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In many scenarios of everyday life and especially in warehousing, manufacturing and
logistics, it is highly desirable to locate objects or persons quickly and accurately.
Nowadays, fingerprinting based Wi-Fi positioning system provides enterprises the
ability to track their various resources more efficiently and effectively. The main idea
behind fingerprinting is to build signal strength database of target area prior to location
estimation. This process is called calibration and the positioning accuracy highly
depends on calibration intensity. Unfortunately, calibration procedure requires a huge
amount of time and effort and makes large-scale deployments of Wi-Fi based indoor
positioning systems non-trivial.

In this research, we present a new method of recovering Wi-Fi Radio Map (WRM)
database based on few sample received signal strength indicators —RSSI and this
recovered data is used as radio map — constructed Wi-Fi RSS based fingerprint
database for indoor positing. In contrary to conventional calibration method, our
method requires only a few signal samples to be collected and rest of the data are
approximated using Chebyshev wavelets. The main goal of our research is to minimize
the calibration workload while maintaining recovered data accuracy and achieve
acceptable results on positioning accuracy.

Compared to the conventional way, proposed a new method to construct accurate Wi-
Fi signal strength indicators using Chebyshev wavelet based approximation requires
only a few reference RSSI samples, and this significantly will reduce the calibration
effort. Also, field test results showed that proposed method achieves better
approximation accuracy than existing interpolation methods, such as VORO and
MOSM.

Also recovered RSSI data - fingerprint database was used with positioning software to
evaluate results of positioning accuracy. Results show that positioning accuracy is



significantly improved compared with conventional, as well as, other two related
methods.
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KETEPATAN KEKUATAN ISYARAT Wi-Fi BAGlI KAEDAH PEMULIHAN
MENGGUNAKAN KETEPATAN GELOMBANG CHEBYSHEV UNTUK
KEDUDUKAN TERTUTUP
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Dalam kebanyakkan senario dalam kehidupan seharian dan terutamanya dalam bidang
pergudangan, pembuatan dan logistik, ia adalah sangat wajar untuk mencari objek atau
individu dengan cepat dan tepat. Pada masa kini, cap jari berdasarkan sistem Wi-Fi
merujukan kepada kedudukan objek telah menyediakan satu keupayaan untuk
mengesan pelbagai sumber dengan lebih cekap dan berkesan. Idea utama di sebalik cap
jari adalah untuk membina isyarat pangkalan data berdasarkan kekuatan kawasan
sasaran sebelum ke lokasi anggaran. Proses ini dipanggil penentukuran dan ketepatan
kedudukan yang sangat bergantung kepada intensiti penentukuran. Malangnya,
prosedur penentukuran memerlukan sejumlah besar masa dan usaha lebih-lebih dalam
membuat pergerakan yang luas dalam sistem kedudukan tertutup menggunakan Wi-Fi
bukannya remeh.

Dalam kajian ini, kami membentangkan satu kaedah baru iaitu Wi-Fi Peta Radio
(WRM) yang mempunyai pangkalan data berdasarkan beberapa isyarat penunjuk
kekuatan-RSSI dan data yang disimpan digunakan sebagai peta radio - pangkalan data
cap jari dibina berdasarkan Wi-Fi RSS untuk menentukan kedalaman sesuatu
kedudukan. Berbeza dengan kaedah penentukuran konvensional, kaedah kami hanya
memerlukan beberapa sampel isyarat yang dikumpul dan data yang selebihnya
dianggarkan dengan menggunakan riak Chebyshev. Matlamat utama kajian kami
adalah untuk mengurangkan beban kerja penentukuran di samping mengekalkan
ketepatan data dalam mencapai keputusan yang boleh diterima pada ketepatan
kedudukan.

Berbanding dengan cara konvensional, kami mencadangkan satu kaedah baru untuk
membina penunjuk kekuatan menggunakan isyarat Wi-Fi yang tepat menggunakan
penghampiran berdasarkan gelombang Chebyshev yang hanya memerlukan rujukan
beberapa sampel RSSI, dan ini akan mengurangkan usaha penentukuran. Keputusan
ujian lapangan menunjukkan bahawa kaedah yang dicadangkan berjaya mencapai



ketepatan anggaran yang lebih baik berbanding kaedah interpolasi yang sedia ada,
seperti Voro dan MOSM.

Untuk pemulihan data RSSI - pangkalan data cap jari digunakan dengan perisian
kedudukan untuk menilai keputusan ketepatan kedudukan. Keputusan menunjukkan
bahawa ketepatan kedudukan semakin bertambah baik berbanding dengan lain-lain
kaedah konvensional.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Tracking assets and equipment has been a long-standing and continuous issue for
enterprises. In warehouses, factories and hospitals, for example, staff and important
assets should be located and tracked rapidly. With various wireless technologies to
facilitate such tracking being introduced in the last decade, enterprises have the
opportunity leverage on some form of control over the manageability of its resources.
The rapid development of Wi-Fi wireless local area networks and advent of great
mobility have facilitated numerous indoor positioning techniques (Fallah et al.
2013), a significant need for localization has emerged (Figure 1.1). This is true not
only for automotive applications, but also for personal purposes, thus leading to the
necessity of having a technical solution for accurate wireless geolocation. The
positioning of mobile users is highly desirable for many location-based services,
such as emergency, healthcare, logistics, entertainment, traffic management, and so
on (Liu et al., 2007; Narzullaevet al., 2011).

Highly accurate localization systems have received significant attention nowadays
with the recent development of mobile devices for the ubiquitous location based
services (LBSs) (Mengual et al., 2010) in indoor and underground environments.
Location based services that act differently depending on the location of the user are
considered to be a promising market. The usage of LBSs have spread widely in
different types of public areas such as inside buildings, warehouses, airports and
hospitals (Fallah et al. 2013) and also services such as home utilities, asset
management, guiding, emergency call, car parking in buildings (Muntz and Pancake
, 2003; Linetal., 2011; Daudi and Yang, 2014).In recent years, positioning has risen
in popularity among research in health and its management. Lee et al. (2015)
presenta bio-signal acquisition system with the features of low power consumption,
wireless transmission, and the on-time monitoring. It shows body sensor networks
(BSNss) based applications or devices have become more and more popular as well,
and acceptable to the people for monitoring the real-time health information, such as
the electrocardiogram (ECG).
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Figure 1.1: History of location technologies

Currently, the most extensively used and commercially successful location system is
the Global Positioning System (GPS), which provides a high degree of accuracy and
is available worldwide. However, GPS signals originating from satellites fail to reach
mobile devices in indoors and dense urban environments (Narzullaev et al. 2011).
Thus, considerable research has been devoted to developing alternative systems to
provide accurate location information in indoors. Various technologies have been
suggested to be a basis for indoor positioning systems (IPS), such as digital TV,
Infrared, Bluetooth, Ultra-wideband, ultrasonic and Wi-Fi. Of these IEEE802.11
based WLAN systems, (Wi-Fi) is the most widely deployed, and is also rapidly
growing. Wi-Fi access points (AP) are being installed almost everywhere people live
and work. Furthermore, Wi-Fi chips are integrated with wide range of handheld
devices, such as smartphones, multimedia players, tablet PCs, laptops and etc.
Originally designed to provide internet access to mobile users, 802.11 WLAN
standards also emerged as a viable alternative for indoor positioning systems (Liu et
al. 2007).

Wi-Fi technology has been studied and explored to provide indoor positioning
service for years in view of the wide deployment and availability of existing Wi-Fi
infrastructures in indoor environments. A large body of Wi-Fi -based IPSs adopt
fingerprinting approaches for localization. However, these IPSs suffer from two
major problems: the intensive costs of manpower and time for offline site survey and
the inflexibility to environmental dynamics (Zou et al., 2015).

Indoor environment characteristics and specific requirements of time-based
positioning schemes make received signal strength indicator (RSSI) based
positioning techniques more attractive for indoor location estimation (Narzullaev
and Park 2013). One of the well-known signal strength based location techniques is
the fingerprinting algorithm. Here, signal properties such as RSSI are compared to a
database of properties previously collected at a variety of locations. The closest
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match is returned as the estimated position. Accuracies of a few meters are typically
reported (Harle 2013). The main weakness of fingerprinting algorithm is an
extensive calibration phase. This procedure is carried on manually, thus requiring a
huge amount of time and effort to build signal strength database. Since the signal
strength depends on site-specific parameters, a newly built DB may no longer be
valid if there are major changes in the target site. As a result, large-scale deployments
of indoor positioning systems become non-trivial.

Several studies have been conducted to solve the calibration issue and make IPS
more effective and practical. Gallagher et al. (2010), proposes a crowdsourcing
system, which encourages users to update system database by pinpointing correct
location upon receiving error position. Park et al. (2010) proposed organic
positioning system, which similarly proposes to prompt the user to input correct
location if an error occurs. Several studies have proposed propagation models that
effectively predict signal strengths (Widyawan et al. 2007). However, main problems
of conventional path loss prediction algorithms are their low prediction accuracy in
indoors and pre-required layout information including the number of walls, floors
and most importantly the physical location of APs. This information is often
unavailable, due to various reasons.

Also, many fingerprint-based techniques and interpolation methods have been
proposed for indoor positioning. However, the fingerprint based techniques usually
required a lot of efforts on calibration process on targeted areas, as experimented
with in previous approaches (Lee and Han, 2012; Krumm and Platt, 2003). Since
several approaches have been made to reduce effort, in most cases, reference points
(RPs), where fingerprints are to be collected, are not regularly well defined and not
accurate for quick location determination in targeted area (Lee and Han, 2012; Kuo
and Tseng, 2011). This is one of the reasons why interpolation methods are widely
used in practice for scattered data.

In this research, we propose a new method of constructing RSSI fingerprints
database using Chebyshev wavelets. The conventional method for collecting RSSI
fingerprint DB is very straightforward. An operator with wireless handheld device
makes RSSI measurements at several reference points (RPs), and after some
processing, the data is stored in the database. Location accuracy highly depends on
the number of RPs, and for an average building the number of RPs may reach up to
several hundred per floor. The main objective of this research is to create an accurate
and complete RSSI DB from a limited number of on-site measurements using
Chebyshev wavelet transforms. Therefore, the cost of time-consuming surveys can
be reduced.

Wavelet transforms are one of the relatively new techniques which are being used
for signal coding, to represent a discrete signal in a more redundant form, often as a
preconditioning for data compression. In recent years, wavelets received
considerable attention by researchers in different fields of science and engineering.
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Hence, its practical applications can be found in signal processing, digital
communications, data analysis, image processing and many others. The main
characteristic of wavelet functions is the ability to perform a local analysis. Wavelet
analysis is able to reveal signal aspects that other methods are missing, such as
trends, breakdown points, discontinuities, etc. (Misiti and Misiti, 1996). All of these
facts gave us impact to use wavelets to construct received signal strength database
for IPS. Although there are many different types of wavelets, in our research, we will
consider Chebyshev wavelets (Nasab et al. 2013) due to several reasons: The ability
of Chebyshev polynomials to approximate any continuous function, to any desired
accuracy, over a prescribed interval, Good representation of piecewise functions
(Misiti and Misiti, 1996). We construct Chebyshev wavelet transform coefficients
using a system of linear equations, although, in many papers devoted to discrete
Wavelet transforms, the coefficients are produced using an inner product (Broughton
and Bryan 2008).

We carefully evaluated the proposed method through experiments in one of the
shopping malls in Malaysia (Mines Shopping Mall). Both, field tests and computer
simulations, demonstrated the effectiveness of the system and a significant reduction
in calibration time, while providing comparable location accuracy to that of the
traditional calibration-based approach, as well as previously proposed methods. The
rest of the thesis is organized as follows. In the literature review Section, we describe
the basic principles of fingerprint location technique and RSSI approximation
methods. Research methodology and proposed method will be presented in next
Sections. Further, software development and implementation have been described in
a separate section. We describe the experiment setup and present field test results
and analyses and concluding remarks are given in the last Section.

1.2. Problem Statement

Developing an indoor positioning system (IPS) to provide reliable and precise indoor
positioning and navigation has become a hot research topic recently. Various
wireless communication technologies have been studied and developed to provide
indoor positioning and navigation services in the past two decades (Liu et al. 2007,
Gu et al., 2009; Lloret et al., 2009 and Medina et al., 2013). Unlike other wireless
technologies, such as ultra-wideband (UWB) and radio frequency identification
(RFID), which require the deployment of extra infrastructure, the existing IEEE
802.11 (Wi-Fi) network infrastructures, such as Wi-Fi routers, are widely available
in large numbers of commercial and residential buildings, and nearly every mobile
device now is equipped with a Wi-Fi receiver. As such, it is low-cost and practical
to develop a Wi-Fi-based IPS to provide LBS in an indoor environment. Wi-Fi
provides cost-effective data capacity at hotspots in conjunction with broadband
cellular networks. Large scale adoption of smartphones and tablets means that
wireless data networks must provide high data rates anytime and anywhere (Ling et
al., 2015).

Fingerprinting-based localization methods are widely adopted for Wi-Fi-based
indoor positioning, since the received signal strengths (RSS) can be measured easily
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from mobile devices (Bahl et al., 2000; Youssef and Agrawala, 2005; Brunato and
Battiti, 2005; Liu et al., 2012; Chen et al., 2013). However, the existing Wi-Fi-based
IPSs adopting the fingerprinting approach suffer from two major problems. One is
that the site measurement involves intensive costs of both time and manpower during
the offline calibration phase. In order to achieve sufficient localization accuracy, the
Wi-Fi RSS fingerprints from different access points (APs) need to be measured at a
huge number of calibration points. The other one is that the existing fingerprinting-
based approaches are not robust to environmental dynamics (Bahl et al., 2000; Chen
etal., 2005, Youssef and Agrawala, 2005; Brunato and Battiti, 2005; Liu et al., 2012;
Chen et al., 2013). Since the Wi-Fi RSS fingerprint database is built up during the
offline phase, it cannot reflect the real-time radio map of the Wi-Fi signals well once
the environment is altered during the online localization phase. The problem of
environment influences (Zhuang et al., 2014) - environmental factors, such as a
presence of humans, opening, and closing of doors and variations of humidity, can
interfere with the propagation of Wi-Fi signals severely (Chen et al., 2005). This will
lead to serious localization errors in the estimation of the target if the same Wi-Fi
RSS fingerprint database is adopted (Zou et al., 2015). Due to the limitation and
complexity of the indoor environment, the solution to achieve a low-cost and
accurate positioning system remains open (Yang and Shao, 2015).

At untrained locations, most of the proposed interpolation methods have high
complexity (Krumm and Platt, 2003) and incur a higher computational cost (Kuo and
Tseng, 2011) during calibration of WI-FI signal strength for localization. On the
other hand, there are numerous efforts required to measure signal strengths (SS). In
practice, reducing both the time spent in each location and the number of locations
visited increases the error, but not until quite large reductions along both dimensions
(fraction of locations visited and time at each location). It is unnecessary to spend
much time at each location, as more time beyond a short minimum does not improve
accuracy very much (Kuo and Tseng, 2011), so there are still potentials to common
techniques in terms of increased accuracy and reduced effort (Kuo and Tseng, 2011).

As we mention above, most conventional measurement based methods have two
major problems which are effort and accuracy concerns in calibration stage. Here we
are going to propose a method to solve those issues. Therefore, new method requires
few reference RSSI samples to be collected, and also significantly reduces the
calibration effort need to be formulated.

Moreover, we would like to note that, there are two ways of having a database of
Radio map. They are:

a) Fully fingerprinted database
b) Fully or partially approximated database

However, the existing Wi-Fi-based Indoor positioning systems (IPS) adopting the
fingerprinting approach suffer from two major problems. One is that the site
measurement involves intensive costs of both time and manpower. In order to
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achieve sufficient localization accuracy, the Wi-Fi RSS fingerprints from different
access points (APs) need to be measured at a huge number of calibration points (Bahl
et al., 2000; Youssef and Agrawala, 2005; Brunato and Battiti, 2005; Liu et al., 2012;
Chen et al., 2013 and others). The other one is that the existing fingerprinting-based
approaches are not robust to environmental dynamics (Bahl et al., 2000; Chen et al.,
2005, Youssef and Agrawala, 2005; Brunato and Battiti, 2005; Liu et al., 2012; Chen
etal., 2013). This will lead to serious localization errors in the estimation of the target
if the same Wi-Fi RSS fingerprint database is adopted (Zou et al., 2015). Due to the
limitation and complexity of the indoor environment, the solution to achieve a low-
cost and accurate positioning system remains open (Yang and Shao, 2015). So, in
both ways there are issues. For example, if a database is fully fingerprinted, that
means tremendous time and effort to collect locations fingerprints. It requires a lot
of labor and time to collect data at each point. It’s not difficult to image if the
measurement is done in every meter of a location as was done in Kuala Lumpur
International Airport (KLIA) when position system was requested to build. If fully
approximated, then complexity will be minimum, but accuracy will be almost
unacceptable. It has been proven by previous research.

The only way is partially approximated constructed database, which can be done
based on the interpolation method. Partially approximated data is not full radio map
of the trained area. Here, recovering RSS for missing points where RSS is not
measured is required. This is called Path Loss prediction. Path loss prediction
method is an estimation of approximation of those missed RSS indicators. Here,
accuracy and complexity will be against each other. Even path loss prediction could
create accuracy concerns when using this data for tracking in online phase. There
are other issues as well:

Existing problems and challenges are: Accuracy of path loss data in both phases
(offline and online phases), range of coverage, security, complexity of
approximation methods and algorithms, precision and Robustness of those path loss
prediction methods, scalability of recovered data, cost of infrastructure and method
to have radio map with high accuracy and better coverage and etc.

In this research, we have focused on the recovering of the RADIO MAP databases
using approximation method where missed RSS will be recovered with the proposed
method. In this proposed method only a few onsite measurements will be required,
then the remaining database will be recovered using proposed approximation
method.

Here, we focus on three major issues, which are:

The accuracy of path loss data in both phase (offline and online phases): Accuracy
of constructed Radio Map — WRM database which is recovered using estimation and
approximation methods is still considered open topic among the researchers. Most
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of the existing techniques have limits and concerns on the accuracy of the constructed
radio map. Still, the best-acquired radio map is fully fingerprint based databases. But
it's too complicated andconstructing fingerprints is a tedious work.

The complexity of approximation and recovery methods and algorithms: Path
loss prediction is not an easy task, particularly approximating missed RSS indicators
and its usage in recovering process. There are a few proposed approximation
methods that can give better accuracy compared to other proposed methods, but their
measurement and approximation requirements are quite complex. Means, methods
complexity is quite high.

The cost of infrastructure and method to have radio map with high accuracy
and better coverage: As we know, accuracy is against complexity, and achieving
better results in either one, creates cost problem. This means required additional
effort in terms of infra, labor or requirement for changes with an environment for
measurements. Creating a balance between ACCURACY and COMPLEXITY will
solve COST issues, so here we assume, if we get better accuracy with less
complexity, we could achieve minimization of the cost.

So here are the main problem statements which we have focused on:

Complexity of approximation and path loss reduction processes of the data in
untrained locations (points) in training area and usage recovered data in
tracking:

o In Off-line phase: Tremendous time and effort to collect locations
fingerprints for positioning.

o In Off-line phase: Approximation complexities of the recovery methods
and their implementations.

o In On-line phase: Usage of constructed database for the tracking-
positioning and it’s up to date updates.

Accuracy issues of recovered data which is approximated and influences for the
tracking accuracy:

o In Off-line phase: Recovered data accuracy concerns of constructed
database using approximation with few onsite measured data samples.

o In Off-line phase: Keeping the balance between the complexity of the
approximation method and the accuracy of the approximated data
outcomes.

o In On-line phase: Accuracy concerns of tracking-positioning results
based on recovered database.



1.3.  Objectives

e The main objective of this research is to propose new method to create
an accurately recovered RSSI as fingerprints database of radio map for
indoor positioning from a smaller number of measurements using
Chebyshev wavelet transforms and achieve following objectives:

e New method to create an accurately recovered RSSI dataset as
fingerprints database of radio map for indoor positioning from a smaller
number of site measurements

e Significantly reducing the time and effort required for fingerprint DB
construction

e Usage of Chebyshev wavelet transforms in the proposed to provide high
level of path-loss prediction accuracy while maintaining a low
computational complexity

e Significantly improved the accuracy of interpolated path loss prediction
— approximation results compared to conventional, as well as, state-of-
the-art interpolation algorithms and create an accurate RSSI recovered
fingerprint database

e Provide recovered data - WRM based on proposed method

e Path loss prediction with high accuracy using interpolation data

Additionally, achieve the following targets:

e Significantly reducing the effort in term of time and improve the accuracy
of data during calibration phase for positioning.

e Create data of received signals strength (RSS) and estimate missing RSS
with high accuracy for other untrained locations in targeted area.

e Presenting position system based on WI-FI signal strengths which are
recovered by proposed method

e Providing positioning accuracy results in different cases and proving
accuracy by benchmarking with other related works.

1.4.  Scope of the research

As we mentioned above, positioning technologies and its techniques are divided into
several areas based on environmental and infrastructure specifications. Table 1.1
shows existing dominant technologies in positioning and tracking approaches
nowadays.



Table 1.1: Environment and location technologies with accuracy comparison

ESTIMATION ACCURACY
ENVIRONMENT

<1m <10m <100 m

— GLONASS - BDS

OUTDOOR — Galileo - GPS - PHS
— Cell Phone
- UWB (Ultra-Wideband
)
. — WIFI (IEEE

INDOOR and B \L/JV\;\(/S”M Sonic 802.11) oo
UNDEGROUND ! — RFID T posttioning

— IR (infrared Ray) ™SI

— Bluetooth (IEEE
802.15)

In outdoor environments, GPS has dominated the LBS market with excellent
localization performance. However, due to the lack of line of sight (LoS)
transmission channels between satellites and a receiver, GPS is not capable of
providing positioning service with sufficient localization accuracy in indoor
environments (Buchli et al., 2012).

While GPS (global positioning system) works well enough outdoors, Wi-Fi RSS
(receive signal strength)-based fingerprinting system is the most promising solution
for indoors (Wang et al., 2013). Our method is based on Wi-Fi technologies and it’s
proven that Wi-Fi technologies are a better option for navigation systems with the
least effort and cost. One of the advantages of our method is that we use any existing
AP signal strengths to measure and estimate RSS at different RPs. And it will not
require any extra cost to build infrastructure for navigation system implementation
with proposed method usage in future.

We have been focusing on range measurement techniques in Wi-Fi based positioning
technologies (Figure 1.2). The reason for selecting Wi-Fi based positioning
techniques are described in Table 1.1. As mentioned above, Wi-Fi based positioning
techniques will not require costly devices and infrastructure to build positioning
systems.



POSITIONING

OURTDOOR

= GPS

INDOOR

RFID Wi-Fi BLUETOOTH

I

GLONASS Triangulation

Range Measurements

Trilateration Techniques

Scene Analysis Proximity

—  Galileo

- Received Signal Phase (RSP)

— Phase Of Arrival (POA)

l—-1 Received Signal Strength (RSS)

| Time Of Arrival (TOA)

L—{ Time Difference Of Arrival (TDOA)

Figure 1.2: Positioning techniques

In this research, we study the accuracy of the RSS data set as radio map - fingering
database for Indoor positioning based on Received Signal Strength of Wi-Fi
technologies. Our research scope is received signal strength technique to solving
accuracy concerns on data and reducing the time of effort to create RSS-based
fingerprinting database for Indoor positioning (Figure 1.3).

POSITIONING

Recovery RSS database

Propose WI-FI signal
strength recovery
method using
Chebyshev wavelet
based approximation

for Indoor Enviorment

Received Signal
Strength (RSS)

Wi-Fi technology based

Range Measerement
Techniques

Figure 1.3: Research scope
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