slopes are detected to be positive for several rounds, 
i.e., in the crisis state. The sink node will send 
regulation packets to the unimportant nodes at the first 
round after entering crisis state. At the subsequent 
rounds of crisis state, the sink node will transmit 
regulation packets when the classification of nodes 
has been changed. In other words, during the crisis 
state, the sink node will continuously check the node 
classification and transmit regulation packets when 
the classification has changed. If the sink node detects 
continuous decreasing of several slopes, it switches 
the networks condition into steady state and stops 
transmitting regulation packets. The state transition 
diagram is shown in Fig.2. 

Although this method could capture the trend of 
maximum value and determine the network states, 
there are still two disadvantages. One is that this 
strategy could not capture the degree of maximum 
value increased simply through Linear Regression. 
Another is that the decision of networks states would 
be affected by small fluctuations of maximum values 
even if the samples are smoothed by EWMA. For 
these reasons, this paper proposes a CUSUM-based 
detection algorithm below to detect the outbreak of 
maximum value more accurately.  

 
3) CUSUM-based detection algorithm:  

A two-stage CUSUM-based detection algorithm, 
outbreak detection and cool-down detection, will be 
presented to detect the outbreak of monitored values. 
Outbreak means that the monitored values grow up 
aggressively. In the two-stage algorithm, the trend of 
monitored values is divided into three stages, as 
depicted in Fig. 3. 

Crisis State

Steady State

Slopes keep 
increasing

Slopes change 
from increasing to 
decreasing for m
consecutive segments

Slopes change 
from decreasing to 
increasing for m
consecutive segments

Slopes keep 
decreasing

 
 

Fig. 2. State Transition Diagram. 
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Slow start 
state

Outbreak 
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Cool-down 
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Cool-down

Outbreak 
Verification

Cool-down 
Verification

Time

Monitored Value
Slow end 

state

Fast growing state

 
 

Fig. 3. Stage changes in the two-stage algorithm. 
 
 

The states are slow-start state, fast-growing state, 
and slow-end state. In the slow-start state, the curve of 
monitored values remains a trend with gently 
fluctuation, either increasing or decreasing. After the 
outbreak point, the monitored values grow up 
aggressively and enter the fast-growing state. When 
the growth of the curve tends gently, it gets into 
slow-end state. The transition point between the 
fast-growing state and slow-end state is called 
cool-down point. The outbreak detection is to detect a 
possible outbreak point by Cumulative Sum 
(CUSUM).  

To avoid error detection due to small fluctuations, 
simple outbreak confirmation is performed to confirm 
whether it is a real outbreak.  
The cool-down detection stage utilizes a regressively 
forecasting method to model the trend of the 
monitored values. The forecasting process adjusts 
itself automatically to fit the real data. Accordingly, a 
cool-down point is detected if the difference between 
the predicted value and the real values exceeds a 
threshold.   
Outbreak Detection: 

Outbreak detection can be divided into  
2 sub-stages: the discovering of outbreak point stage 
and the confirmation of outbreak point stage. The 
CUSUM scheme can be formulated as below. 
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0t                                               0
Ct

 

(6) 

where St denotes the smoothed monitored values, p 
denotes the expected increment of St for a coming 
outbreak. When Ct exceeds a given threshold, a 
warning signal is issued to enter the second sub-stage, 
which performs a confirmation process to determine 
whether it is a true outbreak point or just a short-term 
fluctuation. For instance, if Ct > 0, this implies that Ct 
keeps growing up accumulatively. Therefore, Ct 
would break a given threshold at some time and 
identify a change. 

The setting of threshold is a trade-off between 
sensitivity and false positive rate. A smaller threshold 
can improve the sensitivity; however, it also brings 
more false alarms. Hence, the confirmation process is 
used to reduce false alarm rate dramatically. When the 
CUSUM signal is raised, this means, the monitored 
values might shift from one distribution to another. 
Thus we could compare these two distributions to 
determine whether it is a true outbreak. If the 
distribution has been changed since the CUSUM 
signal has been raised, we confirmed that it is a true 
outbreak. After the confirmation of the outbreak, the 
sink node starts to transmit the regulation packets 
according the classification results.  
 
Cool-down Detection: 
Here we present a forecasting model to detect the 
cool-down point as follows. 
 

ttt Q)1(PL    (7) 
  

1ttt b)1(Rb    (8) 
  

sttt S)1(TS   , (9) 
 
where L, S and b denote the level, the seasonality and 
the trend of training data, respectively. The 
seasonality is the characteristic of a time series in 
which the data experiences regular and predictable 
changes. The parameters P, Q, R and T vary according 
to the attribute of the interested data. To apply the 
forecasting, the time series of interest could be divided 
into “initialization set” and “test set”. The parameters 
are initialized with “initialization set” and trained by 
the “test set”.  After obtaining the forecasting model, 
we can forecast m periods ahead Ft+m as follows. 
  

smtttmt ForecastForecastForecastForecast
SmbLF    (10) 

 
Let Ft denote the predicted value yt of monitored 
values at time t. Let Et be the prediction error between 
Ft and yt. The CUSUM could be used again to detect a 
rapid increment of the absolute value of the prediction 
error Et. If the prediction error Et exceeds a predefined 
threshold, then a confirmation process is performed 
again to verify whether it is a true cool-down point or 
not. The confirmation process is exactly the same as 

the outbreak detection. When the cool-down point is 
confirmed, the sink node stops transmitting the 
regulation packets. Fig. 4 shows the state transition of 
the CUSUM-based detection algorithm, where Ct and 
P_Ct represent the CUSUM of the monitored values 
and prediction error respectively. future and past 
denote the averages of future data and past data. 
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Fig. 4. State transition of the CUSUM-based detection 
algorithm. 

 
 
4. Performance Evaluation 
 

In this section, several simulation results will be 
presented to demonstrate the performance of proposed 
algorithm. The NS-2 network simulator [20] was used 
to simulate a wireless network environment. The 
temperature-data traces provided by the Intel Berkeley 
Lab Dataset [4] were used as the test data on which to 
run the proposed algorithm. The data traces consist of 
temperature readings, which were regularly collected 
from 54 nodes spread around the lab, as depicted in 
Fig. 5. However, there are some missing values for a 
few of nodes in the original data traces. Therefore, the 
missing values were replaced with the average value 
from the previous and subsequent readings. The 
simulated network topology was depicted in Fig. 6, 
which consists of the sink node and 16 sensor nodes. 
The 802.11 and UDP network protocols were used as 
the simulated MAC protocol and communication 
protocol, respectively. The sensor nodes were 
assumed to have a maximum transmission range of  
25 m. 

In the simulations, every four seconds are called a 
round, and the maximum query is executed 
round-by-round, i.e., the maximum query is executed 
every four seconds. The sampling rate and reporting 
rate are set to two packets per second. Two data 
segments of Intel Berkeley Lab Data [4] were selected 
randomly as the input data in each simulation, and the 
simulator was executed 20 times to obtain the average 
results. Each data trace contains nearly 5500 
temperature values (i.e., simulation time is about  
2700 seconds). The length of Temporal Times Table is 
set to 10 to store ten historical values. 
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Fig. 5. Sensor deployment in Intel lab dataset. 
 
 

 
 

Fig. 6. Network topology. 
 
 
The Global Times Table was set to contain all 
historical data except the data recorded in Temporal 
Times Table. The weight of the past data of the 
weighted exponential moving average is set to 0.2. If 
the importance of a node i is smaller than 0.2, the 
reporting rate of the node will be set to 2/5 packets per 
second as compared to the original reporting rate. If 
the importance of a node i is between 0.2 and 0.35, the 
reporting rate of the node will be set to 2/3 packets per 
second. Otherwise, the reporting rate keeps 
unchanged, i.e., two packets per second. The 
regulation packets will be sent once the classification 
of nodes has been changed since last transmission. 
The first 50 rounds are training stage that the initial 
regulation packets will be sent after the training phase. 
When the maximum node consistently replies their 
readings to the sink node, it will result in heavy loads 
on its parent node. We adopt a simple balance traffic 
mechanism which can share these traffics among all 
possible parent nodes of the maximum node.  

Firstly, we demonstrate the basic function of HAT 
in Fig. 7. Hence, we set slow sampling rate and 
regulation rate (0.33 packet/second) with an attempt to 
illustrate the results clearly. In Fig. 7, we observed that 
at the first time unit there are only five packets 
received by the sink node instead of 16 packets. As 
mentioned previously, HAT is a double sided filter 

which can remove the values having no chance to 
compete for maximum. Thus, there are only five 
packets can break the thresholds along the path to the 
root. After the decision of maximum, the sink node 
sends a maximum designated packet to the node 
having maximum value. After receiving the maximum 
designated packet, the maximum node reports its 
readings if it has changed since last transmission. 
Thus, we can notice that the readings of maximum 
node are transmitted to the sink node continuously. 
Besides, after the first time unit, there are no other 
packets received by the sink node except the packets 
generated by the maximum node. The reason of this 
phenomenon is that the temperatures sensed by these 
nodes are decreasing. Hence, they cannot break their 
thresholds resulting in no other packets arrived at the 
sink node. 

In the following, the proposed method with these 
three adjustment strategies of reporting rate is 
evaluated. In Fig. 8, it can be seen that the reduction 
on network traffic is nearly equal using the three 
adjustment strategies. This is because that these nodes 
become maximum node frequently, as shown in  
Table 3. Hence, their reporting rates will be kept as 
normal reporting rate in order to reduce error rate. In 
Fig. 9, the three strategies obviously reduce the 
network traffic as compared with no regulation. This 
is because the sensed data of the nodes have little 
chance to become the maximum one. Accordingly, the 
reporting rate of the nodes will be reduced with an 
attempt to save energy. 

In Fig. 10, the three adjustment strategies incur 
additional network traffic at node 12 as compared with 
no adjustment. The reason why our methods generated 
more packets at node 12 is that we adopt a traffic 
balance method which can share the traffic loads 
generated by the maximum node to all of its possible 
parents. For instance, when node 4 becomes the 
maximum node, it will transmit its data values 
continuously to all of its possible parents (i.e., nodes 
10, 11, 12) instead of putting all loads on its direct 
parent (node 11). Thus, a lot of network packets could 
be avoided on the direct parent of the maximum node. 
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The same phenomenon can be observed in Fig. 11. 
Fig. 12 shows the total number of reduced network 
packets. Fig. 13 suggests that the proposed strategies 
could obtain nearly 15 % packet reduction. Among the 
three adjustment strategies, Round Basis has the 
highest percent of reduction. However, it also incurs 
the most overhead as well in Fig. 14.  

Table 3. The occurrence histogram of maximum values. 
 

Node 1 2 3 4 5 6 7 8 9 
Frequency 185 0 0 433 0 0 20 0 0 
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Fig. 7. Performance of HAT. 
 
 

 

 
 

Fig. 8. Number of packets transmitted by nodes 1-4. 
 
 

 
 

Fig. 9. Number of packets transmitted by nodes 5-9. 

 
 

Fig. 10. Number of packets transmitted by nodes 10-14. 
 
 

 
 

Fig. 11. Number of packets transmitted  
by node 15 and 16. 
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Fig. 12. Total number of network packets. 
 
 

 
 

Fig. 13. Network packet reduction. 
 
 

 
 

Fig. 14. Control overhead. 
 

 
The control overhead of Linear Regression method 

and CUSUM detection method is 41 % and 36 % as 
compared to Round Basis. After the illustration of 
packet reduction, we illustrate error rate, maximum 
error and average error due to packets reduction in 
Table 4. From Table 4, we can notice that the highest 
error rate is Round Basis. This is because that Round 
Basis reduces the most packets among the three 
regulation policies. Thus, it incurs the highest error 
rate. In addition to the error rate comparison, we 
further compare the method with traffic balance and 
without balance in Fig. 15 and Fig. 16. 

In Fig. 15, node 15 and node 16 are two nodes 
one-hop away from the sink. In Fig. 16, nodes 10-14 
are the nodes two-hop away from the sink. As can be 
seen, the reporting rate regulation combined with 
traffic balance scheme could achieve better balance 
than only reporting rate regulation methods. 
Furthermore, if we purely implement reporting rate 
regulation but not combined with traffic balance 
scheme, the extended life time of this network is 

limited. This is because that the nodes regulated to 
slow reporting rate are always the nodes with low 
probability to become maximum node. Hence, if we 
do not combine our method with a traffic balance 
scheme, the improvement of life time is limited. 

 
 

 
 

Fig. 15. Packet reduction on node 15 and 16. 
 
 

 
 

Fig. 16. Packet reduction on node 10-14. 
 
 

Table 4. Error rate Comparison. 
 

Method 
Round 
basis 

Linear 
regression 

CU 
SUM 

Maximum 
error 

0.102 0.102 0.06 

Average 
error 

0.04 0.05 0.04 

Error rate 1.34 % 0.89 % 0.45 % 
 
 

5. Conclusions 
 

The performance of the proposed algorithm was 
evaluated using NS-2 network simulator [20] and 
real-world data traces. The results indicate that the 
overall network packets are reduced to 80 % with 1 % 
data error in comparison with HAT. Besides, this 
paper also further keeps the error caused by reduced 
packets transmission below 1 %. According to our 
observation, a node will likely become the maximum 
node in the subsequent rounds once it is designed as 
the maximum node in the current round. This suggests 
that the maximum node would put heavy loading on 
its immediate parent due to continuous monitoring 
(reporting) of the maximum node. As a result, some 
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nodes in the network would exhaust their power more 
quickly than the others. In this case, the balancing of 
communication tree should be taken into 
consideration in the proposed method in the future. 
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Abstract: Faults in wireless sensor networks are a common occurrence and their accumulation can have a 
significant negative influence on the reliability of the network. Accuracy of sensory readings decreases over 
time.  We focus on detection of faults as they can be observed in sensory readings. Trace that faults leave in data 
can be used for classification of faults independently of the underlying cause. We propose a complete and 
consistent fault classification based on two aspects. The first aspect is continuity and frequency of the 
occurrence, and the second is the existence of observable and learnable patterns. The network can learn a model 
of a fault from the past behavior and patterns visible in the data. We rely on centralized and straightforward 
detection methods using neighborhood vote and time series analysis. For the full classification phase, we 
propose the use of statistical pattern recognition, specifically, decision trees and regression. Current results show 
that this method works comparatively well when applied to dense data-centric wireless sensor network. 
Copyright © 2013 IFSA. 
 
Keywords: Fault tolerance, Model learning, Wireless sensor networks, Statistical pattern recognition 
 

 
 
1. Introduction 
 

Wireless sensor networks (WSN) are deployed 
with the ultimate purpose of providing accurate data 
about phenomena or entity of interest.  Even though 
they consist of a large number of small, relatively 
inexpensive devices, WSN are capable of building 
complex systems and perform demanding tasks. 
Often, the network needs to perform in a harsh 
environment. The significantly lower intrinsic 
reliability of sensors and actuators than that of 
integrated circuits in enclosed packaging comes from 

their direct contact with the environment, as 
mentioned by Koushanfar et al. in [1].   

Ultimately, the goal of WSN is to provide 
accurate data about monitored phenomena efficiently 
over the maximum possible period. The effective 
lifetime of the network is the period in which 
network provides accurate and reliable data 
continuously. However, even if perfectly calibrated 
in the beginning, network will accumulate a number 
of faults over time, which leads to the shortening of 
the effective lifetime, as compared to the physical 
lifetime of the network. 
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This research focuses on the faults as they can be 
observed in sensory readings through the trace they 
leave in the behavior of data. The method is 
particularly well suited for dense data-centric WSN.  
Reasons behind this are redundancy and likely 
preserved spatial and temporal correlation amongst 
the readings in the relevant neighborhood.  

In particular, we are interested in the pattern of 
fault occurrences as they appear in readings of each 
sensor node. In this case, a fault is the manifestation 
of erroneous reading within the data, regardless of the 
underlying cause for this reading.  

For the detection of faults, we rely on the 
neighborhood vote and spatial and temporal 
correlation of the readings while keeping the 
assumption that there is no correlation amongst fault 
development on each node. 

One of the challenges for fault detection is a 
proper modeling of faults. Detection of faults relies 
on these models for the accuracy. We attempt to 
provide basic initial models for the detection and 
classification of faults based on the continuity, 
duration and impact of faults. Frequency and 
continuity of occurrence is the basis for the proposed 
classification of faults. The aim is to provide 
complete and consistent classification, independent 
of the underlying causes for faults, such as errors in 
calibration or packet loss. 

Amongst challenges that WSN face is the quality 
of service, where the most important aspect is the 
amount and the quality of the information that can be 
extracted at any given sink about the observed object 
or area. Fault tolerance at all levels of the network is 
a necessary trait of the required QoS, especially the 
quick recovery from a fault. 

Lifetime of a network is another crucial figure of 
merit. One straightforward definition of a lifetime is 
given as the time before a first node runs out of 
energy and stops transmitting, as defined by Karl and 
Willig in [2]. It depends largely on the energy 
consumption, and for this reason, fault tolerance 
mechanisms have to find a way to balance the energy 
cost of communication and computation. However, 
data accuracy and reliability might fail long before 
that, due to accumulated faults. This is what we refer 
to as the shorter effective lifetime in comparison to 
the physical lifetime. Goal of this research is to use 
fault mechanism to prolong this effective lifetime of 
the network. 

Analysis of related work on fault tolerance in 
WSN is discussed in Section 2. Details of the 
proposed are presented in Section 3, with results 
given in Section 4 and followed by conclusion, 
discussion and future work in Section 5.  

 
 

2. Fault Tolerance in Wireless Sensor 
Networks 
 
Fault tolerance is a fundamental requirement for 

efficient and reliable operation of WSN. In order to 

provide a quick recovery, fault latency must be low. 
This means that a network must be able to eliminate 
the effect of the fault in a short time. Some classic 
approaches rely on neighborhood vote techniques or 
data redundancy, and the existing literature covers 
them extensively, amongst others, Karl et al. and Hac 
in [2, 3].  

More recently, there is a trend towards using 
intelligent data fusion and machine learning to 
provide more flexible fault recovery; for example, 
Shell et al. propose fuzzy data driven fusion with 
statistical process control in [4]. This decentralized 
method is highly accurate and efficient for certain 
types of faults, such as noise and drift. 

Similarly, Takruri et al. propose SVR-UKF-IMM 
framework for auto calibration in [5]. It is an efficient 
method for fault detection and error correction, but it 
requires a repetition in each round of data collection. 
The presented method enables each sensor to predict 
a correct reading based on information from the 
previous cycle. Although this approach is flexible, it 
leaves the network unaware of the occurrence and 
location of a fault. The sink will never receive an 
actual reading from the sensor, only a corrected one. 
With the centralized approach, the network would be 
aware of the exact node where the fault has occurred. 

Koushanfar et al. give a detailed analysis of fault 
tolerance in [1]. Amongst other requirements, they 
state that it is preferable to develop approaches that 
require little additional computation regardless of any 
additional communication requirements as the answer 
to the common dilemma about the tradeoff between 
computation and communication. We believe that 
centralized approach to the fault tolerance 
corresponds to this requirement since it does not 
require additional communication, and it ensures 
enough computational power. Ni at al. support 
centralized in [6]. Also, they point out that any value 
exceeding a high value threshold is not necessarily a 
fault. Assumption that nodes need only to be 
correlated and have similar trends is not enough. 
Authors emphasize the role of modeling of data since 
it might provide the basis for comparison if there is a 
lack of other references. Consistent initial 
classification of faults can provide a sufficient basis 
for better modeling of faults initially, as well as 
learning models from experience. 

Ould-Ahmed-Vall et al. in [7] are concerned with 
the unreliability of Sensor readings due to noise or 
hardware failure, and they rely on collaboration 
amongst neighboring nodes. They propose two 
distributed error models, one that takes into account 
higher correlation for nodes that are closer to each 
other, and the second one that accounts for relative 
geographical distributions of the two voting quorums. 

Sharma et al. examine the prevalence of sensor 
faults in different datasets obtained from real 
deployments in [8]. Authors focus on several types of 
transient errors, such as noise, short and constant 
error. They evaluate several different methods for the 
fault detection. The conclusion is that the frequency 
of appearance varies. It ranges from 0 % - 20 % for 
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different types of errors in different datasets. In the 
end, authors conclude that the influence to the overall 
functionality of the network is significant regardless 
of the frequency of faults. Also, they believe that 
online handling of faults is an important task. Yao et 
al. in [9] support this opinion and they propose a 
straightforward approach to the online detection 
using time series. 

Approach presented here addresses fault tolerance 
in data centric, densely deployed network with 
assumed spatial and temporal correlation. For 
comparison, literature offers some interesting 
examples of different approaches in different settings, 
as seen in Tiwari and Thai, who are concerned with 
providing a fault tolerant virtual backbone as the 
routing infrastructure in [10]. Dual cluster 
cooperating scheme for data gathering network is 
proposed by Huang et al. in [11] with the advantages 
of reduced data loss and a small communication 
overhead. Also, this scheme can detect both, link 
faults and node faults. Alena in [12] reports an 
interesting application and results from a real-time 
deployment in the avionics.  

Fault tolerance is an essential part of reliable 
sensor network operation. From the extensive 
research, it is obvious that different types of networks 
and different applications pose varied requirements. 
However, to provide a satisfactory fault tolerance 
scheme, any approach should concern itself with all 
of the main aspects of fault tolerance, fault models, 
detection and diagnosis and resiliency mechanisms. 
Classical techniques, like neighborhood vote, provide 
a reliable, easy to adapt approach for detection and 
correction. However, machine learning techniques 
provide more flexibility for recognizing the type of 
faults and handling them accordingly. Also, these 
methods provide a critical difference in terms of early 
discovery of faults that occur continually over the 
prolonged period. This significantly affects the 
capability of the network for the quick recovery. 

 
 

3. Classifications of Faults  
 

The main idea of this work is relying on the fact 
that faults leave trace visible in the behavior of data.  
We maintain that this trace can be used to detect and 
diagnose faults through the observable pattern in 
sensory readings, as previously reported in the initial 
version of this paper [13]. 

Existing literature covers various criteria for fault 
classification, such as impact, source, duration or 
level of abstraction of the fault. This reflects in 
existence of numerous taxonomies of faults. In 
general, error is a manifestation of a fault inside of a 
program that can occur either at the fault site or at 
some distance. With the deeper look into this matter, 
we can say that there are some common threads 
amongst these classifications in terms of duration, 
continuity and impact of faults on sensory readings. 
This conclusion provides a basis for the proposed 

classification. 
Faults can occur in different layers of WSN. If we 

look at the location and cause of faults, most 
commonly they appear at the physical layer since 
sensors and actuators are most exposed to the 
environment and thus more vulnerable. At the 
physical layer, we can have faults such as 
communication faults or hardware malfunctions and 
energy supply problems. Since sensors and actuators 
are the most vulnerable components, at this level we 
can classify faults as: 

 Calibration systematic errors; 
 Random noise; 
 Complete malfunctioning. 
Calibration errors are probably a most common 

source of all faults since they can manifest 
themselves as a bias or a drift throughout the lifetime 
of the sensor node. 

In the middleware, focus moves towards data 
aggregation, filtering and sensor fusion, all of which 
are tasks dependent on accurate and reliable sensor 
readings. However, it is difficult to provide a fault 
tolerance at the level of a single sensor node in an 
economic way.  

Addressing faults at the application level is 
efficient, but requires a customized way of 
addressing each issue. On the other hand, this 
provides flexibility to address faults regardless of the 
resource or level in which they appear, as described 
by Koushanfar et al. in [1]. 

It is possible to consider definitions of faults from 
a different point of view and focus on the duration 
and frequency of their appearance. In this case, 
instead of a cause of fault we can classify them as:    

- Permanent faults are faults that are continuous 
and stable in time. This means that the duration 
of fault might be throughout the lifetime of the 
node, with the significant impact on the 
accuracy of data in the long run. 

- Intermittent faults are faults with occasional 
manifestations due to unstable characteristics of 
the network. They can last continually for a 
while. 

- Transient faults are reflective of temporary 
environmental impact, and most likely are not 
correlated either with other readings or with the 
historic expectations. 

Ni et al. give extensive taxonomies of faults that 
cover definitions, causes, duration and impact of 
faults in [6]. For example, calibration fault can be 
detected as the fault where the reported value is offset 
in some way from the ground truth. Bias and drift are 
primary causes of these faults. This fault is persistent, 
and it remains present throughout the deployment. 
However, data should not be discarded, since proper 
calibration formula can correct them. As opposed to 
this, faults occurring at hardware or connection level 
render data useless and should be disregarded. In a 
similar manner, spikes do not provide meaningful 
information, and data should be disregarded. The 
difference is that spikes might occur only 
sporadically, while hardware error is persistent. It 
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makes sense to keep the first node active, while the 
second should be deactivated entirely if it is not 
essential for the communication routes. 

We believe that the capability to distinguish 
between different types of faults would provide WSN 
with increased flexibility in handling faulty nodes. 
This flexibility can be achieved by learning the type 
of the fault from observations. In this way, a network 
could improve its behavior based on the study of its 
own experience. Given the goal in this work to 
recognize and classify different types of faults that 
occur on sensor nodes, we have chosen to focus on 
statistical learning, more specifically on statistical 
pattern recognition, decision tress and regression as 
described in [14]. 

The review of existing literature led us to focus 
on reliability of data-centric, densely deployed sensor 
networks, since they rely on redundancy of readings 
and suffer from frequent failures. This type of 
network will benefit the most from the proposed 
method. We have formed a classification of faults in 
sensor readings independent of the cause of fault or 
the location of occurrence, applicable in this 
situation.  

 
 

3.1. Classification of Faults in Sensory 
Readings 

 
Faults leave a trace in the data, regardless of their 

cause or the level of abstraction. This is even more 
relevant for faulty readings. This work focuses on the 
impact of faulty readings on the accuracy of the 
network; with the key idea that faults can be detected 
and classified based on the trace they leave in sensory 
readings. 

In this approach, we have chosen a data-centric, 
diagnostic approach as opposed to system view 
approach. The main difference is that in data-centric 
view there is no clear explanation for the cause of the 
fault so, it is easier to describe the fault by the 
characteristics of data behavior. In contrast, system 
view describes the type of features the fault will 
produce in the data. 

Data features are statistical in nature, and a 
confident diagnosis of any single fault may require 
the use of more than one of those features. In dense, 
data-centric, networks readings are spatially and 
temporally correlated, so statistical patterns of 
readings can be used to identify and describe faults. 

After analyzing existing classifications and 
underlying criteria, we have chosen to determine if 
faults can be recognized based on the pattern of 
behavior that they leave in the data. We propose a 
complete and consistent classification of faults in 
sensory data in terms of: 

 Continuity of the occurrence 
 Frequency of the occurrence 
 Observable and learnable pattern 
Criteria we have chosen draw from existing 

experience, and generalize and abstract existing 

criteria. They take into account duration; continuity 
and the impact faults produce in sensory readings. 
We believe that a classification based on these 
criteria is flexible and applicable to a wide range of 
sensory readings. At the same time, it decouples 
models of faults from physical characteristics of a 
network and the environment. Underlying cause of 
the error does not affect this classification, since 
different causes might produce the fault with the 
same characteristics in terms of duration and 
appearance. Also, in this work we try to focus on the 
pattern of fault occurrences on each sensor node 
separately so that every faulty node can be handled in 
an adequate manner. 

Based on the given criteria we can describe types 
of faults in this classification as follows, with sensory 
reading represented by 

 
ri+εi, (1) 

 
where εi  is the fault, an offset from the true value. 
Following that, we have:  

 
- Discontinuous faults: fault occurs from time 

to time, and does not last, meaning that the 
occurrence of εi is discrete. 

 
 Malfunction – occurrence of faulty readings 

is frequent, higher than the given frequency 
threshold, and there is no observable pattern in 
the occurrences.  

 
fr(εi ) >τ (2) 

 
 Random – occurrence of faulty readings is 

infrequent. 
 

fr(εi ) ≤ τ (3) 
 
- Continuous faults: After the certain point in 

time, a sensor returns constantly inaccurate 
readings, and it is possible to observe a pattern 
in the form of a function:  

 
εi = f (t, [1, 1,…n]) (4) 

 
 Bias – it is possible to observe a pattern in the 

fault, with the constant positive or negative 
offset value c.  

 
εi = ri +c (5) 

 
 Drift – the deviation of readings follows a 

learnable function, most likely taking a form 
of a low order polynomial 

 

0
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n
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The Fig. 1 illustrates the main concept of this 
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classification. Knowing the type of the error provides 
a network with flexibility for handling faulty nodes 
appropriately and according to their type. Random 
faults can be smoothed out through data fusion while 
malfunctioning nodes can be switched off. 
Continuous faults are more interesting and 
challenging to handle in this case.  Faults carry 
different meanings as to their ultimate interpretation. 
Some of them can have informational value while 
others can render data entirely unusable. Even though 
initial intention of this classification is to be 
independent of the underlying cause, and to focus on 
faults as they appear in sensory readings, once 
correctly classified, type of the fault could point to a 
possible cause. For example, bias would most likely 

be caused by the incorrect calibration, while 
malfunction might be caused by hardware failure. 

This classification can provide a basis for the use 
of hypothesis finding techniques in order to learn a 
function of the fault and apply that function (model) 
to subsequent readings. Furthermore, models we 
learn can be used to update a priori set models of 
expected faults for increased accuracy of detection 
and diagnosis in subsequent runs. 

The classification process is a part of a possible 
framework illustrated in the Fig. 2. This framework 
addresses a full cycle of fault tolerance mechanism, 
which includes detection, diagnosis, resiliency 
mechanisms and fault models. However, addressing 
the full cycle is out of scope of this work. 

 
 

 
 

Fig. 1. Classification of faults. 
 
 

 
 

Fig. 2. Framework for fault tolerance. 
 
 

3.2. Model Learning 
 
Generic reliable predictive models for data, 

amongst other aspects of the network, are seldom 
available. However, data modeling is vital, especially 
for the comparison in the absence of the ground truth. 
This applies to fault modeling as well. By developing 
a good set of models data can be grouped into a good 
data or either fall under one of the fault types.  

In the case of persistent faults that leave the 
observable trace in the data, we attempt to learn a 
model of the fault for each faulty node. 

Since the fault can belong to a limited number of 
proposed classes, the method relies on statistical 
pattern recognition to learn an appropriate model of 
the fault, and to apply it to the readings of a 
respective node. 

Our method proposes that network learns to 
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differentiate between good and faulty data based on 
its own experience, and thus it is not bound to the a-
priori knowledge of the ground truth. In the absence 
of this type of model learning, faults would have to 
be corrected based on less robust measures, for 
example average value. 
 
 
4. Results 
 

This work deals with the discovery of faults in 
sensory readings of dense data-centric WSN. One of 
the most significant metrics is accuracy, defined as 
the difference between resulting value and true value 
[1].  

For the detection phase we rely on a 
neighborhood vote, keeping the assumption of spatial 
and temporal correlation of readings amongst the 
neighboring nodes. This means that we expect nodes 
in the same area to measure the same phenomena at 
the same time. This assumption holds for data-centric 
densely deployed WSN, as opposed to the use of 
saving mechanisms that turn off the network interface 
opportunistically which leads to intermittent 
connectivity and the formation of a Delay/Disruption 
Tolerant Network (DTN), described by Choo et al. in 
[15]. An important characteristic of these networks is 
the lack of a simultaneous path between source and 
destination, while existing literature on routing in 
DTNs assumes that data packets are independent and 
uncorrelated with one another. 

For the method proposed in this work, it is not 
necessary to assume the existence of a good 
connectivity between the nodes in the same area. 
Nodes are capable of clustering based either on the 
recognition of a nearby neighbors or an in-built 
detailed knowledge about the network layout, both 
physical and relational. It is important to note that 
communication reach is not enough to define 
neighboring nodes, and that physical proximity plays 
a crucial role in defining a neighborhood that will 
produce correlated readings. 

Every fault tolerant system has to decide between 
connectivity and communication overhead. Some of 
the existing work shows good results with on-node 
fault correction, with the benefit of flexibility and a 
quick response. On the other hand, this approach can 
cause a significant loss of information about a node's 
behavior. The network would always have to rely on 
corrected readings based on the prediction instead of 
on actual readings. In the centralized approach, the 
network becomes aware of the behavior of each node. 
When the network is capable of recognizing the type 
of fault, it can correct the readings and handle the 
node accordingly. Centralized approach does not 
cause any increase in communication overhead and 
provides sufficient resources for potential heavy 
computation requirements. 

 
 

3.2. Dataset Experiments 
 
Initial experiments have been conducted on the 

well-known Intel Berkeley laboratory dataset [16, 
17]. An indoor network consisting of 54 nodes over 
the period of six months produced this dataset. It 
provides data on time and epoch of measurements, 
temperature, humidity, light and voltage. Dataset was 
split based on the location of sensor nodes, for 
example, a group of nodes with id 44 - 48. 

In the first step, we analyze collected data in the 
time series to discover any discrepancies that might 
indicate the existence of faults.  We are using 
statistical features of data for this purpose. For the 
initial calculations we rely on calculating the median 
of the group for the each epoch and chosen 
measurement, e.g. temperature 

 
r~}r{

2
1ij   (7) 

 
Median is chosen over the average as a more 

robust metrics. It is less likely to change drastically if 
extreme spikes in measurements occur on some of 
the nodes. 

The difference between the reading and the 
median is calculated for each node, within the given 
tolerance rate: 

 

iijij rrr ~~    (8) 

 
Tolerance rate largely depends on characteristics 

and the intended application of the network. For most 
of the experiments we have set it to τ=0.2, or 20 % 
margin. 

For the further analysis we use standard deviation 
and variance 

 

  


 n
11

2
i

2 )r~r(
1n

1
s  

2s  

 
(9) 

 
(10) 

 
Fig. 3 shows initial results of this analysis. High 
variance is indicative of inaccurate date. We can see 
in the time when the faults started to develop and 
indicate that the effective lifetime of the network is 
over, much sooner than the physical lifetime. Also, 
here we can see that temperature and humidity 
measurements might be highly correlated. It might 
indicate that the node is becoming unreliable entirely. 

Since we propose the use of a limited number of 
fault classes based on a small set of classification 
criteria, decision tree approach for pattern 
classification is a well fitting algorithm [18]. We can 
see this tree in the Fig. 4. The simplified algorithmic 
outline of the process is given in the Algorithm 1. 
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Fig. 3. Development of faults, and the end of the effective lifetime of the network. 
 
 
 

 
 

Fig. 4. Decision tree for the classification of faults 
 
 
 

 
 

Fig. 5. Development of faults on specific node. 
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Much of the work in designing trees focuses on 

deciding which property test or query should be 
performed at each node. For this end, we have used 
MATLAB Treebagger function to run through 
various models of trees. This allows us to try many 
combinations and models of trees in a short time. 
Which combination will be suitable for a specific 
data set depends on many factors, and detailed 
discussion of this process is out of the scope of this 
paper. 

Finally, in Fig. 5, we can show at which point of 
time and which node has developed a drift with high 
probability.  

Our experiments on dataset show around 15-20 % 
occurrences of faults within the test data, which is 
consistent with other related experiments on the same 
dataset, for example in [8]. The method was able to 
correctly detect faults in approximately 90 % of fault 
occurrences. These results are average from several 
runs on the same dataset. Minor differences occur 
due to the nature of Treebagger function, which splits 
data into training and test set differently in each run. 

Since experiments are conducted on already 
collected dataset, there is no possibility to actually 
handle a faulty node in an adequate manner. Given 
the historic nature of collected data, it is not possible 
to affect the behavior of the network. Further analysis 
requires experiments on simulated or deployed 
network.  

 

 
3.2. Simulation Experiments 

 
In order to overcome limitations of the dataset 

experiments, we have proceeded to develop a 
simulation with the similar experiment flow. 
However, the simulation suffers from some 
limitations, as well. Most significant one at the 
moment is that nodes will almost invariably return 
the correct reading and they will not develop a fault 
naturally. In order to overcome this limitation, it is 
necessary to inject a fault into a node. This is done at 
random points in time, when a different type of fault 
is injected to a randomly chosen node. Runs with and 
without active fault tolerance are then compared.  

Two most important requirements for the 
simulator have been the capability to run a high level 
application and an adequate simulation of the 
phenomena. SIDnet SWANS [17] provides both, 
along with other convenient features, such as 
interactive tool and extensible library. 
Implementation of learning algorithms relies on the 
Java Machine Learning Library [19]. 

We have compared simulations of indoor and 
outdoor deployments. The Fig. 6 shows examples of 
indoor and outdoor deployments. Indoor deployments 
have bees a small-scale of 30-50 nodes with the grid 
layout on the small field (up to 100*100m). For the 
best approximation of indoor conditions with high 
number of obstacles, Rayleigh fading model has been 
used. Simulation of the outdoor settings included 
200-500 nodes randomly distributed on larger fields 
starting from 1 km2. The Fig. 6 also shows the one-
hop neighbors in both settings. If we compare the 
one-hop neighbors to the actual phenomena values on 
the grid displays, it confirms that the relevant 
neighborhood cannot be based only on the 
communication proximity, but has to rely on physical 
proximity. Only in that case we can preserve spatial 
and temporal correlation necessary for the successful 
application of the proposed method.  

Fig. 7 shows the difference in variance before and 
after the method has been applied. We can see that 
fluctuations in variance start later and it stays stable 
for a longer period of time. In this example, effective 
lifetime of the network has been prolonged for nearly 
18 %, or about 3 days. It can be argued that this is 
only as compared to the first occurrence of the 
variance fluctuations, but if we look at the stability 
and the smaller difference, reliability of the network 
has been preserved for much longer. 

Finally, in Fig. 8 we show accuracy of the 
detection, classification and model learning process. 
Accuracy ranges between 86 % and 97 %, depending 
on the deployment setting, type of the fault and 
exemplary run of the method.  
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(a) Display of the grid layout on the phenomena. 
 
 

 
(c) Display of the random layout on the phenomena. 

 
 

  
 

(b) Grid display of the phenomena map. 
 

(d) Random layout with the grid display of phenomena. 
 

 
Fig. 6. Examples of indoor and outdoor deployment simulations. 

 
 
 

 
 

Fig. 7. Decrease in variance after the application of fault tolerance method. It indicates prolonged effective lifetime  
of the network. 
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Fig. 8. Accuracy of the detection and classification 
 
 

4. Conclusion and Future Work 
 

In this work, we focused efforts on discovering 
faults in sensory readings within a data-centric dense 
wireless sensor network. The focus is on the pattern 
of the occurrences of the faults on the node, 
regardless of the underlying cause. 

Key idea is a classification of faults based on 
frequency, continuity and observable pattern in 
sensory readings. This is based on the conclusion that 
classification criteria used in literature have common 
threads in the context of duration and impact of 
faults. Also, faults manifest themselves in the 
behavior of the data through certain observable 
patterns. 

We keep the assumption of spatial and temporal 
correlation between sensor readings. Also, we use 
centralized approach in order to ensure computational 
power with low communication overhead. In this 
way, the network is aware of when and where faults 
have developed, and it can handle a faulty node 
accordingly. 

Statistical pattern recognition using decision tree 
method and classification work comparatively well 
for the data-centric and dense networks. However, if 
we cannot assume density or spatial and temporal 
correlation of readings, this method is insufficient. It 
requires further development of a priori fault 
modeling to provide a basis for comparison of correct 
readings against faulty readings. 

Providing an economic way of handling faults at 
the level of a single sensor is difficult. We believe 
that proposed classification, together with the fault 
model learning, provides a way to combine benefits 
of the centralized approach, such as bigger 
computational power with the flexibility of on-node 

correction. The network would be able to recognize 
fault on each node, handle it appropriately and keep 
the communication overhead low. 

We have conducted initial experiments on Intel 
Berkeley dataset. So far they confirm that the method 
has a potential for flexible handling of faults in WSN. 

Given the limitations of historic data in terms of 
showing the actual effect on networks behavior, we 
have included simulation experiments based on a 
similar premise as given dataset. In addition to indoor 
deployment, we have included the simulation of 
outdoor deployment, and compared results. 

Both experiments confirm that the method is 
applicable and efficient in dense data-centric wireless 
sensor networks. However, it has certain limitations. 
This includes the necessity to maintain spatial and 
temporal correlation amongst readings in neighboring 
nodes and implies the necessity for physical 
proximity. Another limitation is found in the drift 
model. Currently this model is limited to the 
polynomial form. One direction of future work might 
include expansion of the method to be able to 
recognize other functions that might reflect the 
pattern of the fault. 

Another direction for future work might focus on 
a priori fault modeling and inclusion of developed 
models in the detection and classification phase. This 
would allow for lesser dependence on neighboring 
nodes and stable connectivity. 

To ensure the continually reliable operation, 
WSN has to be capable to address the full cycle of 
fault tolerance, which includes recognition of a faulty 
node, elimination or counteracting of its readings and 
self-calibration where applicable.  

In order to confirm our conclusions further and 
gain additional insight into the behavior of the 
proposed model, we intend to deploy a small-scale 
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indoor test bed. We expect that this phase of the 
experiment will provide additional knowledge about 
the factors that could influence both the efficiency 
and applicability of the method, as well as point out 
the different requirements for different settings. 

We believe that proposed method is viable for use 
in dense data-centric network setting with assumed 
good knowledge of network's topology. More 
importantly it provides a basis for further 
improvements and development of a complete 
scheme for self-repairing wireless sensor networks, 
which is the ultimate goal of the ongoing research. 
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Abstract: Time-critical applications of Wireless Sensor Networks (WSNs) demand timely data delivery for fast 
identification of out-of-ordinary situations and fast and reliable delivery of notification and warning messages. 
Due to the low reliable links in WSNs, achieving real-time guarantees and providing reliable data is quite 
challenging. Reliable data dissemination is traditionally performed by applying error control mechanisms. 
However, these mechanisms are not always suitable for time critical applications of WSNs, in which packet 
burst loss occurs.  

In this paper, we compare different error control schemes in terms of their reliability, energy efficiency and 
real-timeness guarantees to assess the appropriateness of each method facing different conditions. Additionally, 
we introduce and evaluate an enhanced version of a real-time error control scheme, called READ-MN, in terms 
of its Quality of Service (QoS) guarantees. Copyright © 2013 IFSA. 
 
Keywords: QoS, Reliability, Real-timeness, Error control, Energy efficiency, Duty cycle, Wireless sensor 
network. 
 
 
 
1. Introduction 

 
Wireless sensor networks are one of the 

promising technologies for monitoring applications 
such as structural health monitoring. Monitoring 
operational performance of large linear civil 
engineering (infra)structures such as bridges, tunnels, 
and highways restricts sensor network deployment to 
long stretch of narrow and elongated spreads. As the 
length of these (infra)structures is often much greater 
than their width, their topologies resemble a long 
chain. The elongated area of interest may extend 
from a few tens of meters to a few hundreds of 
kilometers in length. Long linear chain-type sensor 
networks have often a large number of hop counts. 
To operate for a long time, they usually need to work 

on a low duty cycle. The large number of hop counts 
challenges existing data dissemination protocols 
already designed for WSNs, while the low duty cycle 
introduces extra delays.  

Time-critical applications highly depend on the 
availability of real-time data as in these applications 
data is not valuable if it is received after its Time To 
Live (TTL). Outdated data is not only useless but 
may also be harmful as it may have negative impacts 
on the decisions made by providing invalid 
information. Moreover, transmitting expired data 
depletes the energy of relaying nodes inappropriately. 
Due to the harsh transmission environment, providing 
real-time guarantees and data reliability in WSNs is 
quite challenging. Most of existing real-time 
algorithms applied networks other than WSNs 
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assume network is reliable and packets are not lost 
because of unreliable links. Therefore, they cannot be 
directly applied to WSNs. The higher the packet loss 
due to unreliable links, the lower the performance of 
a real-time WSN. 

Reliable data dissemination is traditionally 
performed by applying error control protocols, which 
could provide an adequate degree of quality even in 
the presence of errors. There are two key error 
control strategies in WSN for maintaining reliable 
communication over noisy channels. The first one is 
Forward Error Correction (FEC) [1], which relies on 
transmission of redundant data to allow the receiver 
node to reconstruct the original messages. The 
second strategy is Automatic Repeat Request (ARQ) 
[2], in which high-rate detection codes are normally 
used and a re-transmission is requested if the 
received data is found to be erroneous. In other 
words, ARQ tries to retransmit the lost or erroneous 
packets, while FEC adds some redundancy to the 
original message to be able to recover the lost or 
erroneous packets. The main disadvantage of ARQ is 
that it wastes time waiting to receive ACKs, which in 
turn leads to low throughput. FEC, on the other hand, 
imposes a permanent bandwidth overhead for the 
redundant information regardless of the channel 
condition. Additionally, FEC is designed to tolerate 
the expected worst-case error rate and it is not robust 
enough to handle packet burst loss, which is likely to 
occur in wireless links. FEC is often used in the 
networks, in which errors tend to modify just a few 
bits at a time but it cannot guarantee full reliability in 
networks with high error rates unless it is coupled 
with ARQ. The scheme combining ARQ with FEC is 
called Hybrid ARQ (H-ARQ) [2], which is an 
approach aiming to recover from lost or erroneous 
packets for near real-time communications. H-ARQ, 
however, cannot assure a delay bounded 
transmission. 

Motivated to overcome the drawbacks of error 
controlling schemes and make them suitable for the 
unreliable and delay bounded transmission, in this 
paper we introduce a new error control scheme, 
which unlike existing techniques combines real-time 
and reliability guarantees for each packet and 
increases hit ratio (the percentage of the packets 
received by the base station before their deadline 
expire). To deal with the energy consumption and in 
order to enrich data, we utilize data aggregation on 
the intermediate nodes as far as it does not influence 
packet deadline. The packets that are more likely to 
not reach the Base Station (BS) within their TTL are 
dropped in order to save energy of the intermediate 
nodes. Moreover, duty cycling is employed to make 
sensor nodes capable of operating for a long time.  

The rest of this paper is organized as follows. 
Firstly we briefly discuss the state of the art in 
Section II. Then some preliminaries of this study will 
be presented in section III, followed by detailed 
description of the READ, READ+, READ-MN. 
Performance evaluation will be presented in Section 
IX, while we draw some conclusions in Section X. 

2. Related Work 
 
2.1. Reliable and Real-time Data Aggregation 
 

Several data aggregation protocols have been 
proposed for WSNs in the past. However only a very 
few of them consider both reliability and timeliness 
and aim to ensure them simultaneously. Real-time 
guarantees are usually provided through either real-
time scheduling or real-time routing. SPEED [4] is a 
well-known protocol addressing soft real-time 
guarantee in WSNs in such a way that packet 
deadline is mapped to a velocity requirement. The 
node with a velocity higher than a specified 
requirement is more likely to be chosen as the 
upstream node. MMSPEED [5], which is an 
enhanced version of SPEED, aims to meet reliability 
and timeliness requirements together while utilizing 
multipath routing to handle reliability such that 
number of paths is in direct proportion with the 
required reliability. Timeliness is supported by 
combining the SPEED idea with packet prioritization, 
which is done on the basis of the required speed for 
each packet. R2TP [6] uses a reliable and real-time 
data dissemination, in which reliability is satisfied by 
sending several copies of one packet through multiple 
paths such that sum of the reliability of the 
considered paths is equal or higher than the requested 
reliability. The packet is dropped by the intermediate 
nodes if the elapsed time of a given node is greater 
than the delivery time requirement. Otherwise, it 
forwards that packet through multi paths using the 
given node’s table, which stores the delay of different 
paths. Soyturk et al. [7] present a reliable data 
acquisition approach for time-critical application of 
WSNs. Reliability is provided similarly to techniques 
of [5, 6] leveraging multipath approach, while real-
time concern is supported by prioritization of the 
packets. This technique, therefore, deals with the 
priority scheduling in order to handle queuing delay, 
which is the main cause of making end-to-end 
latency. Almost all of the aforementioned approaches 
support reliability by sending several copies of a 
packet through different paths. To the best of our 
knowledge, there is no well-explored work to address 
these two quality of service (QoS) parameters, i.e., 
reliability and timeliness together in a chain-based 
WSN, in which only one (or a few) path(s) can be 
established between source and destination nodes. 
Moreover, since approaches of [5][6] are proposed 
for data dissemination rather than data aggregation, 
they must employ other methods to filter out 
redundant data in case of availability of duplicate 
sensitive aggregation functions like sum or average. 
QoS-ACA [3] aims to fast, reliably, and energy 
efficiently aggregate data in a chain-based WSN and 
send the aggregated value to a BS. To ensure 
reliability, it leverages the benefits of retransmission 
without using any acknowledgement. It utilizes the 
optimum number of retransmissions to ensure the 
required reliability. It also considers the residual and 
required energy of each sensor node and the distance 
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between node and the BS as two main criteria to 
select a node as an aggregator. However, it does not 
guarantee delivery of a packet to the BS within its 
deadline. 

 
 

2.2. Error Control  
 

Wireless networks often apply error control 
mechanisms as wireless channels can be easily 
affected by unpredictable factors such as weather, 
obstacles, shadowing, and mobility. ARQ and FEC 
are two main error control approaches often used. 
Generally speaking considering the way 
retransmission takes place, there are three types of 
ARQ protocols, namely, stop-and-wait (S-W), go-
back-n, and selective repeat [1, 2]. Stop-and-wait is 
the simplest version of ARQ, in which the sender 
transmits the packets, stops, and waits (idling) for an 
acknowledgement (ACK) or Non-acknowledgement 
(NACK) from the receiver before it continues with 
further transmissions. The idling time waiting for 
receiving the acknowledgement makes this scheme 
inefficient. The advantage of stop and-wait ARQ is 
that it only requires a half-duplex channel. As go-
back-n and selective repeat are continuous in ARQ, 
they require a full duplex channel because 
packets/codewords are sent continuously until a 
NACK is received. In addition to the 
acknowledgement overhead and the need of return 
channel, losing ACK or NACK packets which is 
more likely to occur in unreliable WSNs contributes 
to inefficiency of ARQ. Almost all existing ARQ 
protocols assume the acknowledgement packets are 
never lost, which is an unrealistic assumption for 
WSNs. If the acknowledgement packet is lost or 
becomes erroneous due to link/network failure, 
sender continues sending copies of the received data 
even if data is already received. This leads to high 
energy dissipation and wasting bandwidth. If NACK 
packets are lost, sender will never be informed about 
erroneous or loss packets and thereby the reliability 
cannot be ensured. FEC is another error control 
approach performed by adding redundancy to the 
transmitted information using a predetermined 
algorithm. There are different FEC encoding schemes 
utilized to mathematically generate parity data from 
source data. Each FEC scheme has a different 
complexity level and different error recovery 
efficiencies. The simplest way to generate parity is 
the use of exclusive OR (XOR) [8], which generates 
one parity for specific amount of original data. The 
XOR encoding has very low processing complexity 
but it can only repair a single codeword/packet loss in 
a transmission group. Reed-Solomon (RS) [8] code is 
a famous technique to generate multiple parities for 
each transmission group in order to provide better 
and efficient protection against losses. This better 
flexibility rather than XOR of FEC approach comes 
at the expense of higher processing and memory 
usage. FEC functions well in presence of random 
packet loss but it is not robust enough to handle 

packet burst loss, which is likely to occur in wireless 
channels. A drawback of FEC is that regardless of 
information correctness, the decoded information is 
always delivered to the destination. As the basic FEC 
cannot be adapted for time-varying channel states, a 
fixed coding scheme is chosen to encode some 
information packets. By doing so, bandwidth is 
wasted in case of low error rate of the channel as 
there is no need to have the redundant information. 
ARQ approach, on the other hand, is suitable in case 
of having return channel which may not be available 
and also works well for the delay tolerable 
applications such as file transfer. The main advantage 
of ARQ over FEC is that it has a simpler decoding. 
All in all it can be said that although compared with 
FEC, ARQ can provide higher reliability, it wastes 
more time for receiving ACKs. This results, in turn, 
in higher delay and makes ARQ not suitable for delay 
constrained data dissemination. 

To address above challenges, an error control is 
needed which is able to (i) shorten the delay of the 
ARQ; (ii) alleviate the impact of lost 
acknowledgements, (iii) maintain the reliability of 
ARQ; (iv) ensure energy efficiency, and (v) 
guarantees packet delivery before their TTL expires. 

 
 

3. Preliminaries 
 

3.1. Quality of Service Parameters 
 
3.1.1. Real-timeness 

 
An increasing number of WSN applications 

require real-timeness as their QoS parameter. 
Applications may have one of the following four 
notions of time: 
 Time-unrestricted: which indicates no dedicated 

deadline exists and application at hand is not 
time critical; 

 Soft Real Time (SRT): based on which the 
usefulness of a packet received after its deadline 
decreases, which in turn results in a graceful 
degradation of the performance. SRT-based 
approaches aim to reduce deadline miss ratio of 
the packets and are common in WSNs because of 
the unpredictability nature of these networks; 

 Firm Real Time (FRT): on which, the usefulness 
of a packet received after its deadline is Zero. 
FRT methods can tolerate infrequent deadline 
misses; 

 Hard Real Time (HRT): HRT applications highly 
rely on receipt of all packets before their 
deadline ends. 
 

3.1.2. Reliability 
 
Another QoS parameter requirement of many 

WSNs applications is reliability. One commonly used 
approach to ensure reliable data delivery in a failure 
prone environment is sending several copies of one 
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packet from a single source node towards the 
destination node. To know whether data is received 
by the destination, one of the following techniques is 
used: 
 Sending an acknowledgement: in this technique 

if the acknowledgement packet is lost due to 
link/network failure, source node continues 
sending copies of the received data, which leads 
to high energy dissipation; 

 Sending multiple copies without sending any 
acknowledgement: although this approach 
reduces the acknowledgement overhead, it 
requires a solution to ensure data reach to the 
destination after sending n copies of a packet. 
 
 

3.1.3. Energy Efficiency 
 
Energy efficiency has the highest priority in 

WSNs to ensure long network life time. As one of the 
most energy-expenditure operations is transmitting 
data, each sensor node often turns its radio off and 
goes to asleep state most of the time to obtain 
significant energy saving. In a duty-cycle-based 
power management scheme, each sensor node goes to 
sleep and wakes up periodically. The proportion of 
the time that each sensor node spent in sleep mode 
has direct impact on the data delivery delay, packet 
loss, and throughput. The shorter the duty cycle, the 
lower the event detection probability and the longer 
detection delay. In a scheduling scheme, a sensor 
node is allowed to switch between three operation 
modes: 

 Sleep mode: which results in low power 
consumption. In this state the radio of a node 
is turned off but the sensors may be 
operational; 

 Active mode: which itself includes two 
operational states: receiving state (RX), and 
transmitting state (TX); 

 Idle state: in which radio is ready to receive or 
transmit data. According to the conditions, the 
radio is changed to the appropriate active 
state. 

Fig. 1 presents the state diagram illustrating the 
main states of the radio and the ways state transitions 
occur. Once the sleeping time (TS) is over, the radio 
must undergo a transition to idle state. On the other 
hand, the radio of a node must be switched off as 
soon as the active time (TA) is finished. It is worth 
noting that these four states have different levels of 
energy consumption, which differ from one radio 
model to another. 

 
 

4. Network Model 
 

We make the following assumptions regarding the 
WSN. The WSN consists of N sensor nodes deployed 
in a linear topology and one BS is located at the end 
of the chain. As each chain should have a chain 

leader through which sensor data is forwarded to the 
BS, the role of being leader rotates among sensor 
nodes considering some criteria, which will be 
explained later. In case of not being a chain leader, 
sensor nodes can only communicate with their direct 
neighbors, hence the power level of them is adjusted 
by taking the distance to the closest upstream 
neighbor into account. The location of sensor nodes 
and the BS are fixed and are known a priori. We have 
chosen for this network model as this is the case in 
many structural health monitoring applications, in 
which sensor nodes are placed at known and fixed 
locations of a bridge, for instance, at critical locations 
in a long linear array form and send their data 
periodically or upon detection of abnormal situations 
via relaying their data to neighboring nodes to the 
BS. Our network has a three-tiers architecture in 
which the first tier includes regular sensor nodes, the 
second tier includes chain leaders, and the third tier 
includes BS. It is clear that such hierarchical 
architecture can be easily expanded to include more 
chain leaders in the second tier and more BSs in the 
highest tier for a long range chain-type sensor 
networks (Fig. 2.). Additional tier can also be added 
between chain leaders and BSs based on specific 
application need. Therefore, the proposed 
architecture is easily scalable to increase the size of 
the network. In this case, the size of the network 
corresponds to the length of an elongated topology. 
Without loss of generality, in this study we assume 
that there is only one chain leader (in the second tier) 
and one BS (in the third tier). Managing second and 
third tiers has been explained in detail in [3]. 

 
 

 
 

Fig. 1. State diagram for radio states. 
 
 
Every sensor node in a chain must send its data to 

its upstream neighbor, which is selected in the chain 
construction phase. Intermediate nodes along the path 
to the chain leader aggregate the data received from 
the downstream nodes with their own data (if any) 
and forward the local aggregated value towards the 
chain leader. The chain leader, also called the 
aggregator, must perform final aggregation on the 
data received from two sides of the chain and then 
forward the result to the BS directly. 
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To motivate the need to address both data reliability 
and real-timeness in our protocol, let us consider the 
network illustrated in Fig. 3., which consists of six 
sensor nodes such that one of them is selected as the 
chain-leader and a packet, whose TTL is 10 s, should 
be forwarded from S0 towards the leader. Let us 
assume that time required to deliver a packet from S0 
to the leader is 3 s and from the leader to the BS is 1s. 
Clearly, this packet will be received by the BS after 4 
s. This implies that 6s from its TTL is remained, 
which can be exploited to achieve higher network 
performance. We can spend this time for either (i) 
increasing aggregation degree of the leader 

or (ii) improving transmission reliability of the 
network. If the network has high reliable links and it 
is almost guaranteed that the packet is received by 
destination through the first transmission, it is better 
to spend this remaining time for the aggregation 
process and to increase aggregation degree of the 
leader. In this case, leader can put the received packet 
on hold and perform aggregation on other packets 
which are on the way and will be received within 
limited time duration of the waiting packet. The 
remaining TTL time can also be used to improve 
transmission reliability by utilizing a retransmission 
mechanism and sending several copies of the given 
packet. This is particularly useful when network 
suffers from packet loss.  

 
 

 
 

Fig. 2. Three-tiers architecture model. 
 
 

 
 

Fig. 3. An example of a chain based network. 
 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 188-202 

 193

5. An Overview of READ 
 

To eliminate the delay and transmission 
overheads introduced by acknowledgements in ARQ, 
we aim to assure reliability by sending multiple 
copies of one packet without sending any 
acknowledgement. Even though this approach 
reduces the acknowledgement overhead and delays, it 
requires a solution to ensure data to reach to the 
destination after sending some copies of a packet. 
QoS-ACA [3], which is an approach to guarantee 
reliability by sending several copies of one packet, 
estimates the optimal number of retransmissions for 
each link based on the requested reliability of the 
application and packet loss rate of the given link. 
However, QoS-ACA does not care about real-
timeness and only aims to ensure high reliability for a 
delay tolerable application. Thereby, we cannot 
utilize this approach and we require to estimate 
number of copies for each link having reliability of 
the links in mind while keeping an eye on the packet 
TTL. Since receiving a packet after its deadline is not 
only useless but also depletes energy, it is highly 
preferable to drop such packets to prevent wasting 
energy of the intermediate nodes relaying the packet. 
A key question here is how to assign the remaining 
TTL of a given packet to relaying nodes for their 
retransmission or in another word, for how long a 
packet can be delayed on the intermediate nodes so 
that the reliability gain and on-time end-to-end 
delivery ratio can still be maximized. We answered 
this question by introducing READ [9] that is a fair 
and simple heuristic which allocates the available 
packet TTLs proportionately to the packet loss 
probability of the links along the forwarding path to 
judiciously and fairly uses the packet TTLs on 
intermediate nodes in such a way that reliability gain 
and on-time end-to-end delivery ratio are maximized. 

 
6. A Detailed Description of READ 

 
READ starts with chain construction using 

PEGASIS algorithm proposed in [11]. In a given 
chain, one node must be selected as the leader in 
order to do the final aggregation and to send the 
aggregated local-view data stream to the BS. Two 
QoS parameters, i.e., reliability and energy 
consumption as well as two assigned weights will be 
considered to make different criteria for electing a 
leader. To this end, we introduce the following 
equations: 
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where S  represents a set of sensor nodes, which are 
able to directly communicate with the BS and 
CL represents the candidate leader. The hop-by-hop 
reliability (HHR) between two sensor nodes will be 
obtained using  

 
),(1),( 11   iipktlossii SSpSSHHR .  

 
By having the hop-by-hop reliabilities, BS must 

evaluate the appropriateness of each member of 

S  to be an aggregator. To this end, BS first 
calculates the end-to-end reliability from each sensor 
node to the designated leader by employing equation 
(4). At the second step, BS finds the benefit of each 
candidate leader in terms of reliability ( RB ) by 
averaging sum of the end-to-end reliability of each 
sensor node to the designated leader using equation 
(3). This selection ensures the maximum reliability 
that this chain can provide. BS also finds the benefit 
of each candidate leader in terms of prolonging 

lifetime ( EB ) using equation (2) where )SRsdEg( i  

denotes residual energy of 
iS  , )SIniEg( i is initial 

energy of iS   and )SRqEg( i  denotes the required 

energy of iS   if being selected as the leader. After 

finding all the benefit values in a chain, BS selects 
the sensor node, which provides the maximum 
benefit as the leader for a given chain using equation 
(1). The higher the benefit value of equation (1), the 
higher the probability of being selected as a leader. 
Due to application specific nature of WSN, different 
applications have different requirements. Therefore, 
assigned weights (w) to each QoS parameter of 
equation (1) can be changed in order to satisfy the 
application requirements.  

BS is responsible to find out the packet loss of 
each link by looking at the packet loss statistics 
reported by the neighboring node of each node in 
order to well and fast adapt the portion of each node 
from TTL of the packet based on the last reported 
links state. For doing so, each sensor node by 
comparing the sequence number of the packet (or 
packet copy) receives from its downstream node with 
the one expects to receive could easily calculate the 
packet loss of its adjacent link. Afterward, each 
sensor node puts its view about its adjacent link 
situation along with the data it must relay, in a packet 
and sends it toward the BS. BS makes a packet 
conveying the new portion of each node after finding 
the last situation of the links quality based on the new 
link reliabilities and sends it to the leader who must 
send it as well as to all nodes on both sides of the 
chain and inform sensor nodes about their new 
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portion of the TTL. Each node receiving this packet 
picks its portion and then forwards the packet down 
to the adjacent neighbor as long as the neighbor node 
receives it. 

To find out optimal number of copies which must 
be sent through each link, we follow the following 
steps: 

As we consider duty cycling in order to save 
energy we should take sleeping times, which greatly 
influence remaining TTL of the packet, into account. 
We assume that the duty cycle of the node is in such 
a way that if one node sends the first copy of the 
packet to its upstream node, that node is awake at that 
time but it is likely that the upstream node goes to 
sleep mode before finishing transferring all copies of 
a given packet. Therefore, we first should find the 
number of time slots in one awake time period ( Sn ) 

by having transmission time (TT) of one packet and 

awake time period (AwT) using 
TT

AwT
ns   . It is 

worth noting that having duty cycle (DC) and toggle 
period (TP), the (AwT) can be calculated easily using 

DCTPAwT  . 
Then we need to calculate number of time slots 

that each packet requires (rS ) to be able to transmit 
all its copies along the path towards the BS. As we 
are allowed to send (or receive) each copy of one 
packet in one time slot, the number of time slots 
corresponds to the number of copies. Therefore, 
having required time slots for a given TTL is enough 
to know the number of copies, which must be 
transmitted to increase reliability while TTL 
requirement of the packet is met. To find (rS ), first 
we need to calculate the number of required awake 
cycle (nRc) to transmit all copies through different 
nodes, using equation (5) while (AsT) represents the 
time when the node is in sleep mode. 

 

AsTTTns

TTL
nRc


 , (5) 

 
where DC)-(1TPAsT  .  

Each time slot for a given node represents one 
receipt/transmission for that node. Leveraging 
equations (5) and (6), required time slots (rS) for the 
given packet are calculated. 

A given source node can calculate the TTL of a 
packet in terms of time slots using equation (7). 
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where (rT) denotes remaining time of the packet after 
using nRc awake cycles to transmit copies. Then, the 
optimal number of sent copies for node Sj to meet 
deadline requirement of the packet by considering the 
packet loss probabilities of the upward links can be 

obtained by BS using equation (8). The first term of 
the right part of equation (8) (

jn ) represents the 

portion of (
jS ) from remaining TTL of the packet. 

The second term of equation (8) ( RqRL
SSPL jj
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an upper bound for the number of packet copies for 
each link only by looking at the packet loss rate of 
the given link and the reliability requested by the 
application. 
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1iS   represents the upstream node of Si in the chain, 

PL(Sj, Sj+1) denotes the packet loss between  Sj and 
Sj+1, LID is leader identification in the second tier, nj 
represents the number of copies of a given packet 
which should be transmitted by the node Sj and RqRL 
is the requested reliability by the application for the 
links. Each sensor node upon receiving a packet must 
also update remaining or left time slots (lSj) of the 
packet employing equation (10), using which 
required time slots to send C copies of a packet from 
one node to its upstream node is subtracted from the 
available time slots of the packet. As we do not know 
which copy is received first, upstream node can 
easily recognize C by looking at the copy number of 
the packet. 

Applying this equation for a long chain where 
more than one chain leader is located in the second 
tier as shown in Fig. 2, a few modifications should be 
made which results to the following equation: 
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The first and second terms in the denominator, 

which are the modified parts, show the EER in the 
second tier between the leader of the given chain 
( LIDL ) and BS, while kL denotes the leader ID in the 

second tier, 1kL   is the upstream leader of kL and 

LastLL is the closest leader to the given BS . 

Fig. 4. shows the psuedocode of READ protocol. 
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Initialization 
1. Construct chain using PEGASIS 
2.  Find }|{ BSofrangeonCommuicatiinisSSS ii  

3. }1&|{ EquationsatisfybestSSSLeader ii 
 

4. Duty cycling schedule; 
5. }|{ TTLfromSofportionisptnptnPtn ii

i
i   

6. 
LIDS

LIDPtn
BS  

),(  

7. 
1,1

),(
  LIDSLIDS

LIDPtn
SLID

 

8. iS receives ),( LIDPtn  

9. Repeat {  
Repeat {

iS sends ),( LIDPtn   

               } until (
1iS  receives ),( LIDPtn )  

1 ii  and go to step 9}  
until (

iS receives ),( LIDPtn ) 

 
READ Protocol 
1. if (event detected by iS ) 

        
iS calculates in using equation 11 

2. if (( LIDSi  )) { 

a.  Repeat {} until ( AwakeSState i  )( 1
) 

b. 0intCopiesnumberofSe  

c. Repeat {  
1

)(
  ii SiData

S    

intCopiesnumberofSe  

d. } until (( AsleepSState i  )( 1
) or  

(
ii nntCopiesnumberofSe  )) 

e. if ( ))((( 1 AsleepSState i  ) and  

(
ii nntCopiesnumberofSe  )) 

               {Repeat {} until ( AwakeSState i  )( 1
);  

                Go to step 2.b }}  
3. else if (( LIDSi  )) {  

a. ;1 BSSi   Run step 2.b to 2.d  

b. if (
LIDLID IniEgRsdEg  ) { 

( }&|{ iiii IniEgRsdEgSSShE   )} 

c. if ( hE ){ for (each SSi  )   

{
ii RsdEgIniEg   }  

d. Go to 3.b} 
e. else { BS finds another leader based on Equation 

1} 
4. if ( 1iS receives 

iData ) 

5. { ),( 11   iii DataAggDataAggregateAggData  

        
11   ii AggDataData ;  1 ii and go to step 2} 

 
Fig. 4. Psuedocode of READ. 

 
 
7. Updating Link Reliability in READ+  

 
As we presented in [10], to deal with inherently 

non-deterministic quality of wireless links while 
adhering to the delay requirements of the packets, 
packet loss rate of the links need to be continuously 

updated. This updating procedure can be 
accomplished either at the BS which has a global 
view of the whole network or at the nodes. However, 
since nodes only have local information about their 
links quality, BS may seem to be the best place to 
update packet loss rates (PLRs). On the other hand, it 
is quite possible that BS does not have recent 
statistical information about PLRs of the links if 
packets are not received by the BS. Updating PLR at 
the BS is also not efficient in case of having a long 
chain, which frequently experiences link quality 
changes. In this case, updating PLR locally seems 
promising as each node is aware of the PLR of its 
adjacent downward link. In the local updating 
scheme, PLR can be calculated by stamping source 
data packets with a sequence number and assigning 
each copy of a packet with a copy number. The new 
portion of each node from available TTL of a packet 
can then be calculated using equation below: 

 

),(

),(

1

1




jj

old
jj

new
old
j

new
j

SSPL

SSPL
nn  (12) 

 
When BS is responsible for calculating the packet 

loss of each link, it needs the packet loss statistics 
reported by the neighboring nodes of each link in 
order to well and fast adapt the portion of each node 
from TTL of the packet based on the last reported 
state of the links. For doing so, each node puts its 
view about its adjacent link situation along with the 
data that must be relayed in a packet and sends it 
towards the BS. After calculating the new packet loss 
of the links, BS assigns a new portion of TTL for 
each node to use for its upcoming packets and sends 
it to the leader to inform sensor nodes about their 
new portion of the TTL. Each node upon receipt of 
this information takes its portion of TTL and then 
forwards the packet down to the adjacent neighbor. 
Locally updating PLR increases the ratio of the 
number of received packets to the total packets. 
However due to lack of a global view, it is possible 
that when equation (13) is true, TTL of some of the 
received packets has expired. These situations need 
to be avoided as they have significant impacts on 
lowering down the hit ratio and energy efficiency. 

 

 







 

1

0

1

0
11 ),(),(

LID
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LID

j
jj

new
jj

old SSPLSSPL (13) 

 
where LID is chain leader’s ID. 
 
 
8. Relaying through Multiple Neighbors 

in READ-MN 
 

As mentioned before, in READ and its enhanced 
version READ+ all regular sensor nodes adjust their 
power levels as low as possible so that they could 
communicate with their closest neighbor node in 
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order to save more energy. In other words, all copies 
from a given packet are sent through the closest 
neighbor nodes. Even though, this policy seems to 
provide an energy efficient data collection approach, 
using one path to relay all packet copies could be a 
bottleneck. To solve this problem, we introduce a 
modified version of READ+ protocol called, READ-
MN (READ- Multi Neighbors). 

READ-MN allows each node to send different 
copies of one packet through different neighbors 
instead of the closest one as done in READ+. Using 
multiple neighbors to send packet copies brings about 
some difficulties which must be handled in advance. 

First, in READ+, the transmission path is quite 
specified in advance as there is only one choice for 
each node to relay its data through. Therefore, TTL 
of the packet could easily be assigned to each 

intermediate node since 





1

1),(
LID

ji
ii SSPL is known for 

the BS in advance and equation (9) can easily be 

calculated. Calculating 





1

1),(
LID

ji
ii SSPL is difficult if 

we do not know from which path data will be 
received. This is due to the fact that each node

iS  has 

different neighbors and 
1iS is one of them. Therefore, 

as the path along which the data will reach the BS is 
not known in advance, calculating 







1

1),(
LID

ji
ii SSPL is a challenge. To combat against 

this arising problem, we calculate 







1

1),(
LID

ji
ii SSPL on the basis of the longest path (in 

terms of number of nodes involved). This is similar 
to what READ+ does. By doing so, if one packet 
reaches to the BS it will definitely be on-time as we 
consider the worst case which is the longest path 

for 





1

1),(
LID

ji
ii SSPL . 

In READ-MN, each sensor node is allowed to 
send its copies via  different neighbors, while  
could be a predefined parameter by the user or it 
could even be self-adapted by looking at the number 
of packet copies each node has to send and hence, i 

will have different values for different nodes (i). 
Regardless of the way  is calculated, each sensor 

node has to adjust its power level in such a way to be 
able to reach all  neighbors. The bigger the , the 
higher the power level nodes may use, and thereby 
the more energy dissipation.  

It is worth mentioning that if  = 1, READ+ and 
READ-MN are the same and that is why we mention 
READ+ in all following graphs when  = 1. 
Therefore, by READ-MN we mean > 1. 

One of the path through which one event packet 
may reach to the BS is presented in Fig. 5. for  = 1,  
 = 2 and  = 3. In case of event detection, just 
relaying and aggregating data along the path is 
enough and thereby no need to have all nodes’ 
contribution (C,E,G,I in Fig. 5.b or B,C,E,G,I in  
Fig. 5.c.) however, having them helps better 
understand the situation. 

 
 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 5. A given relaying path for a received packet: (a)   = 1 (READ+), (b)   = 2, (c)  = 3. 
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In a monitoring application, BS expects to have 
all nodes data after a sampling interval. In other 
words, the contribution of nodes C, E, G, I in  
Fig. 5 b, which are not necessary in event detection, 
is quite essential for monitoring application. In case 
of monitoring, each node aggregates its data with the 
downstream node’s data which is received following 
a predefined schedule. If the downstream node’s data 
has not been received according to the schedule, the 
given node (say node C in the Fig. 5.b) has to send its 
raw data to the upstream neighbor (node D or E). The 
arising overhead here is that the receiving node, say 
D, must again relay packet arrived from C once 
relayed packet is arrived from B. This twice 
dissipates node D’s energy. The closer the node to 
the BS, the higher the energy consumption. This is 
because of the heaviest burden on relaying nodes to 
transmit data from downstream nodes. 

Even though, READ-MN can well mitigate the 
bottleneck problem, this advantage brings about the 
following problems: 

 IN READ-MN, it is possible that more than 
one copy of a given packet reach the BS. 
This requires filtering the duplicates. 

 READ-MN has a higher memory overhead 
than READ+ as it requires to store the packet 
loss of several paths instead of one as done in 
READ+. In other words, depending on the 
path through which each node has to relay 
the packet copies, the different 

jn is 

calculated according to equation (9), and 
hence the packet loss of different neighbor 
links must be known for each node in 
advance. 

 READ-MN has to change the scheduling of 
the nodes so that each node has to be ON 
longer than required by READ+. This is due 
to the fact that in READ+ ( = 1) only the 
immediate upstream nodes are allowed to 
relay data, while in READ-MN, a given node 
may want to relay its data through further 
nodes as  > 1. Therefore, in READ+ each 
node has to be switched ON after its 
immediate downstream node does, while in 
READ-MN each node has to be switched ON 
after th downstream nodes. In other words, 
duty cycle, which is in direct relation with , 
in READ-MN is longer than READ+. 

 
9. Performance Evaluation 

 
In this section, we compare the presented error 

control scheme with two existing and well-known 
error control schemes, i.e., ARQ and FEC. The ARQ 
we consider is a hob-by-hob S-W ARQ, which 
provides reliability by sending acknowledgements. 
The FEC scheme we consider is systematic hop-by-
hop XOR-FEC (HH-FEC), which is a one-
dimensional version of (n, k) FEC where k=n-1, and 
in which intermediate nodes have to perform XOR-
FEC encoding/decoding function individually at each 

hop (if needed). For the sake of completeness, we 
also compare our protocol with a protocol without 
error controlling, in which only the original data 
without any parity or redundancy is aggregated and 
forwarded along the path to the destination. In XOR-
FEC, the packets received without error can be 
processed and forwarded along the path. If, however, 
one packet is received erroneously, it has to wait till 
the last packet which carries the XOR of the group 
reaches the node. The number of packets in each 
group is calculated using equation introduced in [12].  

Moreover, we examine READ-MN with different 
 to evaluate different QoS parameters. 

We use Java JDK6 to perform simulations for 
different TTLs, average link reliabilities, and . Each 
simulation is executed 100 times. 
 
 
9.1. Performance Metrics  
 

We consider hit ratio  and energy efficiency  as 
two performance metrics. Hit Ratio is a metric that 
describes the efficiency of a real-time protocol and is 
defined as the percentage of the packets received by 
the BS before their deadline expire. Energy 
efficiency is defined by the amount of useful energy 
(Eeff) spent to disseminate packets received by the BS 
before their TTL expire to the total energy (Etotal) 
spent to send all packets, i.e., 

 

rnitopurrefftotal
total

eff
EEEEE

E

E
 , ,  

 
where Eurr represents energy spent for disseminating 
the un-received packets, Eop is energy spent for the 
imposed overhead (parity) of the received packets, 
and Ernit is energy wasted on the packets received 
after their TTL expired.  

 
 

9.2. Simulation Parameters 
 

For simulation, we consider a chain consisting of 
16 randomly distributed nodes in a linear topology. 
BS is located one hop away from the rightmost node 
of the chain. In all simulations, the source node is the 
leftmost node, data rate is one sample per five 
seconds and updating PLRs is done locally by the 
upstream nodes. The quality of half of the random 
links change after reading almost 20 samples in 
average and toggle period (TP) is assumed to be  
5000 ms. Other simulation parameters are listed in 
Table 1. 

 
Table 1. Simulation Parameters. 

 
Mac layer IEEE  802.15.4 
Transmit bit rate  250 kbps 
Operation frequency  2.4 GHZ 
Radio model  TI CC2420 
Transmission range  10-90 m 
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9.3. Simulation Study of READ and READ+ 
 

We plot the achieved hit ratio and energy 
efficiency as the packet TTL increases from 
(ChLTT) to (ChLTT800), where ChL is length of 
the chain and TT is transmission time.  

Fig. 6. illustrates attained hit ratio and energy 
efficiency versus packet TTL for the given chain for 
three average PLRs in the network when DC=0.04. 
We have chosen three PLRs: 0.02, 0.15 and 0.45 in 
order to study the impact of different levels of packet 
loss. It can be seen that READ+ either outperforms  

S-W ARQ or has more or less the same hit ratio. 
The energy efficiency of ARQ, however, is 
comparably lower than READ+. READ+ also often 
performs better than HH-FEC. This could be justified 
as: First, HH-FEC needs to keep early lost packets in 
a group waiting long for the parity packet to be able 
to reconstruct them. Although the lost or erroneous 
packets may be reconstructed or corrected but due to 
long waiting time, their TTL expire. In case of longer 
chains or having less reliable links, it is also possible 
that one reconstructed packet undergoes more losses 
along the way. 
 

 
 

 
 

  

  
  

  
 

Fig. 6. Hit ratio (left-side graphs) and energy efficiency (right-side graphs) when DC=0.04 for PLR=0.45 (top),  
PLR=0.15 (middle), PLR=0.02 (bottom).
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This brings about more delay. Secondly, as XOR-
FEC is able to correct only one lost/erroneous packet, 
it cannot handle and manage losing more than one 
packet in a group. Lower duty cycle values implies 
longer waiting time for the packets that are ready to 
send their data as they also need to wait till nodes 
wake up again. Lower duty cycle values result in 
sending smaller number of copies or less 
retransmissions. As S-W ARQ wastes half of the 
awake mode time waiting for Acks, READ+ has 
higher hit ratio in presence of low duty cycles as it 
uses all awake time to send packet copies. The right 
side graphs of Fig. 6. provide a comparison among 
these approaches by looking at the energy efficiency 
metric. READ+ also is the most promising approach 
in terms of  particularly in case of high PLR and 
short TTL. When PLR is low and TTL is long, HH-
FEC outperforms READ+ due to its lower overhead. 
Energy efficiency of S-W ARQ even in the best 
condition cannot exceed 0.5 that is due to 
acknowledgement overhead which must always be 
used. Compared with S-W ARQ, READ+ is more 
energy efficient specially when encountering packets 
with small TTLs. It can be argued that most of the 

very delay-constraint packets received by the BS 
using S-W ARQ scheme are expired because of the 
extra delay introduced by the use of 
acknowledgement messages. However, for very 
delay-constrained records or when PLR is pretty low 
(i.e. around 0.02), READ+ is as energy efficient as 
HH-FEC. This is due to the fact that in these cases 
READ+ also sends less packets. Fig. 7. compares hit 
ratio of READ+ when PLR is updated locally by 
nodes or globally by BS while PLR=0.45 and DC=1. 
As it can be seen, local update functions a little better 
than global update in terms of hit ratio. 
 
 
9.4. Simulation Study of READ-MN  

 
The Fig. 8. represents the achieved hit ratio when 

different number of neighbors () is employed.  
It can be seen that the more the neighbors, the 

higher the hit ratio. Using less intermediate nodes 
(big ) being involved in packet relaying may result 
in small end-to-end delay for the given packet since 
data may reach the BS via longer hops (Fig. 9.).  

 
 

 
 

Fig. 7. Hit ratio of locally and globally updating PLRs. 
 
 

 
 

Fig. 8. Hit ratio vs. TTL. 



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 188-202 

 200 

 
 

Fig. 9. Delay in terms of number of hops vs. . 
 
 
Thereby, more copies of a given packet can be 

sent if it is relayed via less intermediate nodes. 
However, different from our expectation, there is no 
significant difference among these three approaches 
in terms of hit ratio. To account for this issue, several 
aspects must be taken into account: 
 Collision may arise as several nodes are sending 

their packet simultaneously. As it can be seen in 
Fig. 10. it is quite possible when node D is 
receiving B’s packet through C, node B is 
sending the second copy of the given packet 
directly to D which could result in collision. 
The bigger the , the more collisions may 
occur. Therefore, the bigger  does not always 
bring higher hit ratio as the collision increases 
as well. 
To mitigate the collision two or more different 
frequencies can be used for the sequential 
neighbors. Most likely if  + 1 different 
frequencies are used, no collision occurs. 

 
 

 
 

Fig. 10. A given chain-based network. 
 
 
 In updating part, the more statistical information 

the BS has about links quality, the more 
accurate n’

j it can suggest to the sensor nodes 
for the next time intervals, and the higher hit 
ratio can be achieved. The bigger the , the less 
statistical information about the given links may 
be available. For example, in case of Fig. 10, if 
 = 1, all packet copies of A must be sent via 
node B and then more statistics about link AB 
will be sent along with the data packet toward 
the BS. In contrast, if  = 3, in average one third 
of the packet copies are relayed through B and 
the rest must be sent through C and E and 
thereby, less statistical information about links 
quality will be available. Therefore, lack of 
enough statistical information brings about 
lower hit ratio as an inaccurate estimation about 
n’

j may be obtained. 

Fig. 11. shows the contribution rate which is 
defined as the number of sensor nodes contributing to 
the packets’ content which are received by the BS, 
for two different applications; event detection and 
monitoring. In case of event detection, as soon as one 
node receives an event packet, it should aggregate it 
with its own data and relay it to the upstream node. 
Therefore, as in READ+ we have   = 1, all sensor 
node along the path must receive, aggregate and relay 
the given event packet one by one, so that they all 
have to contribute to a given received packet. By 
doing so, the BS better understands the context and 
has better insight about the environment state as the 
received data is as rich as possible since all nodes 
contribute to. When  increases, event packet can 
reach the BS through less intermediate nodes  
(Fig. 5.b. and Fig. 5.c.) and then the contribution of 
all nodes in the received packet decreases. The bigger 
, the less contributor since data may reach the BS 
via longer hops, which in turn results in a shorter 
delay. 

As it was mentioned earlier, in case of monitoring 
(as a time-driven application), BS expects to have 
data of all nodes after a sampling interval. If the 
downstream node’s data has not been received 
according to the schedule, the given node (node C in 
Fig. 5.b.) has to send its raw data to the upward 
neighbors (node D and E) and exploiting them makes 
its data reachable for the BS. One of the reason that 
downstream node’s data does not reach the given 
node respecting the schedule is that, another copy of 
that node’s data has been received by another 
neighbor (like as B) and hence, that neighbor is 
responsible to relay the given node’s data. In the 
worst case, none of the copies are received by the 
upstream neighbors and hence, contribution of all 
nodes even if    = 1 may not be 100 % for the 
monitoring application. 

In Fig. 12. we compare the energy consumption 
of the event detection and monitoring application. In 
case of monitoring, the bigger the  , the more nodes 
may be bypassed and therefore their data needs to be 
relayed through another data transmission flow. Each 
data transmission flow exploits the intermediate 
nodes once and then it is quite possible one 
intermediate node is used several times for a given 
sampling interval.  



Sensors & Transducers, Vol. 18, Special Issue, January 2013, pp. 188-202 

 201

 
 

Fig. 11. Node’s contribution vs.  . 
 
 

 
 

Fig. 12. Energy consumption vs.  . 
 
 
Although, it is expected that energy consumption 

of the READ+ ( = 1) for both monitoring and event 
detection remains the same, simulation results show 
different figures. In case of monitoring when  = 1, 
even though several copies of a packet could be sent, 
it is quite possible that all copies sent through one 
unique path ( = 1) are lost along the path and then 
the upstream node does not receive any packet. In 
this case, as the upstream node does not receive any 
packet, no energy is dissipated to receive the lost 
packet. This slightly affects total energy consumption 
as shown in the graph. 

 
 

10. Conclusion 
 

In this paper, we compare several error control 
approaches in term of different QoS parameters i.e., 
reliability, energy efficiency and real-timeness 
guarantee for a long chain-type WSNs. Long chain-
type WSNs have often a large number of hop counts 
and to prolong lifetime, they usually need to work on 
a low duty cycle. Therefore, duty cycling is also 
considered as a determinative parameter in 
comparing these error control schemes. 

Additionally, we introduce and evaluate an 
enhanced version of a real-time error control scheme, 
called READ-MN, in terms of its Quality of Service 
(QoS) guarantees. READ-MN studies on choosing 
between one or more paths through which source 
node sends its data copies toward destination so that 
reliability and realtimenes are ensured. Using 

multiple paths to send packet copies brings about 
some advantages and disadvantages which are 
elaborated on in this paper. 
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