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Abstract

Indoor Positioning System Utilizing Mobile Device with Built-in Wireless
Communication Module and Sensor
by
Masaaki Yamamoto
Doctor of Philosophy in Engineering
Keio University, Yagami

Professor Tomoaki Ohtsuki, Chair

Global positioning system (GPS) is utilized in a number of applications such as
navigation service, since mobile phones and smartphones built-in a GPS receiver
have been widely spread. However, GPS is difficult to determine the position of the
receiver in an indoor environment. Some examples of applications in an indoor
environment, a navigation service in a large-scale shopping mall and an employee-
location-management service at a factory are desired. This dissertation focuses on
an indoor positioning system utilizing a mobile device with a built-in long range
wireless communication module (WLAN (wireless local area network), RFID (radio
frequency identification)) and sensor for a large-scale indoor environment.

In Chapter 1, we present the motivations and objectives of this dissertation.
We also present requirements for the indoor positioning system to realize the above
mentioned applications.

In Chapter 2, the related work in the indoor positioning system is described.
Then, issues for applying the indoor positioning system to these services are clarified.
Regarding the navigation service, a low cost and high accuracy positioning system is
desired. To achieve the high accuracy positioning with low cost, a novel WLAN

positioning system is described in Chapter 3 and Chapter 4. Regarding the employee-



location-management service at factory, a main issue of applying a positioning
system is cost to construct it. A general positioning system requires installation of
many base stations. To resolve this problem, a novel RFID positioning system is
proposed in Chapter 5.

In Chapter 3 and Chapter 4, to achieve accurate WLAN positioning using a
smartphone in the case of sparse AP (access point) deployment in an indoor
environment, a positioning method is proposed. The unexpected power absorption by
the user causes the positioning error. Therefore, the proposed method utilizes a novel
model of a power absorption by a user at dual frequency bands (i.e. 2.4 GHz and 5.2
GHz). The directivity of the power absorption is measured using a magnetic sensor
built into the smartphone. The proposed method is realized to provide accurate
positioning using the smartphone in the case of sparse AP deployment.

In Chapter 5, to construct the RFID positioning system without settlement of
the base stations, the passive tag is set up instead of the base station in working
area. A novel RFID mobile phone held by the worker receives a signal containing the
1dentification data of the passive tag, when the worker stays in the working area.
Then, the RFID mobile phone as a virtual base station transmits a signal.
Consequently, the proposed RFID positioning system achieves to construct without
settlement of the base station.

In Chapter 6, we conclude this dissertation and discuss future work.



To my family



Contents

TS OF FHGUI@S « e e e e s et v
Lt OF TADLES -+ -+ veeeerrmmmmme e e e e e et viii
ACKNOWIEAGIMEIIES -+ e see ettt X
L TIEOAUCEIOIL =+ v v v e v e e e emmmm e 1
1.1 Motivations and OBJectives «-««-««- -« s« rrerramtameeeiaia e 2
1.2 Applications Using Indoor Positioning System -«-«-««---c-eeereeeeeeiena. 5
1.3 COMETIDULIONLS <+« eeeemem et 6
1.4 OULINe Of DISSEItAtION -+ -rrrrrrrrrrmrrrrmaaaeeeeee e 12
2 Related Work and Fundamental Method «««--««««««xrerrrrmmmmmiaaaaaammmiiens 14
0 1 Related WOTK -+ crrrrrrrrmmmmnam et 14
2.1.1. Ultra-Wideband (UWB) Radio «««««rwrr--srrrrrmmmmrmmmmmmaaaessiiiiieeen 15
2.1.2. UIrasounnd (US) ««««r--ss s rrrmmmmmmmteee e 15
9.1.3. Visible Tiaght (VL) -+--eeveeeveemeemeaieoiiiie e 16
2.1.4. Wireless Local Area Network (WILAN) -+ xvvrrrrrrreraameeiiiiiiieee. 17
2.1.5. BIUEEOOth (BTT) «+rrrreesssssssmmmmmsstteteeaae et 17
2.1.6. Radio Frequency Identification (RFTD) «--«---«-veeoveemrammoiiiaa, 18
9.1.7. Magnetics (MIG) «-+«++++w- eeremrameatattee e 18

11



22 Fundamental MethOdS ........................................................................ 19

2.9.1. PI’Olelty DeteCtion ~-crvrvrrrr 20
2.9.9. Fingerprint-based Method -crrrrrrrmrrrrrrr 21
2.2.3. MOdel'based Method ................................................................... 29
2.2.4. Other Methodsg ««--crrrrrrrrrrrr e 23
2.3 Conclusion ........................................................................................ 24

3. Power-absorption-based Model in WLAN Positioning System Using

SINATEPRONE o e e e ee et 28
3.1 TIEEOQUCHION -+ -+ v oo e e o e e e e et 28
3.2 Power AbSOrption by USer --««--«««-«x-srssrremmeamraiaie 31
3.3 Model of Power Absorption by USer - -««--«--«x=xrxsrremremraie 36
3.4 Proposed Method -« «««x= rrr rrmemre e 38
3.5 FoVAIUALION -+ - vv o ee e mmer e mmm e e e et 41

351 Evaluation Of RMSE ................................................................... 41
352 Inﬂuence Of Pedestrians on RMSE ................................................. 45
3.6 COMELULSIONL -+ + =" o e e e e e e e e 50

4. WLAN Positioning System Utilizing RSS at Dual Frequency Bands -----------+- 51
4.1 TIUEPOAUCEIOIL -+« v e e eee e memmmem e e e e e e ettt 51
4.2 Multipath Fading -« -----w-wrerremrmemmemee 53
4.3 Proposed SyStem ............................................................................... 58

4.3.1. Power Absorption at Dual Frequency Bands -« -« -oooeererrreeeeeenes 59
4.3.2. MethOd fOI' POSItlonlng ................................................................ 62
B4 FoVATUAION -+ - v o ev e mmmr e e e e e e e 64
4.5 CONCIUSION -+ = o e o e e e e e e et 70

5. RFID Positioning System Using Mobile Phone Built-in UHF Active Tag and
Passive'tag Reader ............................................................................. 71

5' 1 Introduction ...................................................................................... 7 1

111



52 Development Of RFID MOdule .............................................................. 72

52.1. Specification Of RFEID Module -cc-cerrrmermermeeme e 73
5.2.2. Architecture and Design .............................................................. 74
5.2.8. Active'tag Communication PI'OtOCOl ............................................... 77
5.2.4. Performance Evaluation c-ccoccrrrrrrrrrrre e 80

5.3 Development Of RFID Positioning System .............................................. 81
5.3.1. RFID Positioning System ............................................................. 82
5.3.2. Control Method fOI' RFID Mobile Phomne -:--:--rorrrmrerrrmrememeneaeaaeinns 84

5.4 System Fvaltation «coccvrrr e 86
5.4.1. Radio Propagation in Factory ....................................................... 86
5.4.2. Positioning Accuracy ................................................................... 89

5.5 Conclusion ........................................................................................ 91
6. Conclusion ........................................................................................... 92
6.1 Contributions .................................................................................... 992
6.2 FUuture WOTKS «-c v 94
Blbhography ............................................................................................ 96
Appendix J R R R R TR TR PR 104
AT, JoUTNAls “vrrrrrr e 104
A.2. International Conferences ................................................................. 105
A3 Domestic Conferences ...................................................................... 106
A LA, AWATAs -corrrrrrr e 107

v



List of Figures

Figure 1.1 Outhne Of the diSsertation, «-cc-rrrrrrrrrrrrr e 13
Figure 2.1 PI’Olelty Et@CtIOTL, - v v v r s 20
Figure 2.9 Fingerprint_based method, - «rrrrrrrr e 21
Figure 2.3 TOA INEtOd, “ v v v 23
Figure 2.4 Outhne Of indoor positioning systems. ........................................... 25

Figure 3.1 Main factors concerning fluctuation of RSS in WLAN positioning

Figure 3.2 Experimental environment used for measuring power absorption by

a user ].n an anechoic ChambeI‘. ..................................................... 32
Figure 3.3 Directivity of power absorption by a user when a smartphone is held

in the left hand ln an aneChOiC Chamber. ........................................ 38
Figure 3.4 Directivity of power absorption by a user when a smartphone is held

in the I‘lght hand 1n an anechoic ChambeI‘. ...................................... 34

Figure 3.5 Directivity of power absorption by the user when the smartphone is

held in the Teft Ramd, -« cerrrrrrrrmmrmmmmamma e 35
Figure 3.6 Power-absorption model for a user holding smartphone. --------cooeeeeee 37
Figure 3.7 Definition of angle @ for a smartphone. -+« eeoreaeaea. 39
Figure 3.8 Experimental setup in the 100m. -« s reemmmmm, 49



Figure 3.9 RMSE of different positioning methods used for a room. «---------eeeeee 43

Figure 3.10 RMSE of the proposed method with optimized @oftset and 6 for a

FOOINL. “- " e " mee e e e e 44
Figure 3.11 CDF of estimation error used in the proposed method. -« e-o- 45
Figure 3.12 Experimental setup with pedestrians. ==« e, 46
Figure 3.13 Scene from actual experiment in the lecture room. «-«--«---oeeemeeeeeenes 47
Figure 3.14 RMSE versus a number of pedestrians. ««-«-«--corrrermrmreeeee 48

Figure 3.15 The positioning error of the proposed method at 4 locations in the

lecture 5010) 10 TRERER R R R R R PR PR RR PR 48
Figure 3.16 RMSE versus the number of averaged samples. «-r-oeoeereerrereeeeees 49
Figure 4.1 Experimental setup for RSS measurement in a conference room. -+ 54

Figure 4.2 Measured RSS attributed to the multipath fading in the conference

010) ¢ s TR R 55
Figure 43 Principle Of generating the deep fade' ............................................ 56
Figure 4.4 Simulated model for multipath fading by ray tracing. «-----cooroeooemeeeees 56

Figure 4.5 Angle between a line connecting the smartphone and the AP and a

line perpendicular to the smartphone. «==-«+w o rerrrr 60
Figure 4.6 Directivity of power absorption by a user at dual frequency bands

when a smartphone is held in the left hand in an anechoic chamber. ‘- 61
Figure 4.7 Directivity of power absorption by a user at dual frequency bands

when a smartphone is held in the right hand in an anechoic

Chamber. .................................................................................. 61
Figure 4.8 Experimental setup in the conference room. =«=«-xoororrrrrmeenee 65
Figure 4.9 Scene from actual experiment in the conference room. -««-coovoeveereeeees 65

Figure 4.10 RMSE of different positioning methods used for a conference room. ‘- 66
Figure 4.11 The positioning error at 8 locations in the conference room when a

smartphODe IS held ln the 1eft hand .............................................. 67

vi



Figure 4.12 CDF of positioning error used in the proposed method and the

conventional method [41]. ««+««««rrsserrrmmermrrrrrrmmmii e 68
Figure 4.13 RMSE versus the number of averaged samples. «-««-ocoeeorerrereeeeees 69
Figure 5.1 Functions of the RFID mobile phone with built-in RFID module. ------- 72
Figure 5.2 Frame format for the proposed active-tag communication. «-««=«--o+-- 75
Figure 5.3 Circuit block of developed RFID module. -« «---correeerreeeeeeeeenes 76
Figure 5.4 Communication of passive tag and active tag. «-----rorrrrrrmereee 77
Figure 5.5 Active-tag communication protocol. «««--««- -« s rresrrereri. 78
Figure 5.6 Transmission signal wave from base station. ««-ocoororrorrrmenee 79
Figure 5.7 Developed RFID module with Mobile phone. ««-wcovorreemermereeeeeiee 80
Figure 5.8 Conventional RFTD positioning system., «-«--«--«=cx-eeoremmamann. 89
Figure 5.9 Proposed RFTD positioning system. --«---«««-«---eeemreemma 83

Figure 5.10 State-transition diagram for controlling the RFID mobile phone. -+ 86

Figure 511 RSS in a faCtOI'y. ....................................................................... 88
Figure 5.12 MOVil’lg average Of RSS in a faCtOI'y. ............................................. 88
Figure 5.13 Experimental setup for positioning. ............................................. 90
Figure 514 Positioning accuracy in factory. ................................................... 91

vii



List of Tables

Table 1.1 Requirements of the WLAN positioning system for a navigation
SerVice. ....................................................................................... 4
Table 1.2 Requirements of the indoor positioning system for an employee-
location-management SeI'Vice. ........................................................ 4
Table 1.3 Applications using indoor positioning SyStemm, ««-wcowxoreorrrmrmmee 6
Table 1.4 Problems of existing researches and main contributions of this
dissertation. ................................................................................ 9
Table 2.1 Applicable indoor positioning system for the navigation service. ==+ 25

Table 2.2 Applicable indoor positioning system for the employee-location-

MANAZEMENt SETVICE. -+« == we s rrrmmemrea e e 26
Table 3.1 Measured parameters for anechoic chamber. «------vveeerreeeeeens 38
Table 3.2 RMSE of magnetic sensor in indoor environment. «-«-:«xxeeeeeeseeeeeees 40
Table 3.3 Range Of the parameters fOI' MLE .................................................. 41

Table 4.1 Configuration of proposed WLAN positioning system using RSS at

dual frequency bands. «-««--««--«-rr e 59
Table 4.2 Parameters of the power absorption by a user, -«=«---orrorrrmermee. 62
Table 4.3 Range of the parameters for MILE. ----------w--eeemreommame 64
Table 5.1 Specification of the developed RFID Module. -« ---oecreeeeeeemreeeeenes 73

viil



Table 5.2 Air interface for the proposed active-tag communication. -««-«---coveeeee

Table 5.3 The maximum communication distance in outdoor testing. -«=--«--«-=-----

1X



Acknowledgments

First and foremost, I would like to show my greatest gratitude to Prof. Tomoaki
Ohtsuki, my supervisor, for his generous support of my Ph.D. study and
encouragement. Without his guidance and persistent help of this dissertation would
not have materialized.

Besides my advisor, I would like to thank the rest of my dissertation committee:
Prof. Iwao Sasase, Prof. Hiroshi Shigeno, Prof. Yukitoshi Sanada, for their insightful
comments and hard questions to improve the quality of this dissertation. I would
like to thank of Ohtsuki Lab. Members for all the help. My sincere thanks also go to
Dr. Jihoon Hong, for his guidance writing this dissertation. I am extremely grateful
to Chihiro Tamba, Yohei Shibata, and Yusuke Hino, who willingly participate in this
study and provided invaluable data.

I would like to express my appreciation to KLL (Keio Leading Edge Laboratory),
for offering a research grant to conduct several experiments. This research was
partially supported by the Ministry of Internal Affairs and Communications in
Japan, the project name is “Research and Development of Ubiquitous Platform
Technologies (Ubiquitous Terminal Technology)”.

Lastly, I am extremely obliged to my parents whose sacrifices and love. Special
thanks to my beloved wife, Hiromi, for her great support, encouragement, and

patience with me especially during a final stages of this Ph.D.



Chapter 1

Introduction

GPS (Global Positioning System [1]) is utilized in a number of applications such as
a navigation service, since mobile phones and smartphones built-in a GPS receiver
have been widely spread. A household penetration rate at the end of 2013 was 94.8%
for the mobile phone and a PHS (Personal Handy-phone System), and that for
smartphones was 62.6 % (up 52.9 % points from 3 years earlier) in Japan [2].

The GPS receiver built into the smartphones receives signals from many
satellites in an outdoor environment. Hence, the GPS receiver calculates a position
of itself. An application of the smartphones visualizes a route from the position to a
destination on a digital map. A positioning error of GPS is about 5-10m that depends
on a surrounding environment [3] [4].

To utilize a remote control vehicles such as tractors for an agriculture and
dumps of a mine, an accurate positioning system is developed. Example of the
accurate positioning system is known as RTK-GPS (Real Time Kinematic-GPS) [5]
and QZSS (Quasi-Zenith Satellite System) [6].

However, GPS is difficult to determine the position of the receiver in an indoor
environments, because a roof and walls block the transmitted signals from satellites

in a building. A user of the navigation service may walk both outdoor and indoor



environments. An indoor positioning system is therefore desired. In particular, the
navigation service using the system in a large-scale shopping mall and an employee
location management service using the system in a large-scale factory are desired.
This dissertation focuses on the indoor positioning system for a large-scale indoor

environment.

1.1 Motivations and Objectives

The indoor positioning system for a large-scale indoor environment is developed
using a long range wireless communication system. The long range wireless
communication systems for indoor positioning are WLAN (Wireless Local Area
Network [7]) system and RFID (Radio Frequency Identification [8]).

The indoor positioning system using WLAN (hereafter “WLAN positioning
system”) estimates the position of a node held by a user. The node specifically
receives signals from many APs (Access Points) and measures RSS (Received Signal
Strength) of these signals. The WLAN positioning system estimates the position on
the basis of the measured RSS.

In the WLAN positioning system, the APs are deployed sparsely, because a
maximum communication distance between the AP and the node is 20m or more.
Hence, the WLAN positioning system has an advantage to construct the WLAN
positioning system with low cost in a large-scale indoor environment.

The WLAN positioning system using the fingerprint-based method [9] requires
"radio map", which is a set of previously measured RSS of a radio map data at each
coordinate in the indoor environment. Then, the system compares the radio map
with the measured RSS at the user’s position, and estimates the user’s position.

Measuring the radio map in the indoor environment is troublesome.



To resolve the problem, the model-based method [10] for WLAN positioning
system is proposed. The model-based method does not require the measured radio
map. The model-based method substitutes a simulated radio map for the measured
one. However, an accurate simulation of the radio map is difficult because of a power
absorption by a user and a multipath fading which is attributed to reflection of
microwaves from walls and a floor. The power absorption by the user and the
multipath fading causes a fluctuation of RSS. Thus, the positioning error of the
model-based method is larger than that of the fingerprint-based method [10, 11].

To overcome those problems, in this dissertation, the WLAN positioning system
using a novel model-based method is developed for the navigation service in a large-
scale indoor environment. The model-based method utilizes a proposed model of the
power absorption by the user and the magnetic sensor to estimate the power
absorption and compensate it.

Due to development of the system, requirements of the system for the
navigation service is listed in Table 1.1. According to the table, one of the
requirements is already explained, that is no need of the radio map. In addition, to
offer the navigation service to unspecified number of users, the system requires
utilizing a device that user owns. The user’s smartphone with the WLAN device is
therefore adopted as the node in the proposed WLAN positioning system. The detail
of the proposed WLAN positioning system using the novel model-based method is
discussed in Chapter 3 and Chapter 4.

Furthermore, an indoor positioning system for the employee-location-
management service in a large-scale factory is developed. Due to development of the
system, requirements of the system for the employee-location-management service
are listed in Table 1.2. According to the table, the system that does not interfere with

the existing wireless communication systems (e.g. WLAN, Bluetooth) in a factory is



required. The interference causes to drop the throughput of existing wireless
communication systems [12].

Moreover, to estimate the position of a worker at all time, the system is
required that the worker can carry unconsciously the node. The node is namely put
in the chest pocket. The third requirement is same as that for the navigation service
in a large-scale shopping mall that does not need measuring radio map. Because a
layout of working areas is frequently changed in factory. In particular, in the case of
manufacturing a little and various kinds of products in factory, the layout is changed
every few hours. RSS of the radio map must be measured again when the layout is

changed. The re-measurement is very troublesome.

Table 1.1 Requirements of the WLAN positioning system for a navigation service.

Requirements

1 | No need of measuring RSS at each coordinate in a large-scale

indoor environment to make the radio map

2 | Utilizing a device that user owns(e.g. smartphone)

Table 1.2 Requirements of the indoor positioning system for an employee-location-

management service.

Requirements

1 | The system does not interfere with the existing wireless

communication systems (e.g. WLAN, Bluetooth) in a factory.

2 | The worker can carry unconsciously the node that is namely

put in the chest pocket.

3 | No need of measuring RSS at each coordinate in a large-scale

indoor environment to make the radio map




A RFID positioning system using UHF band (about 950MHz) satisfies three
requirements for the employee-location-management service. In the RFID
positioning system, an active tag transmits a signal to base stations on UHF band.
On the other hand, the existing wireless communication system (e.g. WLAN,
Bluetooth) transmits the signal on 2.4 GHz (ISM: Industry-Science-Medical band)
and 5.2 GHz. Hence, the RFID positioning system does not interfere with the WLAN
and Bluetooth in a factory. Moreover, the active tag is able to be put in the chest
pocket of worker’s wear. In addition, when the RFID positioning system does not use
the fingerprint-based method, it does not need measuring radio map. Other methods
for positioning are known as a proximity detection and the model-based method and

so on. A detail of these methods are explained in Chapter 2.

In the RFID positioning system, since an installation of many base stations is
required, it is troublesome. To resolve such a problem, a novel RFID positioning
system for the employee-location-management service is developed that enables to
estimate the working area of workers. In particular, the passive tag is set up instead
of the base station in the working area. The passive-tag reader held by the worker
receives a signal containing the identification data of the passive tag. Moreover, the
passive-tag reader transmits the identification data as the base station. The
proposed system is able to be constructed without settlement of the base station. The

detail of the proposed RFID positioning system is discussed in Chapter 5.

1.2 Applications Using Indoor Positioning System

Applications using indoor positioning system in a large-scale indoor environment are
listed in Table 1.3. As listed in the table, the navigation service and the employee-

location-management service are desired. The navigation service offers a route from



a current position of consumers to a destination in a large-scale shopping mall, train
station and airport. When the consumer visits a large-scale shopping mall at first
time, the consumer utilizing the navigation service can quickly grasp the current
position and the route.

In addition, the employee-location-management service offers the information
of workers’ position to a manager in a large-scale factory, warehouse and power plant.
To optimize the number of workers at each working area, the manager transfers
workers to other working area on the basis of the current workers’ position and a
progress of a manufacturing process. The optimal transferring of the workers is able

to accelerate the progress of the manufacturing process.

Table 1.3 Applications using indoor positioning system.

Applications Contents Environments
1 | Navigation service Offering a route from a current | Shopping mall,
position of consumers to a train station,
destination to unspecified airport, and so
number of users on
2 | Employee-location Offering an information of the | Factory,
-management service | current worker’s position to warehouse, and
optimize the number of SO on
workers at each working area.

1.3 Contributions

This dissertation has contributions in the WLAN positioning system and the RFID

positioning system. Regarding the WLAN positioning system, this dissertation has



two major contributions; first contribution is a power-absorption-based model for
power compensation using smartphone. To offer the navigation service in a large-
scale shopping mall to unspecified number of users, the user’s smartphone is
therefore adopted as the node in WLAN positioning system. In this system, the user
absorbs the power of the signal from AP [13]. The power absorption by the user
causes the fluctuation of RSS. The unexpected fluctuation of RSS increases the
positioning error. To remove the fluctuation of RSS attributed to the user, a
conventional method for positioning [33], which utilizes RFID badges, in an outdoor
environment estimates the power absorbed by the user and compensates it. It then
estimates the user’s position. The RFID badge is attached to the user’s chest. To
estimate the power absorption by the user, 28 anchor nodes are deployed in a square
area measuring 6.4 m by 6.4 m. Sparser deployment of the anchor nodes, however,
increases the estimation error of the power absorbed by the user; estimation error of
the user’s position thereby increases.

Therefore, to estimate an accurate position of the smartphone, a power-
absorption-based model using smartphone is proposed. The parameters of the model
are estimated using a maximum-likelihood estimation (MLE), and the directivity of
the power absorption is measured using a magnetic sensor built into the smartphone.
The proposed method compensates the power absorption and the influence of
multipath fading. According to experimental evaluations, the root-mean-square
error (RMSE) of the proposed method is 34 % lower than that of the conventional
one. The distance between APs is 6 m. Namely, RMSE of the proposed method is 1.94
m in a room.

Second contribution is the WLAN positioning system utilizing RSS at the dual
frequency bands to improve an accuracy of positioning by using the model-based

method. From a practical perspective, a sparser AP deployment is expected. The



positioning error increases when APs are deployed sparsely. The positioning error in
WLAN positioning system using power-absorption-based model for single frequency
band increases, when RSS of user’s position is extremely lower than that of near
fields (hereafter “deep fade”).

Therefore, a WLAN positioning system for sparse AP deployment in an indoor
environment is proposed to reduce the positioning error attributed to the deep fade.
A method for the proposed system utilizes RSS at dual frequency bands G.e. 2.4 GHz
and 5.2 GHz) and the power-absorption-based model for dual frequency bands.
According to the evaluation, RMSE of the conventional method was 2.56 m to 2.90
m. That of the proposed method was 2.11 m. It is therefore concluded from these
results that the proposed method can provide accurate positioning in the case of
sparse AP deployment (the distance between two APs is 9 m.) in an indoor
environment.

Regarding the RFID positioning system, the major contribution of this
dissertation is the RFID positioning system using the mobile phone with built-in
active tag and passive-tag reader. To offer the employee-location-management
service in a large-scale factory, many base stations must be installed in the
conventional RFID positioning system [4]. Therefore, it is troublesome wiring the
LAN (Local Area Network) and a power supply for many base stations.

To resolve such a problem, a novel RFID positioning system for the employee-
location-management service is proposed. Specifically, in the proposed system, the
passive tag is set up instead of the base station in the working area. The passive-tag
reader held by the worker receives a signal containing the identification data of the
passive tag. Moreover, the passive-tag reader transmits the identification data as
the base station. To realize the proposed system, a small-sized RFID (24 mm x 57

mm X 4 mm) module inserted into the mobile phone is developed. The RFID module



has functions of the passive-tag reader, the active tag and base station. According to
evaluation in a factory, the proposed system is able to be constructed without
settlement of the base station. Moreover, it is able to estimate the worker’s position
within the working area (20 m by 20 m) size.

To summarize, this dissertation has contributions in the WLAN positioning
system and the RFID positing system. The problems of existing approaches and main
contributions of this dissertation are summarized in Table 1.4. The publications from

this work are also listed in Appendix.

Table 1.4 Problems of existing researches and main contributions of this

dissertation.

Chapter 3 | Topic Power-absorption-based model in WLAN positioning

system using smartphone

Problems To remove the fluctuation of RSS attributed to the user,
of existing | a conventional method for positioning [33], which
approach utilizes RFID badges, in an outdoor environment
[33] estimates the power absorbed by the user and
compensates it. It then estimates the user’s position.
Sparse deployment of the anchor nodes increases the
estimation error of the power absorbed by the user;

estimation error of the user’s position thereby increases.

Proposed | The proposed method is based on a model of power
method absorption by a user. The parameters of the model are
estimated using a maximum-likelihood estimation

(MLE), and the directivity of the power absorption is

measured using a magnetic sensor built into the




smartphone. The proposed method compensates the

power absorption and the influence of multipath fading.

Effect of The root-mean-square error (RMSE) of the proposed
proposed method is 34% lower than that of the conventional one.
method Namely, RMSE of the proposed method is 1.94 m in a
room.
Chapter 4 | Topic WLAN positioning system utilizing RSS at dual
frequency bands
Problems | WLAN positioning system using power-absorption-

of existing
approach

[41]

based model [41] can provide accurate positioning in the
case of sparse AP deployment (the distance between APs
is 6 m). However, from a practical perspective, a sparser
AP deployment is expected. The positioning error
increases when APs are deployed sparsely. The
positioning error increases particularly, when RSS of
user’s position is extremely lower than that of near fields

(hereafter “deep fade”).

Proposed

system

A WLAN positioning system for sparse AP deployment
in an indoor environment is proposed to reduce the
positioning error attributed to the deep fade. A method
for the proposed system utilizes RSS at dual frequency
bands (ie. 2.4 GHz and 5.2 GHz) and the power-

absorption-based model.

Effect of
proposed

system

RMSE of the conventional method is 2.56 m to 2.90 m.
That of the proposed method was 2.11 m. Consequently,

the proposed method can provide accurate positioning in

10




the case of sparse AP deployment (the distance between

two APs is 9 m).

Chapter 5

Topic RFID positioning system using mobile phone built-in
UHF active tag and passive-tag reader
Problems | The conventional RFID positioning system [4] requires

of existing

approach

installation of many base stations. Therefore, it is
troublesome wiring the LAN and a power supply for

many base stations.

Proposed

system

The passive tag is set up instead of the base station in
the working area. The passive-tag reader held by the
worker receives a signal containing the identification
data of the passive tag. Furthermore, the passive-tag
reader transmits the identification data as the base
station. To realize the proposed system, a small-sized
RFID (24 mm X 57 mm X 4 mm) module inserted into the
mobile phone i1s developed. The RFID module had
functions of the passive-tag reader, the active tag and

base station.

Effect of
proposed

method

The proposed system is able to be constructed without
settlement of the base station. Moreover, it is able to
estimate the worker’s position within the working area

(20 m by 20 m) size.

Chapter 6

Conclusion

Key finding and future work
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1.4 Outline of Dissertation

This dissertation consists of six chapters. The outline of this dissertation is
summarized in Fig. 1.1.

In Chapter 2, the related work (e.g. WLAN positioning system, RFID
positioning system, UWB (ultra-wideband) positioning system) is described. In
addition, fundamental positioning methods are explained.

In Chapter 3 and Chapter 4, to realize the navigation service in a large-scale
shopping mall, train station, airport and so on, a novel WLAN positioning system
utilizing a model-based method is proposed. A power-absorption-based model for the
WLAN positioning system using smartphone is described in Chapter 3. The Chapter
4 proposes the WLAN positioning system utilizing RSS at the dual frequency bands
to improve the positioning accuracy of the system.

In Chapter 5 presents the RFID positioning system using the mobile phone
with built-in UHF active tag and passive-tag reader to realize the employee-location-
management service in a large-scale factory.

Finally, this dissertation concludes with key findings and future works in

Chapter 6.
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Figure 1.1 Outline of the dissertation.
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Chapter 2

Related Work and Fundamental Method

In this chapter, the related work for the indoor positioning system is described to
study the feasibility focused services in this dissertation. In addition, fundamental

method for the indoor positioning system is presented.

2.1 Related Work

To study the feasibility focused services in this dissertation, several indoor
positioning systems are discussed. These positioning systems are as follows: WLAN
positioning system, Bluetooth positioning system, RFID positioning system, UWB
positioning system, Ultrasound positioning system, the Visible-light positioning
system and Magnetics positioning system. Then, the issue for applying these
positioning systems to the navigation service and the employee-location-

management service are clarified.
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2.1.1. Ultra-Wideband (UWB) Radio

An UWB positioning system realizes high accurate positioning. The positioning error
of the UWB positioning system in an ideal environment is 0.15m [14]. In a multipath
fading environment, the positioning error of the UWB positioning system is about
0.7 mto 1.5 m [15]. The UWB positioning system is useful, when an application using
the system must realize an accurate positioning. However, The UWB positioning
system has to deploy densely the APs. A distance between APs is about 2 m.

The method for positioning is either TOA (Time of Arrival) method or TDOA
(Time Difference of Arrival) method. TOA method must be synchronized between
user’s device and AP. TDOA method must be synchronized between any two APs. To
synchronize APs, APs need to be connected using either wiring LAN or wireless
communication system.

Hence, the issue for applying the UWB positioning system to the navigation
service and the employee-location-management service is a cost to construct the
UWRB positioning system. In addition, to offer the navigation service to unspecified
number of users, the system requires to utilize a device that user owns. Providing a

UWRB tag to the unspecified number of users is difficult for the navigation service.

2.1.2. Ultrasound (US)

An Ultrasound (US) positioning system utilizes TOA method to estimate the position.
The positioning accuracy of the US positioning system is similar to that of the UWB
positioning system. The positioning error of the US positioning is specifically 0.02 m
in NLOS (non-light-of-sight) environment [16].

The standard microphone in smartphones can support 200 Hz to 20 kHz. On
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the other hand, our ear is less sensitive to the high frequency (15 kHz to 20 kHz)
signal. The US positioning system using a smartphone is thereby proposed [17]. The
user only installs the software to control the microphone in a smartphone. It does
not need an additional device.

To achieve high accurate positioning, the US positioning system must deploy
APs densely in NLOS environments. The distance between APs is about 2 m [16].
Consequently, the issue of the applying the US positioning system to the navigation
service and the employee-location-management service is a cost to construct the

system.

2.1.3. Visible Light (VL)

A Visible Light (VL) positioning system is composed of several LEDs (Light emission
diode) and a control board and light sensor. The control board modulates the visible
light using BFSK (binary frequency shift keying). The light sensor demodulates the
received signal, and measures RSS. Then, the VL positioning system estimates the
position of the light sensor on the basis of RSS. The positioning error of the VL
positioning system [18] is 0.4 m in the NLOS environment. A distance between LEDs
is about 3 m to 8 m.

The VL positioning system utilizes the existing LED on ceiling. The cost of
constructing the VL positioning system is lower than that of constructing the other
positioning systems (e.g. the UWB positioning system and the US positioning
system). On the other hand, the user holding the smartphone with attached light
sensor must help to rotate the smartphone to LED in the NLOS environment. The
user’s assist in this system is troublesome.

Consequently, the main issue for applying the VL positioning system to the
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navigation service and the employee-location-management service is need to be

assisted by the user.

2.1.4. Wireless Local Area Network (WLAN)

A WLAN positioning system estimates the position of a node using RSS. The user’s
smartphone with a WLAN device is adopted as the node. Regarding a method for
positioning, the fingerprint-based method and the model-based method is proposed.

The positioning error of the WLAN positioning system using the fingerprint-
based method is about 2.2 m to 3.1 m [9, 10]. That of the WLAN positioning system
using the model-based method is 2.9 m to 4.3 m [10, 11]. A distance between APs is
about 4 m to 18 m. Therefore, the issue for applying the WLAN positioning system
to the navigation service in a large-scale shopping mall is positioning error. In
addition, regarding the fingerprint-based method, measuring RSS at each position
in a large-scale shopping mall is troublesome to make the radio map.

The issue for applying the WLAN positioning system to the employee-location-
management service in a factory is a possibility of the interference. The interference
causes to drop the throughput of existing wireless communication systems (e.g.

WLAN, Bluetooth) in a factory.

2.1.5. Bluetooth (BT)

A Bluetooth (BT) positioning system is almost same as the WLAN positioning
system: the position of the node is estimated by using the fingerprint-based method
and the model-based method, the user’s smartphone with the BT device is adopted

as the node. The positioning error of a conventional BT positioning system [19] is
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2.31 m. The positioning error of other BT positioning system [20] is 3.76 m. A
distance between APs is about 4 m to 12 m.

Hence, the issues for applying the BT positioning system to the navigation
service and the employee-location-management service is same as that of WLAN
positioning system: the issue of the WLAN positioning system in the navigation
service is positioning error, the issue of the WLAN positioning system in the
employee-location-management service is a possibility of the interference with the

existing wireless communication systems.

2.1.6. Radio Frequency Identification (RFID)

An RFID positioning system consists of an active tag and several base stations (or
called active-tag reader). These base stations received the signal from the active tag
carried by a user. Then the RFID positioning system estimates the position of the
user on the basis of RSS. The positioning error of conventional RFID positioning
systems [21, 22, 23] is 2.4 m to 3.3 m. The distance between base stations is 3.6 m to
8 m.

Therefore, the issue for applying the RFID positioning system to the navigation
service in a large-scale shopping mall is positioning error. In addition, to offer the
navigation service to unspecified number of users, the system is required to utilize a
device which the user owns. Providing the active tag to the unspecified number of

users is difficult for the navigation service.

2.1.7. Magnetics (MG)

A Magnetic value differs at each coordinate in an indoor environment. The MG
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(Magnetics) positioning system thereby utilizes the fingerprint-based method. A
method for the MG positioning system requires “magnetic sensor map”’, which is a
set of previously measured values of a magnetics-sensor data at each coordinate in
an indoor environment. The magnetics sensor built into the smartphone is held by a
user. The MG positioning system estimates the position of user’s smartphone using
RSS. Thus, the MG positioning system does not require the installation of APs.

The positioning error of the MG positioning system is 4.7 m [24]. To improve
the positioning accuracy, mixing the WLAN positioning system and MG positioning
system is proposed [25].

The issue for applying the MG positioning system to the navigation service is
thereby the positioning error. In addition, the issue for applying the MG positioning
system to the navigation service and the employee-location-management service is
that the system requires the magnetic sensor map. Measuring the magnetic sensor

map is troublesome.

2.2 Fundamental Methods

Fundamental methods for indoor positioning system are presented. Three methods,
the proximity detection, the fingerprint-based method and the model-based method,
are mainly used for indoor positioning system on the basis of the long-range wireless
communication system such as WLAN system and RFID system. Other methods
(TOA, TDOA) are briefly described.
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2.2.1. Proximity Detection

Proximity detection estimates an approximate position of the node on the basis of
strongest RSS. The proximity detection is shown in Fig. 2.1. According to the figure,
the node receives signals from many APs, and measures the RSS. The signal (S1) of
the strongest RSS is collected. Then, the position of node is determined as a
coordinate of AP: that transmits the signal Si.

The signal of the strongest RSS is transmitted from the closest AP to the node
in an ideal environment, such as a free space path-loss. The free space path-loss
excludes the fluctuation of RSS related to the multipath fading. In the multipath
fading environment, the signal of the strongest RSS is not always the signal from
the closest AP to the node. The positioning error in the ideal environment is thereby
smaller than that in multipath fading environment.

The proximity detection does not need the radio map. Accordingly, the
proximity detection is effective to reduce the construction cost of the indoor

positioning system.

AP, AP3

Si
(Strongest RSS)

Figure 2.1 Proximity detection.
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2.2.2. Fingerprint-based Method

A fingerprint-based method has an offline phase and an online phase for positioning.
In offline phase, the node is set at anchor points (shown in Fig. 2.2) and measures
RSS. A radio map is a set of measured RSS at each anchor point inside a room.
During the online phase, the node held by user measures RSS. The observed signal
1s compared with the stored radio map for each of the anchor points. The position of
the anchor point whose radio map most similarly matches with that of observation
1s determined as a user’s position.

The main advantage is no need of the modeling the propagation environment.
In addition, the fingerprint-based method does not require the data of the APs
coordinate. On the other hand, when the propagation environment is changed, the
radio map must be trained again. Measuring the radio map is troublesome. Moreover,
the positioning system using this method must notice the change of the propagation

environment.

Anchor point

AAP AAP

APA

AAP Q_ Node

Figure 2.2 Fingerprint-based method.
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2.2.3. Model-based Method

A model-based method does not require measuring the radio map. Instead, the
model-based method simulates the radio map using a model related to the

propagation environment. RSS is calculated using a conventional model [26] as
d
0

where P(d) is RSS, P, is the signal strength at distance d, from AP, u is the rate
related to the path-loss, d is a distance between the anchor point and AP, and X
represents the fluctuation of RSS attributed to the multipath fading. P,, © and X
are determined according to the experiment.

Then, the radio map (RSSgs(n, 8)) is a set of calculated RSS at each anchor point
(8) inside a room. N is defined as the number of APs. In the online phase, the node
receives signal from APs, and measures RSS (RSy;(n)). RSSyz(n) is then subtracted

from RSSgps(n,8) estimated at each coordinate (&§). § that gives maximum
1/|RSSgs(n, 8) — RSS,,, (n)| is determined and denoted as a 6z, which is taken as the

position of the node and given as

(2.2)

Oy = arg max Z
|RSSES(n 8) — RSS, (n)
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2.2.4. Other Methods

TOA (time of arrival) method is shown in Fig. 2.3. According to the figure, the
intersection of circles is defined as the position of the node. The radius of circles is
defined as a distance between the node and AP. The distance is calculated on the
basis of the time of arrival. To calculate the distance, a synchronization between
user’s device and AP is required in TOA method. To estimate the position in two-
dimension, minimum number of APs is three.

TDOA (time difference of arrival) method estimates the position of the node
using the time difference of arrival. To calculate the time difference of arrival, a
synchronization between each APs is required in TDOA method.

AOA (angle of arrival) method estimates the position of the node using an angle
of arrival. To measure the angle of arrival the node has to equip with a directional

array antenna. A minimum number of APs in two-dimension is two.

Figure 2.3 TOA method.
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2.3 Conclusion

In this chapter, the issue for applying several positioning systems to the navigation
service and the employee-location-management service are clarified. Applicable
indoor positioning systems for the navigation service in a large-scale shopping mall
are listed in Table 2.1. As listed in the table, the WLAN (or Bluetooth) positioning
system using model-based method and the Ultrasound (US) positioning system
satisfy the requirements for the navigation service. These systems can be applied to

the navigation service.

Furthermore, a low cost and high accuracy positioning system is desired in the
navigation service. The main factor of the cost is defined as a density of APs. Other
factors of the cost such as training are included in the requirements (Table 2.1). The
positioning accuracy versus density of APs is shown in Fig. 2.4. According to the
figure, the positioning error of the US positioning system is less than 2 m.
Deployment of APs in the US positioning system is dense. A distance between APs is
about 2 m. On the other hand, the distance between APs of the WLAN (or Bluetooth)
positioning system using model-based method is about 4 m to 18 m. However, the
positioning error of the WLAN (or Bluetooth) positioning system is larger than that

of the US positioning system.

To achieve the high accuracy positioning and sparse AP deployment, this
dissertation focuses on the WLAN positioning system using model-based method.
Then, a novel WLAN positioning system using model-based method is proposed. The

detail is described in Chapter 3 and Chapter 4.
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Table 2.1 Applicable indoor positioning system for the navigation service.

between APs
(or Base stations)

A

15m

10m

5m

Using RSS(

Using TOA/TDOA

—

WLAN, BT
UWB | US | VL RFID | MG
# Requirements [ i | e [9, 10, 11, 19, 20] [ -
14, 15] | [17] | (18] | 21-23 24
EET T Model
“print
1 | No need of training
Yes Yes | Yes No Yes Yes No
(e.g. radio map)
2 | Utilizing a device
that user owns No Yes | No Yes Yes No Yes
(e.g. smartphone)
Distance No need of

Installation of APs

VL:

BT:

US:
MG:

Ultrasound
Visible light
Magnetics
Bluetooth

Using RSS

Tm

2m

3m

4m 5m

Positioning error

Figure 2.4 Outline of indoor positioning systems.
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Applicable indoor positioning systems for the employee-location-management

service in a large-scale factory are listed in Table 2.2. As listed in the table, RFID,

UWB and US positioning systems satisfy the requirements for the employee-

location-management service.

To optimize the number of workers at each working area in the service, a

working area size (e.g. 20 m) of positioning accuracy is required. In addition, the

distance between base stations of the RFID positioning system is longer than that of

UWB and US positioning systems. Therefore, the RFID positioning system is focused

in this dissertation. The detail is described in Chapter 5.

Table 2.2 Applicable indoor positioning system for the employee-location-

management service.

systems (e.g. WLAN,
Bluetooth) in a

factory.

WLAN, BT
UWB | US | VL | [9,10,11,19,20] | RFID | MG
# Requirements
[14, 15] | [17] | [18] | Finger [21-23] | [24]
Model
-print
1 | The system does not
interfere with the
existing wireless
communication
Yes Yes | Yes No No Yes Yes
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The worker can

carry unconsciously

the node that is No Yes Yes
namely put in the
chest pocket.
No need of training
Yes No Yes

(e.g. radio map)
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Chapter 3

Power-absorption-based Model in WLAN

Positioning System Using Smartphone

3.1 Introduction

A WLAN (Wireless Local Area Network) positioning system utilizing a smartphone
to provide a navigation service in places like a large-scale shopping malls and train
stations is attracting considerable attention [27]. Given this background, many
methods for the WLAN positioning system using a smartphone and WLAN
infrastructure have been proposed [9, 11, 26, 28, 29, 30, 31]. Applying these methods,
the smartphone receives signals transmitted from many access points (APs) in
WLAN. It then measures received signal strength (RSS) and estimates its position
on the basis of the RSS.

A key issue concerning the WLAN positioning system 1is that any unexpected
fluctuation in RSS increases estimation error. The fluctuation of RSS is mainly
caused by the three factors shown schematically in Fig. 3.1. The first factor is so-

called “multipath fading” which is attributed to reflection of microwaves from walls
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and the floor. The second factor is pedestrians that temporarily block the microwave
signals from certain APs to the smartphone. The third factor is the user holding the
smartphone, who is always blocking the microwave signals from certain APs to the
smartphone [32]. Fluctuation of RSS attributed to the multipath fading and

pedestrians can be reduced by using average RSS [10].

Smartphone
A Reflection
(3) User JPttan
“ V(1) Multipath fading
\ Wall
«—— = _

(2) Pedestrian

APs AP,

Figure 3.1 Main factors concerning fluctuation of RSS in WLAN positioning

system.

To remove the fluctuation of RSS attributed to the user, a conventional method
for positioning [33], which utilizes RFID badges, in an outdoor environment
estimates the power absorbed by the user and compensates it. It then estimates the
user’s position. The RFID badge is attached to the user’s chest. To estimate the power
absorption by the user, 28 anchor nodes were deployed in a square area measuring

6.4 m by 6.4 m in an outdoor environment [33]. The anchor nodes receive signals
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transmitted from the RFID badge. They then measure RSS. The power absorbed by
the user is estimated on the basis of maximum-likelihood estimation (MLE) by using
a model of the power absorption by the user. The model is designed based on a simple
cosine function.

A sparser deployment of the anchor nodes, however, increases the estimation
error of the power absorbed by the user; estimation error of the user’s position
thereby increases too. For example, when 28 anchor nodes were deployed in a square
area measuring 6.4 m by 6.4 m, estimation error is 0.87 m. When 4 anchor nodes are
deployed in the same area, estimation error is 3.36 m [33].

Regarding WLAN positioning in an indoor environment, deployment of many
APs is limited, because the installation of many APs is troublesome. Namely, APs
are required to be installed in many places. APs must be connected to the power-
supply unit, which is generally mounted on a wall. It is therefore necessary to
achieve accurate positioning even if deployment of APs is sparse.

Accordingly, the purpose of the current study is to achieve accurate WLAN
positioning using a smartphone in the case of sparse AP deployment in an indoor
environment. The accuracy of positioning is measured by means of a root-mean-
square error (RMSE). The target of this study is to achieve a smaller RMSE than the
conventional RFID-based method [33]. Moreover, the target is set to achieve almost
same RMSE as the conventional fingerprint-based methods [9] [10] for positioning
in an indoor environment. RMSE of the conventional fingerprint-based methods is 2
m to 3 m, when the distance between two APs is 6 m to 9 m. The target is specifically
set to be RMSE of less than 2.5 m.

In this Chapter, a directivity and the influence of multipath fading on the power
absorbed by a user are clarified experimentally (Section 3.2). Then, a general model

of the power absorbed by a user is proposed on the basis of the experimental results
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(Section 3.3). The power absorbed by the user is estimated by using the model and
the magnetic sensor built into smartphones. In conventional methods [34, 35], the
magnetic sensor is used to measure a pedestrian's heading based on PDR (Pedestrian
Dead Reckoning). A conventional method [24] requires "magnetic sensor map", which
1s a set of previously measured values of a magnetic-sensor data at each coordinate
inside a room. Then, the method compares the magnetic sensor map with the reading
of the magnetic sensor at the pedestrian's position, and estimates the pedestrian's
heading and positioning. In our study, to estimate the directivity of the power
absorption by the user, the magnetic sensor is utilized, too. A method for estimating
the position of the smartphone is then proposed (Section 3.4) [36]. To evaluate the
effectiveness of the proposed position-estimation method, RMSE of the proposed
method 1s evaluated by indoor testing and compared with that of the conventional
method. To clarify the influence of pedestrians in the proposed method, RMSE is

evaluated when pedestrians walk around the room (Section 3.5).

3.2 Power Absorption by User

To clarify the directivity of the power absorption by a user, RSS at a smartphone held
by hand in an anechoic chamber is measured. The anechoic chamber is equipped
with many microwave absorbers that reduce reflections of microwaves on the walls
and floor. The measurement environment is shown schematically in Fig. 3.2. The
distance from the smartphone to an AP is 1 m.

RSS for all angles (@) between 180 and —180 degrees, where ¢ is the angle
between a line connecting the smartphone and the AP (chained line in Fig. 3.2) and
a line perpendicular to the smartphone (dashed line in Fig. 3.2), is measured. The

interval of the angle @ is 30 degrees. RSS is averaged by using 60 samples. Three
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different kinds of smartphone are used in the RSS measurement. To measure RSS,
a self-developed application is used. The application runs on Android operating

system. The measurement frequency of AP is 2.412GHz. Average RSS for all angles

1s assumed to be 0 dB as a standard value.

© =150° User 1m  Absorber
\\ |<—>|
N AP AP
User —
5\ . -
‘ Smartphone
Smartphone 15m
Top view Side view

Figure 3.2 Experimental environment used for measuring power absorption by a

user in an anechoic chamber.

Measured RSS when the smartphone is held in the left hand is plotted in Fig.
3.3, and that when it is held in the right hand is plotted in Fig. 3.4. According to
these figures, maximum amplitude (a) of the power absorption by the user is 20 dB
to 23 dB.

When the smartphone is held in the left hand, ¢ for minimum RSS was 30
degrees. In contrast, when it is held in the right hand, ¢ for minimum RSS is —30
degrees. Hence, the angle for maximum power absorption by the user depends on the
state in which the phone is held (hereafter, “smartphone-holding state”) and varies

between 30 and —30 degrees. The variation is denoted as angular offset @stset-

32



The “angular range (0)” of the standard power absorption (0 dB) is 150 degrees
when the smartphone is held in the left hand. The corresponding 0 is 120 degrees
when it is held in the right hand. Hence, 6 depends on the smartphone-holding state.

The above-described results clarify that the directivity of the power absorption
by the user in the case where the smartphone is held in the left hand (hereafter, “left-
case”) and that in the case where the smartphone is held in the right hand (hereafter,
“right-case”) have asymmetric shape. One of the possible reasons is that a directivity

of WLAN antenna built into the smartphone is asymmetric [37] [38].

15

6=150°

RSS [dB]

15 | ---x--- Smartphone A o i
1
---a--- Smartphone B i
1 ® =30°
20 | ---e--- Smartphone C j offset
1
1
1

Average

-25 :
-180 -135 -90 -45 0 45 90 135 180

¢ [degrees]

Figure 3.3 Directivity of power absorption by a user when a smartphone is held in

the left hand in an anechoic chamber.
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Figure 3.4 Directivity of power absorption by a user when a smartphone is held in

the right hand in an anechoic chamber.

To clarify the influence of multipath fading on the power absorption by a user,
RSS is measured in a typical room. The room measured 6.5 m by 4 m. The
experimental environment of the room is set in a similar manner to that of the
anechoic chamber in Fig. 3.2, except that the microwave absorbers are removed.
Most of the walls and floor in the experimental room are made of concrete. RSS is
measured for ¢ of 180 to —180 degrees when the smartphone is held in the left hand.
The interval of the angle ¢ is 45 degrees. Average RSS for all angles is assumed as
0 dB as the standard value.

The RSS values measured in the room are compared with those measured in
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the anechoic chamber. The room-measured RSS and the anechoic-chamber-
measured RSS when the smartphone is held in the left hand are plotted in Fig. 3.5.
According to the figure, three parameters (a, @ffser, and 0) for the room differ from
those for the anechoic chamber.

The above-described results clarify that o, @ufset, and 0 depend on the
smartphone-holding state and multipath fading in a room. To estimate the position
of the smartphone, the proposed method therefore estimates a, @qyfser, and 6 in

consideration of power absorption by the user and compensates it.

15
---e--- Room (smartphone A)

10 } ——Anechoic chamber (smartphone A)

_25 | |
-180  -135 -90 -45 0 45 90 135 180

¢ [degrees]

Figure 3.5 Directivity of power absorption by the user when the smartphone is held

in the left hand.
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3.3 Model of Power Absorption by User

To estimate the power absorption by a user and compensate it, a general model of
the power absorption is designed on the basis of the experimental results presented
in Section 3.2. The power absorption by the user in the left-case and that in the right-
case are asymmetric. Specifically, @yfser, and 0 depend on the smartphone-holding
state and multipath fading. It is difficult for the conventional RFID-based method
using a cosine function to simulate asymmetric power absorption. Because, the
cosine function can represent only symmetric shape. To simulate asymmetric power
absorption (which depends on the smartphone holding state and multipath fading),
the three parameters (a, @qfser, and 0) are embedded in the model based on the
cosine function. The power absorption is modeled on the basis of the following

equations,

B =@ — Pofrset - (3.2)

The modeled power absorption is plotted in Fig. 3.6. Average RSS for all angles
1s assumed to be 0 dB as a standard value. The model is calculated by assigning
values of a, Qfset; and 0 in eq. (3.1). The parameters listed in Table 3.1 are
measured in the anechoic chamber.

According to the figure, the power absorptions simulated by model agree well
with the two measured power absorptions (.e., right hand and left hand). To confirm
the similarity between power absorption simulated with the model and measured

power absorption, a correlation coefficient is calculated. The correlation coefficient
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1s 0.86 when the smartphone is held in the left hand, and it is 0.83 when it is held in
the right hand. The correlation coefficient is high (0.83 or more) in both cases. It is
assumed that the model can simulate various power absorptions by the user. To
estimate various power absorptions by the user and compensate them, the
parameters of the model must be estimated first. How to estimate these parameters

1s described in the next section.

------- Model (right hand)

---e--- Measured power absorption (right hand)
Model (left hand)

—— Measured power absorption (left hand)

RSS [dB]

-180 -135 -90 -45 0 45 90 135 180
¢ [degrees]

Figure 3.6 Power-absorption model for a user holding smartphone.
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Table 3.1 Measured parameters for anechoic chamber.

Left hand Right hand

a 20 dB 23 dB

@offset | 30 degrees — 30 degrees

0 150 degrees 120 degrees

3.4 Proposed Method

To achieve accurate WLAN positioning for sparse AP deployment in an indoor
environment, the power absorption by a user is estimated and compensated by using
the model and a magnetic sensor built into the smartphone. Sparse AP deployment
1s defined as APs separated by 6 m or more. The precondition of the physical user
activity is defined as either the standing or the sitting. Moreover, it is defined as the
user looking at the display of the smartphone. The position of the user’s smartphone
is then estimated on the basis of MLE.

In detail, RSS of signals transmitted from four APs is estimated. Measured RSS
(RSSyr (n)) is then subtracted from RSSpg(n,8) estimated at each coordinate (§)
inside an area of square set APs at four corners. n is defined as an index of AP. &
that gives maximum 1/|RSSgs(n,8) — RSSyr (n)| is determined and denoted as a

Sy, which is taken as the position of the smartphone and given as

4
Z 1
~ |RSSgs(n, 8) — RSSyp ()|

Oy = arg max (3.3)

Sy 1s the average coordinate calculated from N samples of 8, and N is any

positive integer. RSSgs(n,8) is calculated as
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RSSEs(n, 6) = PAP(n) + Ls(n, 6) + F + LP y (3.4‘)

where P,p(n) represents a known output power of the AP, and F represents an
unknown fluctuation of RSS due to multipath fading, where F is estimated by using

MLE. Lg(n,8) is defined as free-space path loss [39] given by

4mtd(n, 6)
Ls(n,8) = —201log <—> ,

~ (3.5)

A=-—, (3.6)

where the length of a path from a coordinate of AP(n) to 8 is denoted by d(n,§), the
speed of light is denoted by c, and carrier frequency f is taken as 2.4 GHz.

To accurately estimate the power absorption by the user, Lp is estimated by
using the model and a magnetic sensor built into the smartphone. ¢ used in the

model is measured using a magnetic sensor built into the smartphone (Fig. 3.7).
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Figure 3.7 Definition of angle ¢ for a smartphone.
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According to the figure, ¢ 1is the angular difference between angle @ p
representing the AP and ¢p representing the user. @4p can be calculated on the
basis of a known coordinate of the APs and each coordinate (8) inside the area of a
room. @p is measured by the magnetic sensor in the smartphone. The precondition
of the measurement is defined as the user standing and looking at the display of the
smartphone.

To confirm the performance of the magnetic sensor built into the smartphone,
RMSE for ¢p is evaluated in the room in four cases: @p = 0 degrees, @p = 90
degrees, @p = — 90 degrees, and ¢p = 180 degrees. The evaluated RMSEs for ¢p

are listed in Table 3.2. According to the table, average RMSE for ¢p in the room was

8.6 degrees.
Table 3.2 RMSE of magnetic sensor in indoor environment.
RMSE(¢p) [degrees]
Left hand 6.9
Right hand 10.3
Average 8.6

The parameters of the model, a, @yfset, and 0 depend on the smartphone
holding state and multipath fading. They are therefore determined on the basis of
the measured power absorption by the user. Specifically, they are selected from the
ranges listed in Table 3.3. The parameter ranges are determined experimentally by
three kinds of smartphone in the anechoic chamber and the room. The user holding
smartphone is a male. He is 176 cm tall, and weighs 68 kg. In addition, F is selected
from the range listed in Table 3.3. The parameter range of F is determined on the

basis of a measured value in a building [31].
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Table 3.3 Range of the parameters for MLE.

Minimum value | Maximum value
a 16 dB 23 dB
Doffset — 45 degrees 30 degrees
0 120 degrees 160 degrees
F —-10dB 10dB

3.5 Evaluation

To confirm the performance of the proposed method, RMSE of WLAN positioning
based on this method is evaluated in a room. Moreover, RMSE is evaluated when
pedestrians walked around the room.

In this evaluation, it is assumed that the user wants to know his or her position
within a few seconds (.e., 3 to 5 s). On the other hand, it takes the smartphone 1 s
to simultaneously receive four signals from four APs. Three samples (N=3) of the

transmitted signal from each AP are therefore used to estimate the user’s position.

3.5.1. Evaluation of RMSE

RMSEs of WLAN positioning by the conventional and proposed methods are
evaluated in a room, namely, the experimental environment shown schematically in
Fig. 3.8. In this environment, no pedestrians are present; four APs are set at a height
of 1.5 m above the floor; the distance between two APs is 6 m; and the size of the
room is 8 m by 8 m. The metal desks, a shelf, walls and a floor in the room cause

multipath fading.
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Regarding the evaluation method, a user held a smartphone in the hand while
standing sequentially at 16 locations. At each location, the user faces 2 directions:
the direction shown in Fig. 3.8, and the opposite direction. The RMSE values of the

32 settings (16x2) are evaluated.

A
\ 4

8m

Window

I AP;

Desk

Smartphone

Figure 3.8 Experimental setup in the room.
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An uncompensated method (which does not compensate power absorption by
the user), the conventional method, and the proposed method are evaluated. The
conventional method [33] estimates a and ¢ by using MLE. In other words, the
model of power absorption by the user used in the conventional method does not
include @qfser and 0. To evaluate the conventional method by using the model,
Qoffset and O are respectively fixed to 0 degrees and 360 degrees.

The proposed method estimates a, @yfser, and 0 by using MLE and the model
in the range listed in Table 3.3. In addition, ¢ is measured by utilizing the magnetic
sensor built into the smartphone. The conventional and proposed methods then both
compensate the fluctuation of RSS that is attributed to these parameters.

The evaluated RMSEs are shown as bar graphs in Fig. 3.9. As shown in the
figure, RMSE of the uncompensated method is 4.29 m; that of the conventional
method is 3.11 m; and that of the proposed method is 2.17 m. In other words, the
proposed method is more accurate than the conventional ones in estimating the

position of the smartphone in the case of sparse AP deployment in the room.
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Figure 3.9 RMSE of different positioning methods used for a room.
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To confirm the reduction of RMSE by estimating @t and 8, RMSE in the
case that 0 is estimated and that in the case that 0 fixed (i.e., 360 degrees) for the
proposed method are evaluated. RMSEs of the proposed method are shown in Fig.
3.10. In this evaluation, the range of +@qffser 18 varied from O degrees to 180 degrees.

RMSE of the proposed method with estimated 6 is lower than that with fixed 6
(360 degrees). The proposed method determines 0 on the basis of the measured power
absorption by the user, which is selected from the ranges listed in Table 3.3. It is
therefore concluded that estimating 6 reduces RMSE of the positioning method.

With the proposed method, RMSE for +@gger of 17 degrees, 34 degrees, and
51 degrees is lower than that for fixed @yt of O degrees. In other words the

estimated @yfrser from the range listed in Table 3.3 reduces RMSE.

3.6

- > = Proposed method (fixed 6=360°)
34
—S— Proposed method (various 8)

3.2 |

2.8 3 - =X~

RMSE [m]

24 F

22 |

2 | | | | |
0 30 60 90 120 150 180

Range of +@ .. [degrees]

Figure 3.10 RMSE of the proposed method with optimized @oftset and 6 for a room.
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A cumulative distribution function (CDF) is used to verify that the proposed
method can be used to estimate the user’s position with good accuracy regardless of
the smartphone holding state. The CDF of estimation error used in the proposed
method is shown in Fig. 3.11. According to the figure, the median error is 1.7 m when
the smartphone is held in the left hand and 1.7 m when the smartphone is held in
the right hand. The estimation errors of the proposed method in the left-case and
that in the right-case are almost same. Therefore, the proposed method can estimate

the asymmetric power absorption by the user and compensate it.
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Figure 3.11 CDF of estimation error used in the proposed method.

3.5.2. Influence of Pedestrians on RMSE

RMSEs of WLAN positioning by the conventional and proposed methods are

evaluated when pedestrians walked around a room. An experimental environment

45



is shown in Fig. 3.12. According to the figure, the distance between two APs is 6 m,
and the size of the room is 7.6 m by 6.6 m. The metal desks, the black boards, walls
and floor in the room cause multipath fading.

Regarding the evaluation method, a user holds a smartphone in the left hand
while standing sequentially at four locations. The number of pedestrians in the
lecture room is varied from zero to three. A scene from the actual experiment, in

which two pedestrians randomly walk around the lecture room, is shown in Fig. 3.13.
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Figure 3.12 Experimental setup with pedestrians.
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Figure 3.13 Scene from actual experiment in the lecture room.

The evaluated RMSEs are shown as bar graphs in Fig. 3.14. According to the
figure, RMSE of the proposed method is the lowest among the three methods. In the
case of three pedestrians, RMSE of the uncompensated method is 4.12 m, that of the
conventional one is 2.94 m, and that of the proposed one is 1.94 m. In other words,
RMSE of the proposed method is 34 % lower than that of the conventional one when
the pedestrians walk around the lecture room.

In detail, the positioning error of the proposed method at 4 locations in the
lecture room is shown in Fig. 3.15. As shown in the figure, the positioning error is
not proportional to the number of pedestrians at all locations. To clarify the reason
why the positioning error is not proportional to the number of pedestrians, the
measured RSS is analyzed. As a result of the analysis, the fluctuation of RSS is found
to be unproportional to the number of pedestrians, when a few pedestrians (3 or less)
walk around in the room. On the other hand, the fluctuation of RSS is proportional
to the positioning error [40].

These findings explain the above-mentioned relation between the positioning
error and the number of pedestrians. Clarifying a relation between the positioning
error and the number of pedestrians in the case of many pedestrians (i.e. 4 or more)

is a future work.
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Figure 3.15 The positioning error of the proposed method at 4 locations in the

lecture room.
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RMSEs of the proposed method and the conventional one are evaluated in
regard to the number of averaged samples, N. The evaluated RMSE values are
plotted in Fig. 3.16. According to the figure, RMSE of the proposed method is lower
than that of the conventional one and does not depend on N.

These results presented here indicate that the proposed method is more
accurate than the conventional one in estimating the position of the smartphone in

the case of sparse AP deployment in a room.
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Figure 3.16 RMSE versus the number of averaged samples.
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3.6 Conclusion

An accurate positioning method for sparse AP deployment in an indoor environment
1s proposed. The proposed method is based on a model of power absorption by a user.
The parameters of the model are estimated using MLE, and the directivity of the
power absorption is measured using a magnetic sensor built into the smartphone.
The proposed method compensates the power absorption and the influence of
multipath fading. To verify the effectiveness of the proposed method, RMSE of the
proposed method is evaluated in a lecture room and compared to that of the
conventional method. The distance between APs is 6m. RMSE of the proposed
method is 34 % lower than that of the conventional one when pedestrians walk
around the room. In detail, RMSE of the proposed method is 1.94 m, which satisfies
the target assumed in this study (.e., less than 2.5 m). In other words, RMSE of
proposed method is the same as that of fingerprint-based method. It is therefore
concluded from these results that the proposed method can provide accurate
positioning using a smartphone in the case of sparse AP deployment in an indoor
environment.

From a practical perspective, a sparser AP deployment is expected. This study
assumes that RMSE increases when APs are deployed sparsely. Improvement of
RMSE in the case of sparser AP deployment is therefore discussed in the next

chapter.
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Chapter 4

WLAN Positioning System Utilizing RSS at
Dual Frequency Bands

4.1 Introduction

In this chapter, to improve the positioning accuracy in the case of sparse AP
deployment, we discuss the WLAN positioning system utilizing RSS at the dual
frequency bands. In Chapter 3, the WLAN positioning system using power-
absorption-based model at single frequency band (2.4 GHz) [41] can provide accurate
positioning in the case of sparse AP deployment (the distance between APs is 6 m) in
an indoor environment. However, from a practical perspective, a sparser AP
deployment is expected. This study assumes that positioning error increases when
APs are deployed sparsely.

To resolve this problem, a WLAN positioning system is proposed. In WLAN
positioning system, the smartphone receives signals transmitted from many APs. It
then measures RSS and estimates its position on the basis of the RSS. A key issue

concerning WLAN positioning is that any unexpected fluctuation in RSS increases
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positioning error. The fluctuation of RSS is mainly caused by the three factors, which
are the multipath fading, pedestrians and the power absorption by the user. In
Chapter 3, a model for WLAN positioning system 1s proposed to compensate the
power absorption by the user at single frequency band. In addition, the fluctuation
of RSS attributed to the multipath fading and pedestrians is reduced by using the
average RSS.

However, the positioning error in WLAN positioning system using power-
absorption-based model for single frequency band increases, when the average RSS
of user’s position is extremely lower than that of near fields (hereafter “deep fade”).
To reduce the positioning error attributed to the deep fade, the conventional
fingerprint-based method [42] utilizes RSS at the dual frequency bands (2.4 GHz and
5.2 GHz). The fingerprint-based method requires "radio map", which is a set of
previously measured RSS. Measuring the radio map in the indoor environment is
troublesome.

To overcome the problem, a model-based method for positioning utilizing RSS
at dual frequency bands is proposed. The model-based method does not require the
measured radio map. The positioning error is measured by means of a root-mean-
square error (RMSE). The target of this study is to achieve less RMSE than the
conventional method using the power-absorption-based model at single frequency
band [41].

In this chapter, the deep fade in indoor environment is confirmed
experimentally. Then to reduce the positioning error attributed to the deep fade, a
fundamental idea for WLAN positioning system is proposed (Section 4.2). To
implement the idea in WLAN positioning system, a WLAN positioning system
utilizing RSS at dual frequency bands is proposed (Section 4.3). To clarify the

positioning accuracy of the proposed system, RMSEs of both the proposed method
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and the conventional method using the power-absorption-based model are evaluated

in a conference room. (Section 4.4).

4.2 Multipath Fading

To improve the positioning accuracy in the case of sparse AP deployment, the deep
fade in an indoor environment is confirmed experimentally. Then to reduce the
positioning error attributed to the deep fade, a fundamental idea for WLAN
positioning system is proposed

To confirm the deep fade attributed to the multipath fading in an indoor
environment, RSS is measured in a conference room. The experimental environment
1s shown schematically in Fig. 4.1. As shown in the figure, AP is set at a height of 1.2
m above the floor. The precondition of the measurement is defined as the user
standing and looking at the display of the smartphone. The user faces the AP. The
smartphone is held in a left hand.

RSS is measured at a distance between AP and the smartphone of 1 to 10
meters. The interval of the distance is 0.5 m. 30 samples for RSS is measured at each

locations.
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Figure 4.1 Experimental setup for RSS measurement in a conference room.

Measured RSS in the conference room is shown in Fig. 4.2. As shown in the
figure, the maximum fluctuation of RSS was 14 dB. The average RSS at 7 m is about
10 dB lower than that at 9.5 m. The deep fade attributed to the multipath fading
thereby exists at 7 m. The deep fade causes the positioning error in WLAN
positioning system using the model-based method. Because the model-based method
for positioning is designed on the assumption that the average RSS is decreased as
the distance from AP is longer.

To reduce the positioning error attributed to the deep fade, microwave
absorbers cover a ground, a ceiling and walls in a chamber room. However, it is

difficult to construct the microwave absorber on the ground in a shopping mall.
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Figure 4.2 Measured RSS attributed to the multipath fading in the conference
room.

In other method for the positioning, many signals from APs are utilized to
reduce the positioning error attributed to the deep fade. When the deep fade occurs
in one of the received signals, the other signals are useful to reduce the positioning
error. In this method, many additional APs must be installed. It is however
complicated. Namely, many areas for the installation of APs are required. APs must
be connected to the power-supply unit, which is generally mounted on a wall.

To resolve these problems, a fundamental idea for WLAN positioning system is
proposed. A principle [43] of generating the deep fade is shown in Fig. 4.3. As shown
in the figure, the deep fade is generated when a direct wave is combined with a
reflected-wave shift by half a wavelength of the direct wave, that is, phase = . If the

differential phase is shifted by phase =, the deep fade is not generated.
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In detail, the deep fade of the WLAN positioning system can be simulated by a
ray tracing (Fig. 4.4). A path of the direct wave is the segment from the AP to the
smartphone. To determine the path of the reflected wave, the position of a virtual
smartphone is calculated. The path of the reflected wave is presumed to depend on
the positions of the smartphone, floor, and any obstacles. The received signal

strength of the smartphone is calculated by synthesizing multipath.
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Figure 4.3 Principle of generating the deep fade.
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Figure 4.4 Simulated model for multipath fading by ray tracing.
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The power of the direct-wave signal is represented by the following equation,

D
Sa(f,Da) = Vo (f, D) cos <2nf (c- 7)) (4.1)

where the speed of light is denoted as ¢, the length of path is denoted as D, and f is
defined as the carrier frequency. In addition, V,,(f,D4) is defined as the amplitude

of power when the direct wave arrives at the smartphone. V,,(f,D4) is given by

/ P(f.Dg)
Vop(f,Dg) =04 %10 10 (4.2)

where P(f,D,) is calculated from equation (4.3) based on the Friis transmission

formula [39]. Output power of the AP is denoted as P,.

47TDd c
P(f,Dd)=PO—2010g( - ) A=z (4.3)

The phase of the reflected wave is shifted, and the amplitude is thus reduced. The
reflected wave is therefore represented by the following equation, in which a
reflectance ratio R and a rotation of phase p are added to equation (4.1). The
distance between AP and the virtual smartphone is denoted as D,. n is the number

of the reflected waves.

S-(f, Dy,m) = RV, (f, Dy) cos (27Tf (t - %) + p). (4.4)

Accordingly, the multipath is composed of direct-wave path and N paths of the

reflected waves. The received signal is represented by the following equation.

N-1
S(f,DasDy) = Sa(f. D) + ). S(f, Dy ). (4.5)
n=0
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According to these above equations, when the height of AP is changed, the distance
D, 1is varied. Therefore, the differential phase between S;(f,D;) and S,.(f,D,,n) is
varied. Changing the height of AP causes to shift the position of the deep fade.
Moreover, changing the carrier frequency (f) causes to shift the position of the deep
fade, too.

Consequently, to vary the height of the AP periodically is difficult. Therefore,
the fundamental idea for WLAN positioning system is thereby utilized RSS at dual

frequency bands to shift the position of the deep fade.

4.3 Proposed System

To reduce the positioning error attributed to the deep fade, a WLAN positioning
system utilizing RSS at dual frequency bands and the power-absorption-based model
1s proposed. The configuration of the proposed system is shown in Table 4.1.
According to the table, AP simultaneously transmits signals at dual frequency bands
(2.4 GHz and 5.2 GHz). The AP is commercially available.

The positioning method utilizing RSS at dual frequency bands and the power-
absorption-based model [41] is proposed. The model can simulate the power
absorption by the user at 2.4 GHz to compensate it. In this section, to utilize the
model [41] at 2.4 GHz and 5.2 GHz, the feasibility of modeling the power absorption
by the user at the dual frequency bands is evaluated.

Then, to reduce the positioning error attributed to the deep fade, the method

for WLAN positioning system utilizing RSS at dual frequency bands is presented.
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Table 4.1 Configuration of proposed WLAN positioning system using RSS at dual

frequency bands.

AP Two signals are simultaneously transmitted

at the dual frequency (2.4 GHz and 5.2 GHz).

User’s device Smartphone with built-in magnetics sensor
and WLAN module
Method A method utilizing RSS at dual frequency

bands and the power-absorption-based model

[41] is proposed

4.3.1. Power Absorption at Dual Frequency Bands

To evaluate the feasibility of modeling the power absorption by user at dual
frequency bands, RSS at a smartphone held by hand in an anechoic chamber was
measured. The distance from the smartphone to an AP is 1 m. RSS for all angles (¢)
between 180 and -180 degrees, where @ is the angle between a line connecting the
smartphone and the AP (chained line in Fig. 4.5) and a line perpendicular to the
smartphone (dashed line in Fig. 4.5), is measured.

The interval of the angle ¢ is 30 degrees. RSS was averaged by using 30
samples. Average RSS for all angles is assumed to be 0 dB as a standard value. The

measurement frequency of AP were 2.4 GHz and 5.2 GHz.
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perpendicular to the smartphone.

Measured RSS when the smartphone was held in the left hand is plotted in Fig.
4.6, and that when it is held in the right hand is plotted in Fig. 4.7. The parameters
of power absorption is shown in Table 4.2. According to these figures and the table,
maximum amplitude (a,,) of the power absorption by the user is 19.4 dB to 24.3 dB.
¢ for minimum RSS is -30 to 30 degrees, that is denoted as angular offset @qtset m-
The “angular range (8,,)” of the standard power absorption (0 dB) is 100 to 145
degrees. To confirm the similarity between power absorption at 2.4 GHz with that at
5.2 GHz, a correlation coefficient is calculated. The correlation coefficient is 0.83
when the smartphone is held in the left hand, and it is 0.76 when it is held in the
right hand.

On the other hand, a correlation coefficient between power absorption
simulated with the model and measured power absorption at 2.4 GHz, is about 0.8
(it is described in section 3.3).These results are therefore assumed that the model

[41] can simulate the power absorption at 2.4 GHz and 5.2 GHz.
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Figure 4.6 Directivity of power absorption by a user at dual frequency bands when

a smartphone is held in the left hand in an anechoic chamber.
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Figure 4.7 Directivity of power absorption by a user at dual frequency bands when

a smartphone is held in the right hand in an anechoic chamber.
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Table 4.2 Parameters of the power absorption by a user.

Right hand Left hand

Frequency [GHz] 2.4 5.2 2.4 5.2
o, [dB] 243 | 19.4 | 21.5 | 20.6
Qoffset m ldegrees] | -30 0 30 0
8,, [degrees] 100 | 100 | 145 | 100

4.3.2. Method for Positioning

To reduce the positioning error attributed to the deep fade, a method for WLAN
positioning system utilizing RSS at dual frequency bands is proposed. The method
uses the power-absorption-based model [41] to compensate the power absorption by
the user at dual frequency bands.

The position of the user’s smartphone is then estimated on the basis of MLE.
In detail, the measured RSS (RSSy (n,m)) is then subtracted from RSSgs(n,m,8)
estimated at each coordinate (8). n is defined as an index of AP. In the case of m =
1, the carrier frequency (f) is 2.4 GHz. In the case of m =2, f is 5.2 GHz. § that
gives maximum 1/|RSSgs(n,m,8) — RSSyz (n,m)| is determined and denoted as a

Sy, which is taken as the position of the smartphone and given as

4 2
1
8 = Z . 4.6
ML = arg max z |RSSgs(n, m, 8) — RSSy g (n, m)| o

n=1m=1

8y, 1s the average coordinate calculated from N samples of §,,;, and Nis any

positive integer. RSSgs(n,m,8) is calculated as
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RSSgps(n,m,8) = Pyp(n,m) + Lg(n,m,8) + F(m) + Lp(m), 4.7)

where P,p(n,m) represents a known output power of the APs, and F(m) represents
an unknown fluctuation of RSS due to multipath fading, where F(m) is estimated

by using MLE. Lg(n,m,8) is defined as a free-space path loss [39] given by

(4.8)

4mted(n, &
Lg(n,m,8) = —2010g< med )>,

f(m)
where the length of a path from a coordinate of AP(n) to & is denoted by d(n,§), the
speed of light is denoted by ¢. Lp(m) is defined as the model of power absorption [41]

given by

,_ {(—O(Tm{l + cos (Zgim» , i Bl < 67"1
Lo, 5

Lp(m , (4.9)

_ 0
if |Bn| >

Bm = @ — Qoffset.m - (4.10)

is measured using a magnetic sensor built into the smartphone. The other
parameters (ay, @offset m» Om) are estimated by MLE.

The parameters of the model are determined on the basis of the measured
power absorption by the user. Specifically, they are selected from the ranges listed in
Table 4.3. The parameter ranges are determined experimentally by three kinds of
smartphone at 2.4 GHz in the anechoic chamber and the room. In addition, F(m) is
selected from the range listed in Table 4.3. The parameter range of F(m) is

determined on the basis of a measured value in a building [31].
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Table 4.3 Range of the parameters for MLE.

Minimum value | Maximum value
[, 16 dB 23 dB
Poffset m — 45 degrees 30 degrees
O.n 120 degrees 160 degrees
F(m) —-10dB 10 dB

4.4 Evaluation

To clarify the performance of the proposed system using RSS at the dual frequency
bands, a positioning accuracy of WLAN positioning is evaluated in a conference room.
The positioning accuracy is defined as the RMSE (root-means-square error). RMSE
of WLAN positioning by the conventional and proposed methods is evaluated in the
conference room, namely, the experimental environment is shown schematically in
Fig. 4.8. A scene from the actual experiment in the conference room is shown in Fig.
4.9.

As shown in the figure, four APs are set at a height of 0.8 m above the floor; the
distance between two APs is 9m; and the size of the room is 18.8 m by 11.8 m. Many
desks, walls and floor in the conference room cause multipath fading. The user holds
a smartphone in the hand while standing sequentially at 8 locations.

In this evaluation, it is assumed that the user wants to know his or her position
within a few seconds (.e., 3 to 5 s). On the other hand, it takes the smartphone 1 s
to simultaneously receive eight signals from four APs. The APs simultaneously

transmit two signals at both of 2.4 GHz and 5.2 GHz.
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Figure 4.8 Experimental setup in the conference room.

Figure 4.9 Scene from actual experiment in the conference room.
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RMSEs of the uncompensated method (which does not compensate power
absorption by the user), the conventional method using the power-absorption-based
model, and the proposed method are evaluated. The evaluated RMSEs are shown in
Fig. 4.10. As shown in the figure, RMSE of the uncompensated method is 4.64 m to
5.31 m; that of the conventional method using RSS at 2.4 GHz is 2.90 m; that of the
conventional method using RSS at 5.2 GHz is 2.56 m; and that of the proposed
method is 2.11 m. RMSE of the proposed method is lower than that of the

conventional one.
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\ ) |
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Uncompensated Conventional Proposed
method method method

Figure 4.10 RMSE of different positioning methods used for a conference room.

In detail, the positioning error at 8 locations measured RSS in the conference

room is shown in Fig. 4.11. As shown in the figure, in the terms of the conventional

method, the positioning error (RMSE) at 5.2 GHz attributed to the deep fade is
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smaller than that at 2.4 GHz, when the index of location is 1, 3, 4 and 5.
Simultaneously, RMSE of proposed method is almost same as that of conventional
one using RSS at 5.2 GHz.

In the other locations, RMSE of the conventional method using RSS at 2.4 GHz
1s smaller than that of conventional one using RSS at 5.2 GHz; RMSE of proposed
method is almost same as that of conventional one using RSS at 2.4 GHz.
Consequently, the proposed method reduces the positioning error attributed to the

deep fade at 8 locations in the conference room.
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Figure 4.11 The positioning error at 8 locations in the conference room when a

smartphone is held in the left hand.
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Moreover, a cumulative distribution function (CDF) of positioning error used in
the proposed method and conventional one is shown in Fig. 4.12. As shown in the
figure, the positioning error in 95 % (2 standard deviation) of the proposed method
is 41 % lower than that of the conventional one using RSS at 2.4 GHz; the positioning
error in 68 % (a standard deviation) of the proposed method is 28 % lower than that
of the conventional one. These results indicate that the proposed method is

particularly useful to reduce a large positioning error (i.e. 4 m or more).
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Figure 4.12 CDF of positioning error used in the proposed method and the

conventional method [41].
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RMSEs of the proposed method and the conventional one are evaluated in
regard to the number of averaged samples, N. The evaluated RMSE values are
plotted in Fig. 4.13. According to the figure, RMSE of the proposed method is lower
than that of the conventional one.

These results indicate that the proposed method is more accurate than the
conventional one using RSS at single frequency band in the case of sparse AP
deployment (9 m X9 m) in the conference room. RMSE of proposed method satisfies

the target assumed in this study (.e. less than RMSE of conventional method).
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Figure 4.13 RMSE versus the number of averaged samples.
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4.5 Conclusion

A WLAN positioning system for sparse AP deployment in an indoor environment is
proposed to reduce the positioning error attributed to the deep fade. A method for
positioning utilizes RSS at dual frequency bands (i.e. 2.4 GHz and 5.2 GHz). In
addition, to compensate the power absorption by the user at dual frequency bands,
the power-absorption-based model [41] is used. To verify the effectiveness of the
proposed method, RMSE of the proposed method is evaluated in a conference room
and compared to that of the conventional method using the power-absorption-based
model at single frequency band. The distance between two APs was 9m in the
conference room. RMSE of the conventional method was 2.56 to 2.90 m. That of the
proposed method was 2.11m, which satisfies the target assumed in this study G.e.,
less than that of conventional method). It is therefore concluded from these results
that the proposed method can provide accurate positioning in the case of sparse AP

deployment in an indoor environment.
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Chapter 5

RFID Positioning System Using Mobile
Phone Built-in UHF Active Tag and Passive-
tag Reader

5.1 Introduction

To improve an efficient of manufacturing processes in a factory, RFID system is
attracting considerable attention. An active tag uses battery to realize a long-range
communication. A maximum communication distance of the active tag is over 20
meters [44], thus the active tag is used for RFID positioning system to detect a
position of workers in a large-scale indoor environment, such as a factory. A
conventional RFID positioning system is required installation of many base stations
[45], it is however complicated.

A passive tag is a low cost device, because it does not have the battery. The
passive tag therefore can be attached to many objects in the factory. Hence, the
passive tag is used for a large amount of inventory management [46]. In the case of

the inventory management, a conventional passive-tag reader receives a signal
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containing an identification data of passive tag is too large to carry [47].

To overcome these problems, a compact RFID module inserted into a mobile
phone 1s developed. The RFID module has three functions; a reader function, an
active-tag function, a base-station function [48]. RFID positioning system using the
RFID module is developed to estimate the working area of workers. It is not required
installation of the base station. Then, a performance of the RFID positioning system

is evaluated in a factory.

5.2 Development of RFID Module

The functions of the mobile phone with built-in the RFID module (hereafter, “RFID
mobile phone”) is shown in Fig. 5.1. As shown in the figure, in the passive-tag
communication, the RFID mobile phone receives the signal containing an
identification data of the passive-tag using the reader function. In the active-tag
communication, the RFID mobile phone utilizing active-tag function received a

signal from other RFID mobile phone using the base-station function.

Active-tag communication

|

|

|

|

; < Base |

Active tag Station |

|

I S |

o = 1! |

! == P! |

| Info. : l :

| Reader l | | |
| |

|
| P e tag | ! i
|
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Figure 5.1 Functions of the RFID mobile phone with built-in RFID module.
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5.2.1. Specification of RFID Module

The specification of the developed RFID module is shown in Table 5.1. As listed in
the table, the RFID module is inserted to a SDIO (Secure Digital Input / Output)
interface on the mobile phone. Hence, the specification of the RFID module size is
set as SDIO slot size (24x 57x 4 mm). The mobile phone controls the RFID module
via the SDIO interface. In addition, SDIO interface supplies a power to the RFID

module from the mobile phone’s battery.

Table 5.1 Specification of the developed RFID Module.

Item Specification
Mobile-phone Size 48 mm X 138 mm X 19.7 mm
RFID-Module Size 24 mm X 57 mm X 4 mm
Supply Voltage 1.8V,3.3V
Interface for connecting
SDIO
with mobile phone
Passive More than 3 cm
tag (RF Power: 10 mW)
Distance
Active More than 20 m
tag (RF Power: 1 mW)

Regarding the passive-tag communication, it is assumed that the RFID mobile
phone is touched to the passive tag to read the identification data. A target of reading
distance is therefore set as 3 cm or more. In addition, the passive-tag communication
protocol is compatible with the international Standard (ISO/IEC18000-6C [49]).

To detect the working area of the workers holding the RFID mobile phone in a
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factory, the active tag must receive the signal at a long distance from the base station.
Therefore, a target of the maximum communication distance for the active tag is set
to be longer than that of a conventional active-tag communication (IEEE 802.15.4

standard), that is, 20 m or more [44].

5.2.2. Architecture and Design

To mount the conventional active-tag communication [44] and passive-tag
communication onto the RFID module, the RFID module must be implemented the
two kinds of components, such as RF circuits, modulators, and antennas and so on.
A size of the components for the conventional active-tag communication is 30 X 30
mm [50] and it is occupied 68 % of the RFID module. Thus, if the two kinds of
components are embedded in the RFID module, the RFID module size would be
bigger than target specification size. (24 mm X 57 mm X 4 mm)

To avoid the problem, a novel active-tag communication is proposed. An air
interface for the proposed active-tag communication is shown in Table 5.2. According
to Table 5.2, to realize the target size of the RFID module, the active-tag and passive-
tag communications use the same carrier frequency, modulation, coding, and
transmission rate. They can therefore share the same modulators, the RF circuit,
and the antenna.

Moreover, as a frame format of the proposed active-tag communication,
communication protocol is designed on the basis of an international standard for
passive-tag communication (ISO/IEC18000-6C). The frame format of the proposed
active-tag communication is shown in Fig. 5.2. According to the figure, the frame
format consists of a preamble using FMO coding and a cyclic redundancy check (CRC),

which are the same as those used in passive-tag communication.
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To permit a change of data length, a length field is added in front of the data
field. To select either one-way communication or interactive communication, a
property field is added too. The property field distinguishes whether transmitter is
the base station or active-tag. The property is defined “1” for the base station and “0”

for the active-tag.

Table 5.2 Air interface for the proposed active-tag communication.

Passive-tag Proposed Active-tag
Communication Communication
951.0 951.0
Carrier Frequency
-957.4 MHz - 957.4 MHz
Modulation ASK ASK
Tx PIE
Coding FMO
Rx FMO
Tx
Transmission rate 40 kbps 40 kbps
Rx
Property 16bit 16bit
(1bit) A A
Preamble Length Data S\ CRC

R
J

0 0 1 0 1 0 V* 1
V*:FMO violation

Figure 5.2 Frame format for the proposed active-tag communication.
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Fig. 5.3 shows the circuit block of RFID module [51]. As shown in the figure,
circuit components are composed of internal antennas [52], SAW filter (Surface
Acoustic Wave), a directional coupler, an amplifier and LSI.

The passive-tag communication is shown schematically in Fig. 5.4. When the
reader receives a response from a passive tag, the reader has to send a continuous
wave (CW) to supply power to the passive tag, and the CW interferes with the
reception. To reduce the interference, the directional coupler is therefore embedded
in between a receiving circuit and a transmitting circuit.

In the active-tag communication, CW is not needed because the power for
activating the active tag is supplied from a battery. In addition the directional
coupler is not needed too. The RF circuit therefore switches the received signal path

to bypass the directional coupler, which causes a power loss of the received signal.

Received signal when the active-tag

elarr]1t’[eerr?r?zla / communication
///
SAW Rx
\\
\ 0—] Directional o .
] Coupler - LS|
Y
Received _signal
from passive tag 4‘ Tx
|

*SAW: Surface Acoustic Wave filter

Figure 5.3 Circuit block of developed RFID module.
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Figure 5.4 Communication of passive tag and active tag.

5.2.3. Active-tag Communication Protocol

To share the components for the passive-tag communication with the active-tag
communication, a protocol for the active-tag communication is developed. The active-
tag communication protocol [53] is shown in Fig. 5.5.

According to the figure, to avoid interference with nearby base stations, the
base station can set any channel and execute carrier sensing over 10 ms. During the
carrier sensing, the base station measures the carrier-wave power on a transmission
channel. If the carrier-wave power is less than -75 dBm, the base station can
transmit signals on the channel [54].

The base station continuously transmits the signal for 1000 ms or less. It stops
transmitting the signal for 100ms or more after the initial 1000 ms transmission.
The continuous-transmission period of time and the transmission-off period of time

are set according to Japanese standard, ARIB-STD-96 [54].
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Figure 5.5 Active-tag communication protocol.
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The active tag selects a channel to receive the signal from the base station. A
period of time on each channel is set as more than the length of two signals and that
of stopping transmission (100 ms). If the active tag receives only half of the signal,
the active tag thereby can receive the next signal completely. Then, to estimate a
position of the active tag carried by the worker, the active tag measures RSS of the
signal.

Actual transmission signal from base station is shown in Fig. 5.6. As shown in
the figure, a transmission interval of a 128-bit signal is approximately about 17.3
ms. Therefore the period of time on each channel is set as more than 134.6 ms. The
proposed active-tag communication protocol is applied to one-way communication;

however, it was possible to be extended to interactive communication, too.
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: Span: 200 kH=z
Input Att: 10 dB
A1-20 34196875 ms
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Figure 5.6 Transmission signal wave from base station.
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5.2.4. Performance Evaluation

The developed RFID module (and a mobile phone into which it is inserted) is shown
schematically in Fig. 5.7. The size of the RFID module is 24 mm X 57 mm X 4 mm,
which meets the specification for the RFID module.

To clarify the performance of the RFID module inserted in the mobile phone,
the maximum communication distance is evaluated as explained in the following.
The distance for the active-tag communication and the passive-tag communication

1s evaluated in outdoor testing. The carrier frequency is set as 951MHz.

RFID module Mobile phone

A A
57 mm
v
138 mm
+«—
—

24 mm
_
[ e |

48 mm

Figure 5.7 Developed RFID module with Mobile phone.
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The evaluated results are shown in Table 5.3. According to these results, the
maximum distance of active-tag communication is 75 m, while that of passive-tag
communication is 5 cm. In other words, the developed RFID module meets the
specification for the maximum communication distance (i.e., 20 m or more for active-

tag communication, 3 cm or more for passive-tag communication).

Table 5.3 The maximum communication distance in outdoor testing.

Active-tag Passive-tag

Communication | Communication

Distance (max.) 75 m 5 cm

5.3 Development of RFID Positioning System

To detect working area of workers in a large-scale factory, an RFID positioning
system is developed. A conventional RFID positioning system using RSS [45] is
shown in Fig. 5.8. According to the figure, the conventional system is that the active
tag carried by the worker transmitted a signal to base stations installed in the factory.
Then, these base stations measure RSS. Thereafter, a positioning server estimates a
position of the worker using the measured RSS.

The conventional RFID positioning system requires connecting between many
base stations and a positioning server via LAN cables. It is troublesome to construct
the RFID positioning system. In particular, it has become a barrier to implement the
RFID positioning system, because the system requires rebuilding in the case of
changing the layout of facilities in a factory. Therefore, a novel RFID positioning

system without settlement of base stations is developed.
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Figure 5.8 Conventional RFID positioning system.

5.3.1. RFID Positioning System

To construct the RFID positioning system without the settlement of base stations, a
proposed RFID positioning system is shown in Fig. 5.9. As shown in the figure, the
worker (A) works in fixed area with the RFID mobile phone (A). In this case, the
RFID module built into the RFID mobile phone (A) is used as the base station.

In detail, the passive tag is set up in working area. The RFID mobile phone (A)
receives a signal containing the identification data of the passive tag, when the
worker (A) stays in the working area. Then, the RFID mobile phone (A) transfers the
1dentification data to the positioning server using an internet function. The internet
function is able to transmit the identification data to the positioning server via the

internet. The positioning server estimates the position of the worker (A) in the

working area related to the identification data.
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Figure 5.9 Proposed RFID positioning system.

Then, the RFID mobile phone (A) as a virtual base station transmits a signal
to the RFID mobile phone (B). On the other hand, the RFID mobile phone (B) held
by the worker (B) receives the signal. The RFID mobile phone (B) transfers the
measured RSS and the identification data by using the internet function to the
positioning server.

The positioning server estimates the position of the worker (B) using RSS and
the identification data related to the working area. More precisely, the positioning
server compares several RSS of received signals transmitted from RFID mobile
phones in various working areas. Then, the signal of the strongest RSS is collected.
The position of the worker (B) is determined as the working area set the RFID mobile

phone transmits the signal of the strongest RSS. Accordingly, a manager is possible
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to grasp where the workers are by accessing the positioning server.

The proposed system requires an operational procedure that the worker puts
the RFID mobile phone on the passive-tag during the work in this area. A use case
is assumed that a worker is not frequently required leaving from the designated area.
For instance, the worker assembles parts at designated area through a long period
of time.

Consequently, the proposed system is constructed without settlement of the
base station. In addition, the proposed system is possible to detect the position of all

workers.

5.3.2. Control Method for RFID Mobile Phone

To realize the proposed RFID positioning system, a novel control method for the
RFID mobile phone is proposed. The RFID mobile phone using the control method
can recognize the state of the worker by only placing itself close the passive tag in
the working area, and switch four functions (i.e. the reader function, the base station
function, the active-tag function and the internet function) according to the state.

A state-transition diagram for controlling the RFID mobile phone is shown in
Fig. 5.10. As shown in the figure, the RFID mobile phone has two basic transitions
(C1, C2), and four states (S1to S4).

RFID mobile phone is controlled based on the basic transition C1, when the
RFID mobile phone is placed nearby the passive tag in the working area. In this case,
the RFID mobile phone receives a signal containing the identification data of the
passive tag using the reader function, and recognizes the state in which the RFID
mobile phone is placed nearby the passive tag (the state S1 in Fig. 5.10). The

identification data is transferred to the positioning server through the internet
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function of the RFID mobile phone (the state S2 in Fig.5.10). Then, the base-station
function is used to transmit the signal that includes the identification data (the state
S3in Fig. 5.10). The RFID mobile phone switches the function from the base-station
function to the reader function after prescribed period (the state S1).

Therefore, the RFID mobile phone transmits the signal as the base station,
when the RFID mobile phone is placed nearby the passive tag in the working area.
The positioning server is simultaneously able to estimate the position of the worker
on the basis of the identification data. Because, the RFID mobile phone periodically
read the identification data of the passive tag related to the working area.

If the distance between the RFID mobile phone and the passive tag is 5 cm or
more, the active-tag function of the RFID mobile phone is automatically enabled.

The RFID mobile phone is controlled based on the basic transition C2, when
the RFID mobile phone is carried by the moving worker. In this case, the RFID
mobile phone tries to receive a signal containing the identification data by using the
reader function (the state S1 in Fig. 5.10). However, the RFID mobile phone fails to
receive the signal containing the identification data of the passive tag.

Then, the active-tag function of the RFID mobile phone is enabled to receive
the signal from other RFID mobile phone (the state S4 in Fig. 5.10). The received
signal and RSS are transferred to the positioning server using the internet function
(the state S2 in Fig. 5.10).Then, the reader function of the RFID mobile phone is
enabled again (the state S1).

Consequently, the positioning server is able to estimate the position of the
moving worker based on RSS because the active-tag function of the RFID mobile

phone is enabled periodically in the basic transition C2.
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Figure 5.10 State-transition diagram for controlling the RFID mobile phone.

5.4 System Evaluation

To evaluate the feasibility of estimating a worker’s position by using the proposed
RFID positioning system, a radio propagation in a factory is measured. Then, the
proposed RFID positioning system is constructed and the accuracy of the estimated

worker’s position is evaluated.

5.4.1. Radio Propagation in Factory

To evaluate the radio propagation in a factory, RSS is measured as follows. RSS was

measured at a distance between two RFID mobile phones of 10 m to 70 m. One of the
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RFID mobile phones as the base station is fixed in an aisle. Other RFID mobile phone
1s put in a chest pocket of the worker. Then, the measured RSS is compared with the

RSS calculated based on the free-space path loss model [39] given by

4nd c
RSS = Pgg — 20log (T) 1=2, (5.1)

where Ppsis the transmission power of RFID mobile phone as the base station, dis
distance, cis the speed of light, and carrier frequency fis taken as 951 MHz .

In the experimental environment, many metal cabinets and facilities are dotted
in about 100 m scale factory. The active-tag communication between two RFID
mobile phones is basically line-of-sight communication. However, RSS is measured
under the situation that a number of workers passed frequently between the RFID
mobile phones.

The measured RSS in the factory is shown in Fig. 5.11. As shown in the figure,
a dispersion value is defined as the range between the maximum RSS and minimum
RSS. Maximum dispersion value is 16 dB. The average of measured RSS has mostly
the same characteristics as the estimated RSS. Thus, this result indicates that using
the average of measured RSS is effective for positioning the worker with high
accuracy.

To estimate the position of worker walked in a factory, the dispersion of moving
average is measured when the worker carrying the RFID mobile phone walks at a
constant speed (1.0m/s). The moving average is calculated by using 5 samples. Fig.
5.12 shows the result of moving average. As shown in the figure, the dispersion of
moving average is approximately 5 dB and it is less than that in the case of without
averaging (Fig. 5.11). Therefore, we apply moving average of RSS for estimation of

workers’ position in the RFID positioning system.
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Figure 5.12 Moving average of RSS in a factory.
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5.4.2. Positioning Accuracy

To evaluate the feasibility of the RFID positioning system, RFID positioning system
is constructed and the accuracy of the estimated worker’s position is evaluated. The
experimental setup for positioning is shown in Fig. 5.13. As shown in Fig. 5.13, the
passive tags (A) (B) are set at the center of the two working areas, and the RFID
mobile phones (A) (B) receive the signal containing the identification data of passive-
tag using the reader function. Then, the RFID mobile phones (A) (B) transmit the
signal using the base-station function. In this experiment, the RFID mobile phones
are placed in the working areas based on the assumption that the RFID mobile
phones are not carried by the workers because the workers work at designated place
for long hours. Each carrier frequency of the RFID mobile phones is set to 951 MHz
and 951.6 MHz for each.

Other worker carrying the RFID mobile phone (C) walks at constant speed
(1.0m/s) in the working area. Many metal cabinets and facilities are dotted in the
working area. The worker accordingly adjusts the walking direction to walk evenly
inside the working area for 5 minutes.

A positioning method for the RFID positioning system utilizes the proximity
detection (the detail is described in 2.2.1). The proximity detection estimates the
worker’s position based on the strongest RSS. In this evaluation, the RFID
positioning system compares the RSS of the transmitted signal from RFID mobile
phone (A) with that from RFID mobile phone (B). The RFID positioning system
determines the worker’s position as the area (A), when the signal of the strongest
RSS is transmitted from RFID mobile phone (A). The positioning accuracy is
evaluated using the 50 samples of RSS.

The positioning accuracy is shown in Fig. 5.14. According to the figure, the
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positioning accuracy was 100% when the moving average of RSS is used for
positioning. The positioning accuracy is 92 to 96 % when one sample of RSS was used
for positioning. Therefore, this result indicates that moving average of RSS reduced
RSS fluctuations caused by multipath fading attributed to the reflection of
microwaves from metal facilities, walls and floor. According to the result, the
proposed RFID positioning system is able to be constructed without settlement of
the base station. Moreover, it is able to estimate the worker’s position within the

working area (20 m by 20 m) size

+ Passive tag (A)

* RFID mobile phone (A)
20m R - Passive tag (B)

* RFID mobile phone (B)

RFID mobile phone (C)

20m| |

Figure 5.13 Experimental setup for positioning.
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Figure 5.14 Positioning accuracy in factory.

5.5 Conclusion

In this Chapter, the small-sized RFID (24 mm X 57 mm X 4 mm) module inserted
into the mobile phone is developed, which has functions of the passive-tag reader,
the active tag and base station. Further, mixing use of the passive-tag reader and
the active tag in the RFID module, the RFID positioning system is proposed, and the
system is evaluated in a factory.

The proposed system is able to be constructed without settlement of the base
station. Moreover, it is able to estimate the worker’s position within the working area
(20 m by 20 m) size.

From a practical perspective, a large-scale RFID positioning system is needed
to assign a channel to avoid the interference between the RFID mobile phones
transmitted a signal using the base-station function. Assignment of the channel for

the RFID positioning system is a future work.
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Chapter 6

Conclusion

In this chapter, we conclude this dissertation and discuss future work.

6.1 Contributions

To apply the indoor positioning system to a navigation service in a large-scale
shopping mall and an employee-location-management service at a large-scale factory,
the indoor positioning system using a long range wireless communication system (e.g.
WLAN, RFID) is developed. Regarding the navigation service, low cost and high
accuracy positioning system is desired. In this study, the cost is defined as a density
of APs (access points). To achieve the high accuracy positioning and sparse AP
deployment, WLAN positioning system is proposed. Regarding the employee-
location-management service, a main issue of applying a positioning system is cost
to construct it. A conventional positioning system requires installation of many base
stations. To overcome this problem, a novel RFID positioning system is developed.

In conclusion, we summarize the main contributions of this dissertation.
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Power-absorption-based Model in WLAN Positioning System Using Smartphone:

To achieve accurate WLAN positioning using a smartphone in the case of sparse AP
deployment in an indoor environment, the positioning method is proposed. The
method utilizes a proposed model of power absorption by a user. The directivity of
the power absorption is measured using a magnetic sensor built into the smartphone.
RMSE of the proposed method is 34 % lower than that of the conventional one. In
detail, RMSE of the proposed method is 1.94 m in a room (distance between APs is 6
m).

It is therefore concluded from these results that the proposed method can
provide accurate positioning using a smartphone in the case of sparse AP deployment

1n an indoor environment.

WLAN Positioning System Utilizing RSS at Dual Frequency Bands:

To improve the positioning accuracy in the case of sparser AP deployment, the WLAN
positioning system is proposed. In particular, to reduce the positioning error
attributed to the deep fade, the proposed method utilizing RSS at dual frequency
bands (.e. 2.4 GHz and 5.2 GHz) is proposed. In addition, to compensate the power
absorption by the user at dual frequency bands, the power-absorption-based model
1s used. RMSE of the proposed method is lower than that of the conventional one.
RMSE of the proposed method is 2.11 m in a conference room (distance between APs
is 9 m).

This result indicates that the proposed method can improve the positioning

accuracy in the case of sparser AP deployment.

RFID Positioning System Using Mobile Phone Built-in UHF Active Tag and Passive-

tag Reader:
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The small-sized RFID (24 mm x 57 mm X 4 mm) module inserted into the mobile
phone is developed, which has functions of the passive-tag reader, the active tag and
base station. Further, mixing use of the passive-tag reader and the active tag in the
RFID module, the RFID positioning system is proposed.

The proposed system is able to be constructed without settlement of the base
station. Moreover, it is able to estimate the worker’s position within the working area

(20 m by 20 m) size.

6.2 Future Works

The proposed WLAN positioning system using smartphone realized the sparse AP
deployment in an indoor testing such as a conference room and a lecture room. These
rooms are not equipped with partitions and tall shelves. These equipments are set
often in a shopping mall and a factory, then it blocks the signals from APs. Therefore,
to use the proposed system in the above environment, development of a model related
to the power absorption by the partition and tall shelf is required.

In addition, the height of AP is 1.2 m to 1.5 m in the indoor testing. AP
sometimes is set on ceiling. Clarifying the power absorption by the user in the case
of a multiple height of AP is thereby needed.

To clarify the influence of pedestrians in the proposed system, RMSE is
evaluated when pedestrians walked around the room. RMSE is not proportional to
the number of pedestrians. As a result of the analysis, the fluctuation of RSS is found
to be unproportional to the number of pedestrians. This finding explains the above-
mentioned relation between RMSE and the number of pedestrians in this evaluation.
Clarifying a general relation between RMSE and the number of pedestrians is a

future work.
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The proposed RFID positioning system is able to estimate the worker’s position
within the working area (20 m by 20 m) size in a factory. The proposed system is
evaluated in the case of two working areas. From a practical perspective, a large-
scale RFID positioning system is needed to assign a channel to avoid the interference
between the RFID mobile phones transmitted a signal using the base-station

function. Assignment of the channel for the RFID positioning system is a future work.
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