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Summary

Ambient intelligence (Aml) is an environment that allows us to take advantage of infor-
mation gathered by distributed devices without making us aware of them. Aml technol-
ogy is expected to significantly improve our quality of life (QoL) by utilizing ambient
information that has never been used and fed back to us so far. There are various types
of information that surround us, and they can be ultimately divided into two types: in-
formation that we are usually aware of or not. For example, the information that should
be aware of includes Todo list, medical checkup, parking location, meeting schedule,
and we manage them each time. On the other hand, we do not usually perceive where
and when we used daily necessities, how long to whom we talked, in what posture we
spent a day, etc. However, once we lose our property, or when we want to select the
meeting participants most effectively, the information mentioned above will be needed
immediately. Aml gathers these information unconsciously and contributes to improve
our QoL by providing not only gathered but also processed information to us.

The pervasive sensing technology supports Aml’s information gathering from the
hardware layer. Aml gathers information through the sensor node of pervasive sensing
and processes it with the assistance of other technology ( e.g. artificial intelligence, big
data analysis, etc. ). After information processing, Aml presents information to us and
controls devices on behalf of us, sometimes with the sensor nodes also used for infor-
mation gathering. Therefore, sensor nodes utilized in pervasive sensing directly engage
in information in/output. Conventionally, to introduce the pervasive sensing into our en-
vironment, application-specific sensor nodes should be designed and implemented first.
However, these application specific sensor nodes cannot be diverted to other application,
and hence the cost of introducing pervasive sensing into a new environment is high. To
address this issue, this dissertation proposes the concept of “instant pervasive sensing,”
which allows us to introduce pevasive sensing into the environment only by attaching
the “instant pervasive sensor.” Sensor nodes for instant pervasive sensing are equipped
with basic components which are required for all applications, and can be upgraded
with additional components for application-specific purposes. The following explains
the basic components required for the sensor node for instant pervasive sensing.

Sensor nodes for instant pervasive sensing have to prevent the user from being dis-
tracted when acquiring information and presenting information to the user; otherwise,
the obtained information could be highly biased. Hence, the ideal sensor node for in-
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stant pervasive sensing should work properly even without our recognition of its exis-
tence, which means the sensor node should be implemented as small as possible and
also should be maintenance free. The sensor node for instant pervasive sensing should
be equipped with a computation circuit, a communication circuit, a power manage-
ment circuit, and sensing circuits. For the computation and sensing, mm?> to cm?3-class
high-performance circuits have being realized thanks to the advancement of CMOS
and MEMS technology. As for the communication circuit and the power management
circuit, on the other hand, there are still room to be studied. Recently, wireless sen-
sor nodes are highly demanded to remove the restriction on the installation location of
sensor nodes and to make those nodes maintenance free. However, research on wire-
less sensor nodes is not conducted sufficiently since original pervasive sensing utilized
wired sensor nodes and conventional research supposed wired nodes. To make sensor
node wireless and maintenance free, the sensor node should be equipped with the wire-
less communication circuit as well as the wireless power transfer (WPT) circuit. These
wireless communication function and WPT function are first two basic components and
discussed in this dissertation in first two chapters.

Although wireless communication methods for tiny sensor nodes are aggressively
studied, the size of the transmitter of conventional research cannot be smaller than the
volume of the antenna. The size of antenna is determined by the wavelength of the
signal, and hence cannot be smaller without deteriorating the radiation efficiency. Here
is the another challenge on the wireless transmitter for instant pervasive sensing; the
transmitter should be not only small but also energy efficient since the capacity of the
battery or energy source equipped to the sensor node is highly limited. To address
these issues, this dissertation proposes a compact wireless transmitter that uses coils for
radiation as well as oscillation, eliminating the need for an external antenna. In addition
to proposing the transmitter structure, this dissertation introduces the energy efficient
baseband encoding method to reduce the energy consumption per bit to less than 100
pJ/b even with the energy consuming carrier wave based communication.

As for WPT, the system required for instant pervasive sensing is the 1-to-n WPT
system while conventional research mainly focuses on 1-to-1 WPT system. In 1-to-1
WPT system, one power transmitter is responsible for one power receiver. Research
on this 1-to-1 WPT system has been conducted over decades, and many findings on
efficiency and robustness improvement are reported. On the other hand, 1-to-n WPT
system is less discussed since few applications are available so far and is in low de-
mand unlike 1-to-1 WPT system which is already commercially available. Although
conventional applications did not require the 1-to-n WPT system, the pervasive sensing
highly demands 1-to-n WPT system since the number of the sensor nodes in the sys-
tem is huge compared to conventional systems. A major challenge is that the feasibility
is unknown and even the analytical key equations of the 1-to-n WPT system are not
available. To address this issue, this dissertation discusses the feasibility of the 1-to-n
WPT systems based on the analysis of both the circuit and the magnetic field. The the-



oretical analysis reveals that the sensor nodes of instant pervasive sensing application
can receive sufficient power while the coupling coefficient is very low and even close
to 0 as long as the circuit constants are set appropriately. In addition, this dissertation
proposes and evaluates a suitable WPT receiver circuit structure for the sensor node in
instant pervasive sensing application. Adopting Junction FET as the switching element
enables to connect two coils even when the node is out of energy, realizing a structure
that automatically switches to the WPT mode.

Apart from the requirement on the sensor volume, sensor nodes for instant pervasive
sensing should be equipped with the localization function as well as a basic component
since the value of information elevates significantly when it is associated with the loca-
tion information. Also, the expected human-computer interaction greatly depends on its
location and surrounding environment, and hence the location of the sensor node should
be acquired. Conventional localization methods suffer from two major problems: ro-
bustness and installation cost problem. The robustness inherently depends on the type
of signals to be utilized for localization. For instance, camera based localization meth-
ods suffer from the occlusion problem and AC magnetic field based methods cannot
tolerate daily non-ferrous metallic material. The installation cost problem is mainly
caused by the number of anchor nodes required for localization. Conventional meth-
ods require more than one, sometimes dozens of accurately installed anchor nodes, and
hence the installation cost is high and instant pervasive sensing cannot be achieved. To
solve these issues, this dissertation proposes a DC magnetic field based 3D localization
method with single anchor coil. The proposed localization method can achieve less than
15 cm localization error in room scale and can achieve even less than 1 cm accuracy on
the tabletop.

As described above, sensor nodes for instant pervasive sensing should be equipped
with sensing circuits in addition to three basic components: wireless communication,
1-to-n WPT, and localization, as described above. On the other hand, the information
of the location and movement of the sensor node is an important information itself, and
hence can be utilized for Aml since Aml takes advantage of all information surrounding
us. The sensor node only with three basic components described above can provide mo-
tion tracking as a basic function, and shall greatly contribute to Aml. Besides, currently
available motion tracking methods require the installation of dedicated equipment and
the environment for a specific purpose, which cannot be easily diverted to other sys-
tems. To address this issue, this dissertation proposes a DC magnetic field-based 6-DoF
motion tracking method with a single reference node expanding the localization method
proposed in this dissertation. Experimental results showed that the proposed method
can estimate the 3-DoF sensor posture of the sensor node with the maximum error of
1.65 degrees and achieved the 3-DoF position estimation with the maximum error of
9.69 mm in the range of 350mm from the reference node. Evaluations on example ap-
plications revealed that the motion tracking of the sensor node, which is a basic function
of the sensor node, can contribute to the Aml, and thus the effectiveness of the wireless
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trackable sensor for instant pervasive sensing is confirmed.
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Chapter 1

Introduction

This dissertation focuses on developing tiny wireless position trackable sensors which
can instantly change our daily environment into the smart environment based on the per-
vasive sensing technology. This chapter describes the research background and objec-
tives of this dissertation. Section 1.1 describes the history and background of pervasive
sensing and how pervasive sensing can contribute to ambient intelligence (Aml) and
Internet of things (IoT), which are both expected to improve our quality of life (QoL).
Section 1.2 introduces the concept of “instant pervasive sensing”, which is proposed
in this dissertation, and describes required components and functions for the sensor re-
quired for instant pervasive sensing. Section 1.3 introduces the related work on element
technologies for instant pervasive sensing and points out issues preventing us from actu-
alizing instant pervasive sensing. Section 1.4 summarizes current issues of conventional
work and introduces major challenges of this research. Finally, the objectives and over-
all organization of this dissertation are presented in Section 1.5.

1.1 Background

Over the decades, research on the volume reduction technology of electronic devices is
aggressively conducted. In particular, the development of scaling technology for com-
puters and processors is outstanding. ENIAC [1,2], which was the first general-purpose
electronic computer developed in 1946, required an implementation area of 167 m? or
1800 sq ft [3], while as of 2020, a processor chip with tens of millions of times the
computing performance of ENIAC has been realized in an area of several dozens of
mm? or even less. Not only computation units but also sensors and actuators that are
in charge of information in/output are aggressively being miniaturized. In 1967, Har-
vey C. Nathanson et al. introduced device manufacturing with Micro Electro Mechani-
cal Systems (MEMS) technology based on the advanced semiconductor technology [4].
With this MEMS technology, sensors and actuators are now possibly implemented on
a silicon die whose size is also several mm? although those sensors and actuators were
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originally required a size of several dozens of cm? or more decades ago.

Taking advantage of these device miniaturization technologies, the concept of “dis-
appearing computer” 1s proposed and several projects under this concept started in
European Union (EU) in 2001 [5]. An objective of this concept was to actualize the
Human-Computer-Interaction (HCI) and Human-Information-Interaction (HII) without
letting us perceive the existence of computers or devices. Therefore, the word of “dis-
appearing” does not necessarily mean that the device becomes invisible as it becomes
smaller while the volume reduction of the device to some extent is necessary. Rather
than that, “disappearing” means that we will not be able to recognize individual devices
because everything around us is sensed unknowingly, while, of course, some devices
will be literally invisible with the small-volume implementation technology in the fu-
ture. In this context, the required criteria of device miniaturization is about mm?3 to cm?
volume while the device volume of several mm?> to cm? is visible for us. In addition
to the device miniaturization, method and knowledge on how to sense every stuffs or
persons around us are also an important factor for actualizing the unconscious HCI and
HIIL.

Ambient intelligence (Aml) can be treated as an extended concept of disappearing
computer. Aml aims to actualize an environment in which our living environment is un-
knowingly sensed and persons control the environment not manually but unconsciously
through information manipulation [6-9]. The environment that adopts Aml technol-
ogy is called a smart environment. Smart home and smart city, which are becoming
trend terms in recent years, denote the home and city which adopt smart environment,
respectively. As a similar concept, Internet of Things (IoT) has been proposed. IoT
senses the information of all objects surrounding us and connecting the acquired infor-
mation through the internet [10, 11]. A lot of IoT research has been conducted focusing
on how to gather information and which information should be acquired from environ-
ments [12]. In contrast, Aml aims not only to directly use the gathered information
but also to process and utilize the information with the help of, for example, machine
learning (ML)-based artificial intelligence (AI) and huge database stored in advance.
Besides, Aml takes advantage of the information from not only “things” but also the
behavior of persons, each person’s habits, and thought presumed from his/her behavior,
etc. Therefore, IoT, which mainly focuses on gathering and exchanging information
each other, can be regarded as an infrastructure that supports Aml. The smart environ-
ment is an application of the most advanced technologies available at the time. In the
past, smart environments were built with IoT-based technologies, but are now being re-
placed by Aml-based technologies, which have a higher degree of freedom. With the
emergence of more comprehensive concepts in the future, Aml may hand over the po-
sition as a technology utilized for smart environment to a new technology. At present,
Aml is a comprehensive concept that takes advantage of other technologies. The tech-
nology that supports Aml from the lower layers is the sensing technology improved
with the development of IoT technology.
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Figure 1.1: Relationship between Aml, 10T, and pervasive sensing.

Notably, pervasive sensing technology can be regarded as the fundamental technol-
ogy supporting IoT. Fig. 1.1 clarifies the difference between the word of Aml, IoT, and
pervasive sensing. Fig. 1.1 describes that Aml is supported by IoT technology in terms
of the interconnection of information. In pervasive sensing, wired or wireless sensor
nodes installed in various environment ( e.g. our daily environment, factory, office, etc.
) are in charge of collecting information, and they support IoT and Aml from the hard-
ware layer. For this reason, the performance of the feasible smart environment based on
Aml or IoT greatly depends on the performance of pervasive sensing.

Conventionally, sensor nodes utilized in various applications are designed for each
specific purpose and could not be diverted for other purposes. In advance to the sensor
design, the user needs to scrutinize the installation location of these sensor nodes and
the information to be collected. The sensor nodes must be designed and implemented
to meet the specific requirements determined by the user. The information acquired
by the sensor should be associated with the position information of the sensor to its
practical use, which will be explained later. As for application specific sensor nodes, the
installation location is known and may not change, and therefore the sensor node does
not necessarily have to estimate its own position. In addition to this, wired connection
may be used for communication and energy supply depending on the location of the
sensor node. Furthermore, the number of these application specific sensor nodes is
limited, and hence regular maintenance can be performed by the user.
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On the other hand, these application specific sensor nodes significantly limit the
application area. J. Wilkins points out that to achieve practical pervasive sensing, sensor
nodes should be robust and should not require maintenance or calibration once installed
[13]. However, sensor nodes for pervasive sensing, which have these characteristics,
also require an intensive preliminary investigation for their installation. Therefore, the
installation cost for introducing pervasive sensing in our daily environment is still high.

1.2 Instant pervasive sensing

To solve the introduction cost problem of pervasive sensing, this work proposes the
concept of “instant pervasive sensing.” The objective of the proposed instant pervasive
sensing concept is to enable us to install sensor nodes to everywhere without intensive
site survey. Besides, the instant pervasive sensing concept allows us to instantly trans-
form things around us into devices that can acquire information. This work divides
the functions of sensor nodes required for instant pervasive sensing into two classes:
one is the basic functions, which are required for all sensor nodes, and the other is
the application specific functions. Basic functions are embedded into all sensor nodes
for instant pervasive sensing, and therefore, they should be actualized first. Here, the
sensor node for pervasive sensing is generally equipped with following circuits and
these are regarded as basic functions: a computation circuit, a communication circuit, a
power management circuit, and sensing circuits. Similar to the concept of “disappear-
ing computer,” pervasive sensing aims to gather information without disturbing user
experience [14,15]. Therefore, the ideal sensor node for pervasive sensing should work
properly even without our recognition of its existence, which means basic functions
should be implemented as small as possible and also should be maintenance free. The
following discusses on challenges and requirements on each circuit.

The first three circuits are the minimum requirements for sensor nodes of pervasive
sensing and should be implemented as small as possible for us not to perceive the ex-
istence of sensor nodes. Fortunately, aggressive CMOS scaling technology has enabled
us to implement the computation circuit even in mm?>-class volume with sufficient com-
putation power keeping the energy consumption low. Similarly, many of the sensing cir-
cuits can be also implemented in mm?> to cm? class volume with the advanced MEMS
technology as described above. However, as for the communication and power man-
agement circuits, there are still room to be studied since the sensor node should work
wirelessly to keep the sensor node maintenance free and the findings on conventional
wired-application are no longer sufficient.

In the context of original pervasive sensing, each sensor node does not necessar-
ily have to be connected to the network wirelessly as explained above. On the other
hand, the wired sensor nodes severely limit the installation location which losses the
pervasiveness consequently. Therefore, the sensor nodes in the instant pervasive sens-
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ing should be connected to the network wirelessly. When we remove the cable that
connects to the sensor nodes, the problem about the power supply to each node also ap-
pear at the same time. To keep the sensor node wireless in terms of both communication
and power supply, both wireless communication function and wireless power transfer
(WPT) function are indispensable. To keep the introduction cost of the instant pervasive
sensing to the low level, the number of communication and power transmission hosts
should be small as possible. Even when we introduce instant pervasive sensors to the
indoor environment, which require a shorter communication range and power transmis-
sion range compared to outdoor environment, each sensor node should work properly at
the range of several meters from the host node.

To apply instant pervasive sensing technologies to Aml or 10T, the concept of
location-based service (LBS) gains its importance [16,17] since the value of information
elevates significantly when it is associated with the location information [18]. C. Perera
et al. point out the importance of position estimation of an object because advanced
HCI greatly depends on its location and surrounding environment [17]. LBS plays
an important role even when fusing the IoT and other new technologies. B. K. Kim
et al. report that the estimation of object position facilitates the introduction of robot
technology into our living environment [19]. Thus, detecting the position of an object
is expected to promote various location-based services in our living environment and
enhance our QoL. The sensor node for conventional pervasive sensing applications is
installed to the specific position, and hence the installation location of the sensor node
is known beforehand. On the other hand, the sensor node for instant pervasive sensing,
which allows users to instantly attach sensor nodes to objects and persons, the sensor
location is unknown at the point when the sensor is designed and implemented. For
this reason, the sensing circuit should contain not only the function for gathering infor-
mation, but also the function of localization for practical instant pervasive sensing. As
described above, the distance between the host node and sensor node can be several me-
ters even in indoor environment. In indoor environment, the localization error of several
cm should be achieved since the distance between persons and objects is at most dozens
of centimeters.

Based on these discussions, this work concludes that the following element tech-
nologies should be further studied to actualize instant pervasive sensing.

¢ Meter scale wireless communication
¢ Meter scale WPT
¢ Meter scale localization with the error of several cm

The great challenge among actualizing these functions is that all of these functions
have to be implemented in at most several cm® volume not to limit the installation
location of sensor nodes and disturb user experiences as described above. Following
Section 1.3 will introduce related work on each of wireless communication, WPT, and
localization of the sensor node.
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1.3 Related work

As discussed in the previous section, performances of wireless communication, WPT,
and localization function of the sensor node should be improved to actualize the instant
pervasive sensing. Therefore, Sections 1.3.1, 1.3.2, and 1.3.3 introduce related work
on each of these three element technologies. Section 1.3.4, on the other hand, intro-
duces the Aml technologies that utilize the motion information of things or persons
and explains that Aml can enhance our QoL if the instant position trackable sensor is
actualized.

1.3.1 Wireless communication

As described in the previous section, small volume nodes are desirable since they can
be attached to everything around us, and millimeter-cubic class nodes have the poten-
tial to change our life significantly. To eliminate restrictions on the installation location
of sensors used in pervasive sensing, the small volume nodes should be equipped with
wireless communication function. On the other hand, in many cases, integrating a high-
performance transmitter is extremely difficult since the size of the nodes is extremely
small. Fortunately, high communication speed is not demanded in most of Aml appli-
cations, especially for small volume sensor nodes. Rather, low power operation is more
important than the communication performance since each node is expected to operate
for a long time with a compact and small capacity battery. For example, if the sensor cir-
cuit continues to consume 100 uW of power, the non-rechargeable Li-Fe battery whose
volume is 1 cm® will not last for 6 months [20]. Even when the power is wirelessly
provided via WPT function and the transmitter operates intermittently, the amount of
energy stored in such a small volume is highly limited, and low energy operation is in-
dispensable. The above discussion suggests that the following features are required for
small wireless nodes for instant pervasive sensing.

* Low standby power
* Low energy per bit
e Small volume

The first two standby power and energy per bit problems are related to each other.
The most effective way to reduce standby power is to enable the transmitter only dur-
ing wireless communication and disable the transmitter immediately after the end of
communication. Similarly, reducing the time of a symbol, which represents a 1-bit sig-
nal, as short as possible is effective from the viewpoint of minimizing energy per bit.
As a communication method which satisfies both of these characteristics, the inductive
coupling-based communication method has been proposed and research on it has been
actively conducted [21-25]. As another method, the carrier wave-based communication,
which is the general communication method, is also actively studied toward actualizing
small volume transmitter. The following will discuss the detail of each communication
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method.

Inductive coupling-based communication

Fig. 1.2 shows the general structure of the inductive coupling-based communication sys-
tem. In inductive coupling-based communication, the transmitter applies a short pulse
signal to the coil inside the node as shown in Fig. 1.3. The receiver node receives in-
formation by observing the signal induced in the receiver coil. This inductive coupling-
based method can be implemented in a smaller volume than a modulated signal-based
transmitter, and can achieve low energy per bit.

N. Miura et al. propose the inductive coupling based communication method for a
wireless bus for vertically stacked chips [21] with a 0.35 um CMOS technology. They
achieve the maximum data rate of 1.25 Gb/s/channel with the power consumption of
43 mW which means the achieved energy per bit is 32.0 pJ/b. They also report that the
energy per bit is reduced to 1 pJ/b with the 65nm CMOS technology [26]. Based on the
findings on the coil design for the inductive coupling reported by N. Miura et al. [27],
S. Lee et al. propose inductive coupling-based transceiver which achieves 0.475 pJ/b of
energy per bit by optimization of symbol transmission time [23,24].

The inductive coupling based communication method is mainly targeting for short
distance chip-to-chip communication. In the context of the chip-to-chip wireless com-
munication, the energy efficiency per bit is more important than communicable distance
since the most of the chip-to-chip communication is done in the range of less than sev-
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Figure 1.4: General transmitter structure utilizing carrier wave and modulation. As an
example, the waveform in this figure is illustrated based on ASK-OOK-modulation.

eral cm. Hence, the communication range is set to at most several cm [22-24] and
somtetimes set to even smaller than 1 mm [25] to achieve higher energy efficiency per
bit. On the other hand, as for pervasive sensing, the communicable distance of several
meters is more important than extremely efficient energy per bit. This is because the
sensor nodes for pervasive sensing are scattered everywhere in our living environment,
and therefore other sensor nodes, which can act as repeaters, are not necessarily installed
near one sensor node. The inductive coupling based communication method also suffers
from the misalignment problem. To keep communication quality at a sufficient level,
the coil in each of the inductive coupling transmitter and receiver should face each other,
which results in the reduced degree of freedom in the installation location and posture
of sensor nodes.

Carrier wave-based communication

In terms of the robustness of the wireless communication, the carrier wave-based com-
munication is more applicable for pervasive sensing. Fig. 1.4 shows the general trans-
mitter for carrier wave-based communication. Fig. 1.4 indicates that this type of trans-
mitter has to be equipped with not only the modulator to generate the RF-signal to be
emitted but also the local oscillator (OSC) to generate the carrier wave. To ensure the
communication quality at a certain level, the local OSC should be equipped with a fre-
quency reference with high stability. As the frequency reference, following five types
of frequency reference are often used for the small transmitter.

* Quartz crystal

* MEMS resonator

* Ring OSC
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* Resistor-capacitor OSC ( RC OSC)
* Inductor-capacitor OSC ( LC OSC)

As the frequency reference, quartz crystal and MEMS based resonator show excellent
characteristics in terms of the frequency stability. For example, the frequency stability
of the quartz crystal is located around 10 ppm to 100 ppm [28], and hence the wireless
transmitter for high-quality communication is often equipped with the quarts crystal as
the frequency reference. When it comes to the small volume transmitter, CT-C. Nguyen
points out that quartz crystal is a bottleneck in reducing the volume of transmitters like
the inductor and the capacitor in the RF-front end circuit [29]. Therefore, structures
that realizes high frequency stability with MEMS are being studied aggressively [29-
32]. On the other hand, B. Wheeler et al. argue that utilizing a single CMOS process
without additional processing such as MEMS is more preferable for mass production
applications such as transmitters for pervasive sensing [33].

Transmitters without quartz crystal and MEMS resonator should be equipped with
either of on-chip ring OSC, RC OSC, and LC OSC. Ring, RC, and LC based OSC
are highly influenced by the surrounding environment (e.g. temperature ) and therefore
the frequency stability is not sufficient in its original circuit. The frequency stability
of the ring OSC and RC OSC is more than 300 ppm/°C [34] and 250 ppm/°C [35],
respectively while the frequency stability of the quartz crystal is less than 100 ppm as
described above. However, X. Zhang et al. report that the frequency stability of the ring
OSC can be improved to 85 ppm/°C by implementing the temperature compensation
circuit [34]. Similarly, the frequency stability of RC OSC is also improved to several
dozens of ppm/°C with the temperature compensation [35-37]. Moreover, O. Khan et
al. report that RC OSC without the temperature compensation circuit can be calibrated
to an accuracy of 70 ppm/°C or less by synchronizing the time with a circuit operating
with a precise and accurate crystal quartz [38]. These findings enable us to utilize the
ring and RC OSC as long as an appropriate compensation circuit for environment is
installed. Although the frequency stability of ring and RC OSC is improved to several
dozens of ppm/°C, the characteristic difference between those and crystal quartz is still
large. Several studies have reported that LC OSC provides very high frequency stability
compared to ring and RC OSC. Y. Wang et al. and E. O. Ates et al. report that the
frequency stability of LC OSC can be improved to less than 1.7 ppm/°C with the help
of temperature compensation [39,40].

LC OSC'’s far higher frequency stability than ring and RC OSC strongly motivates
us to adopt LC oscillations to the small sensor node for pervasive sensing. However,
F. Zhang et al. point out that the LC OSC with small inductor with low quality-factor
(Q-factor) consume larger energy compared to other methods [41]. To minimize the
energy consumption per single communication bit, minimizing the operating time of LC
OSC is important. There are two factors that prevent us from minimizing the operating
time of LC OSC: the dead time and the time required for oscillation growth. Fig. 1.5
shows the circuit schematic of the Hartley oscillator, which is one of the well-known
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LC OSCs, and two signals to be observed. Fig. 1.6 introduces the waveform of two
signals V1 and V2 simulated with LTspice. Fig. 1.6 clearly indicates that the dead time,
which denotes the time when no valid oscillation waveform is observed, is around 500
ns and the time required for growing oscillation is 1000 ns. The required start-up time,
which denotes the sum of the dead time and the time required for growing oscillation, is
more than 1500 ns in total. This long start-up time is a problem not only in terms of the
energy consumption per bit but also the communication speed since the start-up time of
1500 ns limits the communication speed to 667 kbps. In pervasive sensing applications,
many sensor nodes will share the same frequency band, and hence each communication
should finish as fast as possible to ensure the valid communication system.

The start-up time of the LC OSC depends on the open-loop-gain of the amplifier
and the Q-factor of the resonator as long as the input energy and the circuit structure
are left unchanged [42]. Hence, some research focuses on shorting the start-up time by
changing the circuit structure. Notably, J. Kim et al. shortened the start-up time by in-
troducing the asymmetric structure for cross-coupled LC OSC circuit, which normally
have a symmetric structure [43]. On the other hand, even the sophisticated circuit struc-
ture proposed by J. Kim et al. cannot make the start-up time zero and hence the time
required for sending single bit still have room to be improved.

In addition to the OSC structure, the size of the antenna prevent us from minia-
turizing the transmitter volume. Some research have successfully integrated almost all
transmitter circuits into a single silicon-die. However, even those kind of transmitter
chips cannot accommodate the antenna on a die. The size of the antenna required for
the transmitter depends on the RF-signal frequency [44], and hence even the high fre-
quency 2.4 GHz signal requires the antenna whose size is several cm. Currently, many
transmitters devote some area or volume for dedicated antenna. A new structure is
highly demanded that enables effective use of the limited volume.

1.3.2 Wireless power transfer

For over a century, research on wireless power transfer (WPT) system has been actively
conducted after the first experiment of WPT conducted by N. Tesla [45]. Especially
in recent decades, researches focusing on efficiency enhancement, robustness improve-
ment, and application extension have been aggressively conducted and many findings
are reported and accumulated [46—51]. Besides, application utilizing WPT technologies
are already available on the market (e.g. chargers for smartphones, personal computers,
and tablets ), and widely used by people [46, 52].

WPT technologies are classified into five types according to the energy transmission
mediums [49]:

* acoustic power transfer (APT) [53-59],
* optical power transfer (OPT) [60-62],
* microwave power transfer (MPT) [63-65],
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* capacitive power transfer (CPT) [49, 66],
* inductive power transfer (IPT) [51,67].

To apply these WPT technologies to pervasive sensing in our daily life, following
three factors are important in terms of practical use: robustness, safety, and transmission
efficiency. Let me review each technology briefly from these perspectives. Research on
APT based system is still in basic stage, however, its characteristic and specification
are attracting attention. APT can achieve higher efficiencies compared to IPT, which
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is currently the most promising technology and will be discussed later in detail, at the
transmission distance of several times the diameter of transducer or coil [55, 57, 58].
In addition, acoustic wave, which is the transmission medium of the APT system, can
propagate through not only air [56], but also water [57] and metal [59]. On the other
hand, APT signal has higher beam directivity than the electromagnetic signal [55], and
therefore APT systems suffer from the robustness problem. This directivity character-
istic can contribute to higher efficiency in a specific situation where the system location
is fixed, however, is not appropriate for most of WPT applications which require the
flexibility on the installation location of the systems. Therefore, APT system is not ap-
plicable for applications to be utilized in our daily life. OPT systems can achieve high
power conversion efficiency. S. D. Jarvis et al. report that the sophisticated electrical
component can convert the optical energy to electricity with the efficiency of more than
40 %. However, OPT systems also suffer from the signal directivity problem in addition
to the safety problem. Some research focuses on achieving the OPT indoor, while the
system can turn on only at night or has to be shut down to avoid dangerous situation
when humans approach the system [61, 62]. Hence, OPT is not applicable for our daily
use in the current form. Similar to OPT systems, the microwave signal utilized in MPT
also has the high directivity and safety issue. Research on MPT systems is actively
conducted since it is applicable for two specific applications: the application that have
to transfer energy at long distance with high directivity [63] and the application that
handles only small amount of energy [65]. These application limitations originate from
the characteristic of directivity and safety, and hence MPT will not be used for the daily
applications.

CPT systems are applicable only for the WPT system which requires a short distance
power transfer, such as several mm to cm, while the IPT systems can be applied to the
both of millimeter-scale and meter-scale WPT [55, 66, 68]. Despite of the limitation
on the transmission distance, research on CPT systems is actively conducted since CPT
systems can handle larger amount of power than IPT, and is even applicable for kilowatt
power level applications [66]. Compared to CPT, IPT handles less power than CPT
since IPT systems suffer from the problem of eddy current-losses and copper-losses
[49]. On the other hand, apart from the special application which requires only short
distance power transfer, IPT system the most prevalent method in terms of safety [49]
and practicability. Safety issue of both CPT and IPT is discussed in terms of living
object detection (LOD) foreign object detection (FOD) [48].

LOD problem in CPT systems is much more important issue compared to FOD.
CPT systems utilize electrodes to transfer power. Here, the capacitive coupling between
transmitter and receiver is very weak [69], and hence not only the required frequency
becomes higher but also the voltage applied to electrodes can be even kV level [49].
High voltage signals may cause electric shock to living object, which is an inherent
problem for CPT systems. Besides, high frequency signals can possibly cause damage
to human body [49] and hence LOD has to be implemented to CPT, while the LOD is
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much more difficult than FOD. The foreign object in CPT system is also problematic but
is not fatal since the foreign object will cause performance degradation, but not cause a
safety problem.

IPT systems also have to be designed not to cause dangerous situations. Related
to LOD concept, which is implemented not to hart living things, IPT has to utilize
the signal which is safe for human body since some implantable system utilize IPT
[70]. When the signal frequency is low enough, the signal is harmless to the human
body while the higher frequency signal can cause damage to human body, where IEEE
Standard C95.1-2005 provides safety standard [71]. When the system is implemented in
a small volume, the coil size is also small and hence the resonance frequency is shifted
to a higher frequency [72-74]. However, unlike the electric shock problem in CPT,
this problem is avoidable by designing and tuning system correctly. On the other hand,
unlike the CPT system tolerating the foreign metal, IPT system needs to monitor foreign
metals with special attention since those can cause system damage or failure [75]. Qi
standard [76] is a currently well-known WPT standard, and Qi version 1.1 allows system
to transfer power to devices with the limit of SW. Here, let me give an example, a
power dissipation of only 0.5W to 1W in small metallic objects such as a coin and gold
ring can heat up stuffs above temperature of 80°C [46]. To solve this issue of foreign
object heating, many FOD methods for IPT system have been proposed [69, 77-79].
Therefore, as long as one of these FOD methods is implemented in the system, IPT
can be a promising method of WPT for pervasive sensing in terms of its robustness and
safety.

Several research on the power transmission efficiency of IPT systems has been con-
ducted to derive theoretical limitation. A. Kurs et al. derive a formula which introduces
the theoretical limitation of power transmission efficiency on 1-to-1 power transmis-
sion [68]. They report that the power transmission efficiency can be more than 90 %
when the power receiver is placed near the transmitter, and can be around 40 % even
when the distance between the receiver and the transmitter is set to eight times the di-
ameter of the coil. The method proposed by A. Kurs makes each of transmitter and
receiver be equipped with two coils respectively to enhance transmission distance while
normal IPT system requires only one coil for each of transmitter and receiver in a min-
imal configuration. On the other hand, based on the theoretical circuit analysis, C.-J.
Chen et al. and D.-W. Seo et al. revealed that installing more than one additional coil
very close to transmitter and receiver is regarded as adding an impedance matching
network, and concludes that only two coils in the system are directly involved in the
long-distance power transmission through the magnetic field [80,81]. Therefore, D.-W.
Seo introduces another theoretical formula both for two-coil and multiple-coil based
IPT focusing on utilizing multiple coils as repeaters of the power transmitter [82]. The
theoretical analysis done by D.-W. Seo is only limited to 1-to-1 IPT system, while the
power transmitter of pervasive sensing has to be responsible for numerous sensor nodes.
For this reason, the knowledge on the analysis of 1-to-n wireless power transfer is highly
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demanded. In addition to this, the requirements on the coil and circuit installed in the
small sensor node are currently less discussed, and hence should be clarified.

1.3.3 Localization

To enable instant pervasive sensing technology to provide LBS, each sensor node should
be localizable as described in Section 1.2. The most common position estimation
method is a global positioning system-based (GPS-based) method, and its accuracy im-
provement is actively studied [83]. However, in the context of pervasive sensing, sensor
nodes are not necessarily installed outdoor. Rather than that, sensor nodes should be
scattered both indoor and outdoor for comprehensive information gathering. Therefore,
the localization method for instant pervasive sensing should be applicable both for out-
door and indoor applications. The GPS signal severely attenuates indoors and cannot
provide enough accuracy. Also, the localization error of the GPS-based method is in me-
ter scale in many cases, and hence it is not capable of sensing subtle object movement.
For these reasons, the indoor localization has much more difficulty compared to outdoor
localization. Meanwhile, indoor localization methods, which can achieve cm-scale or
even mm-scale error, can be applied to motion tracking. Such indoor localization can be
applied to many applications such as table-top localization and indoor navigation, and
therefore numerous methods have been reported and tested [84].

There are four popular ideas for indoor localization: proximity, fingerprint, cam-
era and triangulation. Each idea utilizes different types of signal or information. The
following first explains each idea briefly and then introduces several methods based on
each idea.

Proximity based methods

The proximity based method estimates the sensor position using pre-installed multiple
anchor nodes. Fig. 1.7 exemplifies the proximity based method. The sensor node detects
the nearest anchor node and sets the position of the anchor node as sensor node’s own
position as shown in the right bottom table in Fig. 1.7. Here, the location of all the
anchor nodes in the system must be known beforehand.

As a proximity method, M. Andries et al. develop load-sensing-floor that accurately
estimates the positions of people and objects for the realization of ambient intelligence,
where the load-sensing-floor is implemented with a large number of tiles consisting of
multiple strain gauges [85]. In this method, the position estimation accuracy improves as
the density of the anchor nodes is intensified. This work, on the other hand, suffers from
installation cost and the difficulty in positioning small and light objects, and therefore it
can be adopted only for some specific applications. As a proximity method that utilizes
low-cost anchor node, RFID and the like which is small enough and can be installed
anywhere are often used as the anchor node [86] since the position estimation accuracy
highly depends on the density of anchor nodes and such small anchor nodes can be easily
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Figure 1.7: Proximity based localization method.

distributed densely. On the other hand, there is a disadvantage that the installation cost
is relatively high because the number of anchor nodes is quite large and their locations
must be measured beforehand.

Fingerprint based methods

The fingerprint based method estimates the position by finding the most similar data
from the previously measured data with the data presently acquired by the sensor node.
Here, fingerprint means each location has unique measurement data, and the pairs of
position information and measurement data are stored in Look Up Table (LUT).

Wi-Fi signal is often used for fingerprint based method [87, 88]. Wi-Fi localization
is advantageous in terms of installation cost since it does not require new equipment
dedicated for position estimation. On the other hand, the fingerprint method suffers from
the disadvantage that the preliminary measurement is necessary to build a LUT. In many
Wi-Fi based position estimation methods, site survey needs to be performed to construct
the LUT every time the indoor environment changes, which results in high operation
cost. To avoid this problem, Wu et al. propose a Wi-Fi based localization method
that makes site survey omittable by using the information collected by smartphones for
LUT update [89]. Another concern of the Wi-Fi based localization method is the risk of
privacy being violated by man-in-the-middle attacks via the Wi-Fi network [90].

Camera based method

The camera based method utilizes image processing techniques, e.g. Hough transform
and machine learning, to estimate object positions. In camera based localization, depth
cameras are often used in addition to RGB cameras. Figueiredo et al. propose an
RGB-D camera based localization method that estimates the position of daily items
using Random Sample Consensus (RANSAC) and Hough transform [91]. D. Murray
et al. propose a motion tracking method based on the frame differences and achieved
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high accuracy by compensating the camera pose. On the other hand, the camera-based
method inherently involves an occlusion problem [92]. K. Kjarside et al. propose a
marker-based motion tracking system that installs multiple cameras to avoid the occlu-
sion problem [93]. However, the coverage area of this system is limited to a small space
such as a dressing room, and it cannot be applied to a large space. Furthermore, the
camera-based method has a privacy issue preventing dairy usage.

Triangulation based methods

Triangulation includes two methods: lateration and angulation. Fig. 1.8 illustrates lat-
eration. The distance between the sensor node and the anchor node is obtained by, for
example, time of flight (ToF) and received signal strength (RSS), and the position is
identified with the distances to three anchor nodes. When there are more than three
anchor nodes, redundant distance information can be used to mitigate the effect of mea-
sured distance error on the localization accuracy. Note that the anchor nodes are sup-
posed to be accurately localized beforehand.

As a signal for distance estimation, magnetic field is often used [94-96]. W. Kim
et al. theoretically demonstrate that we can estimate the position and posture of the
sensor node with the AC magnetic signal [97]. Angelis et al. propose an AC magnetic
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field based localization method which can localize the sensor position in the range of
several meters from the anchor nodes [95]. J. Huang et al. have proposed a method
to detect subtle movements of the fingertip with high accuracy using a large number of
reference nodes in the distance of dozens of cm [98]. K.-Y. Chen et al. and E. Whitmire
et al. implement motion tracking using a handy reference node achieving high degrees
of freedom [99, 100]. There is an advantage that the coverage area is wide since AC
magnetic field propagates farther than DC one. However, the AC magnetic field-based
methods share the problem that the AC magnetic signal is significantly affected by not
only ferrous materials but also non-ferrous metallic materials [95], although those ma-
terials are included in many of our everyday objects. Eq. (1.1) is the Maxwell-Faraday
equation.

JB

rot E 4 % =0, (1.1)
where E and B are electric and magnetic fields, respectively. Eq. (1.1) indicates that
when a conductive material is placed in an AC magnetic field, an eddy current flows in-
side the conductor. The eddy current generates a new AC magnetic field that interferes
with the original AC magnetic field generated by the reference node. F. S. Parizi et al.
and E. Whitmire et al, both of which propose AC magnetic field-based motion tracking
methods, evaluate the impact of this weakness [101, 102]. The experiments performed
by F. S. Parizi et al. and E. Whitmire et al revealed that non-ferrous metallic objects
used in daily life, e.g., smartphones and personal computers, need to be placed at least
10 cm to 20 cm away from the system. Thus, the AC magnetic field-based approaches
work correctly only in a specific environment where the metallic object is not positioned
nearby. To overcome this problems, J. Blankenbach et al. propose DC magnetic field-
based room-scale localization methods [96, 103]. P. H. Chen et al. propose a method
that can extend the coverage area by placing new self-localizable reference nodes for
tabletop applications [104]. All of these methods need multiple reference nodes for the
localization. On the other hand, the multiple reference nodes-based methods are not
suitable for our objective in terms of the installation cost. Therefore, the method which
can localize sensor nodes with a single anchor node is eagerly demanded. As for the
coverage area, the DC magnetic field-based system covers a narrower area than the AC
magnetic field-based system. This problem on the coverage area comes from the signal
propagation characteristic and the signal to noise ratio (SNR) [94]. While the signal
voltage in the AC magnetic field-based system can be boosted by utilizing a higher fre-
quency signal, DC magnetic field-based signal cannot be amplified without the active
amplifier, which degrades SNR substantially. To overcome this coverage area problem,
DC magnetic field-based methods have to give larger power to the reference coil com-
pared to the AC magnetic field-based methods. Therefore the power consumption of
the DC magnetic field-based method tends to be larger than that of the AC magnetic
field-based method. For this reason, the DC magnetic field-based method is not suit-
able for the environment where a power outlet is not available. On the other hand, the
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objective of this work is to provide the indoor meter-scale tracking infrastructure, and
the reference coil can be supposed to be powered from the power outlet. Therefore, this
relatively larger energy consumption is not a crucial issue.

Next, angulation is explained with Fig. 1.9. Angulation utilizes anchor-to-node rel-
ative angle information to localize the node whereas lateration utilizes node-to-anchor
distance information. Angulation has an advantage that two anchor nodes are sufficient
for positioning. As described above, the minimum number of anchor nodes required for
lateration-based localization is three, and hence the angulation-based localization can
reduce anchor nodes and the installation cost compared to lateration-based method. To
further reduce the number of anchor nodes, S. Song et al. propose a hybrid method
combining lateration and angulation, in which AC magnetic field is used for position
estimation [105]. This hybrid method can estimate the sensor position with a single an-
chor coil by using the relative angle of the sensor viewed from the anchor in addition to
the anchor-node distance information. The single anchor node brings the advantage of
low installation cost and require no anchor localization. However, this method cannot
be used in the environment including metallic objects since AC magnetic field cannot
penetrate metal [95]. At the same time, this method is not suitable for small sensor
nodes since each sensor node requires a complex structure coil.

1.3.4 Ambient intelligence based on motion tracking

Sections 1.3.1, 1.3.2, and 1.3.3, introduced conventional research on element technolo-
gies required for actualizing instant pervasive sensing. This section, on the other hand,
reviews the conventional research on motion tracking-based Aml to show the potential
applications of sensor nodes equipped with the three element technologies described
above. The motion information of the sensor node is highly related to the position in-
formation of the sensor node. In terms of Aml, gathering even only motion information
can greatly enhance our QoL, and hence, this section introduces how the motion in-
formation contributes to Aml and describes the existing problem on utilizing motion
tracking information for Aml.

Aml utilizes not only “things” targeted by the IoT, but also information such as hu-
man positions and behavior. People output information during the conversation, work-
ing, and even when sleeping. Information emitted by a person includes not only verbal
one but also non-verbal one such as body movement, the direction in which the person
is facing, and the number of nodding actions during meetings, etc. Many researchers
in both psychology and engineering fields have worked aiming at making conversations
and meetings more effective and improving work environments with the assistance of
information unconsciously emitted by people (e.g. [106-110]).

Especially, utilizing the position and behavior of a person as non-verbal information
has been actively studied. T. Kim et al. try to improve the interaction within a group
by utilizing the information of, for example, the people’s movements during a meeting
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and the distance and positional relationship between participants [111]. K. Fujita et
al. sense the hand and head movements and the number of utterances for estimating
the participants’ activities in a standing party [112, 113]. These studies report that the
participants retain their activity at a high level when the estimated activity is fed back to
them through a display installed on the wall and floor.

Collecting information via wearable sensors is also actively studied, aiming to re-
alize ambient intelligence. K. Ara et al. collect behaviors and interactions of people
in an organization with wearable sensors to realize and utilize the concept of “business
microscope [107].” K. Ara et al. aim to enable organizations and people to work more
efficiently in the future by understanding human behavior and make use of knowledge
and information.

All research mentioned above attempts to create a society that utilizes Aml by sens-
ing the positions and movements of objects and people in our living environment. These
studies illustrate the effectiveness from different aspects of Aml, and therefore taking
advantage of all aspects of ambient intelligence should improve our QoL.

1.4 Issues and challenges

As described in Section 1.2, performance of three technologies should be improved:
wireless communication, WPT, and localization. First, this section summarizes current
issues of conventional work on these three technologies and clarifies the challenge for
enabling instant pervasive sensing. Also, as described in Section 1.3.4, Aml can greatly
enhance our QoL with the motion information of the objects and persons. Therefore,
the later of this section points out the current issues that prevent us from showing the
practicability of the motion tracking-based Aml.

In wireless communication, major challenge is to reduce both the sensor volume
and the energy consumption at the same time. As described in Section 1.3.1, the sensor
node for the instant pervasive sensing should be equipped with the carrier wave-based
wireless communication function to achieve the communication range of several meters.
On the other hand, currently available wireless transmitter requires several cm? volume
for implementation while the transmitter circuit it self is implemented in mm3-class
volume. The main factor determining the volume of the transmitter is the dedicated
antenna for the radiation. The size of the antenna is determined according to the wave-
length, and hence the transmitter cannot be smaller as long as it apply the dedicated
antenna. Hence, the dedicated antenna-free transmitter structure is highly demanded.
In addition, the carrier wave-based transmitter requires a LC OSC-based frequency ref-
erence, which takes a long time for the signal output to be stabilized. A method for
minimizing the time required for oscillation stabilization must also be developed since
the transmitter wastes energy until the signal output stabilizes.

As for WPT, major challenge is to establish the analytical theory of 1-to-n WPT
system and shows the feasibility based on it. Currently available WPT systems mainly
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focus on 1-to-1 WPT, and the 1-to-n system is less discussed. Unlike in the 1-to-1 WPT
system, the power transmitter is responsible for numerous number of receiver nodes in
1-to-n WPT system, and hence the transmission efficiency should be evaluated based
on the total received power by receiver nodes. However, the analysis and formula on
this 1-to-n WPT system is not discussed so far in detail, and hence the feasibility is not
confirmed yet. For this reason, the analysis and theory establishment for 1-to-n WPT
system is required. Also, the receiver circuit structure in the 1-to-n WPT system should
be discussed and proposed.

Localization is also the important technology required for instant pervasive sens-
ing. Conventional localization methods do not tolerate either occlusion situation or
daily non-ferrous metallic material or both. In addition, currently available localization
techniques require multiple anchor nodes and hence the installation cost is high. Fur-
thermore, some methods require complex structure for sensor node and cannot achieve
the sensor volume suitable for pervasive sensing. For these reasons, the localization
method which can solve these three remaining problems, the robustness, the installation
cost, and the sensor volume problem, should be provided.

As for motion tracking-based Aml, major challenge is to establish the instant mo-
tion tracking method which is not specialized for only one application. Each system
described in Section 1.3.4 requires the installation of dedicated equipment and the en-
vironment for a specific purpose. Generally, this equipment and environment cannot
be diverted to other systems. Therefore, the currently available researches cost signifi-
cantly to introduce the equipment and environment for ambient intelligence. Hence, the
system which can instantly enable us to track object and persons with low installation
cost should be provided.

1.5 Objective and Organization

The overall objective of this dissertation is to develop the high-performance sensor node
required for actualizing instant pervasive sensing. To achieve this objective, this disser-
tation addresses and solves four problems described in the previous sections: the wire-
less communication, the WPT, the localization, and the motion-tracking based Aml. The
following will introduce the contribution of each chapter in this dissertation. Fig. 1.10
shows the relationship among Chapters 2, 3, 4, and 5, and the contributions of each
chapter. To actualize the sensor node for instant pervasive sensing, basic three compo-
nents should be realized and embedded into the sensor node:

¢ meter scale wireless communication,

¢ meter scale 1-to-n WPT,

* meter scale localization with the error of several cm.
These three components will be actualized and evaluated in Chapters. 2, 3, and 4.
Fig. 1.10 shows that application-specific components must be installed on the sensor in
order for the instant pervasive sensor to meet requirements of the given application. On
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Figure 1.10: Relationship among Chapters 2, 3, 4, and 5, and contribution of each
chapter.

the other hand, the sensor node only with the three basic components discussed above
can provide motion tracking as a basic function. As explained in the previous section,
motion tracking should make a significant contribution to Aml. Therefore, to show the
effectiveness of the instant pervasive sensor proposed in this dissertation, Chapter 5
evaluates the feasibility of motion tracking with basic components and its contribution
to Aml.

The first contribution in Chapter 2 is to propose a compact VHF-band OOK trans-
mitter. There are two difficulties on actualizing transmitter for the instant pervasive
sensing: the volume reduction of the dedicated antenna for smaller volume and the
start-up time reduction of the LC OSC for higher communication speed. To solve the
first issue of the volume reduction, the proposed transmitter uses coils for radiation as
well as oscillation, eliminating the need for an external antenna. This feature contributes
to fewer number of components, smaller volume and and lower cost. This work pro-
totyped the transmitter with 2.8 mm x 2.8 mm X 4.2 mm volume. For shortening the
start-up time and enabling high-speed communication, this work devises a scheme that
provides a weak current for quick start of LC oscillation. Measurement results show
that the dead time of LC oscillation is reduced from 400 ns to 40 ns, and 1m communi-
cation at 3Mbps is possible. The minimum energy consumption per bit of the proposed
transmitter is 205 pJ/b with the bare baseband signal, and is improved to 51.8 pJ/b with
the proposed energy efficient baseband encoding.

The second contribution in Chapter 3 is to show the theoretical analysis on the 1-to-n
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WPT system and propose the appropriate power receiver design. Three primary difficul-
ties on this topic are to analyze the 1-to-n WPT system theoretically unlike conventional
work focusing only on 1-to-1 WPT, to confirm the feasibility of the 1-to-n WPT system
based on the analysis, and to establish the appropriate WPT receiver circuit structure
for the wireless nodes for pervasive sensing. For first two challenges, this work derives
theoretical formulas based on circuit analysis and the theory of magnetics and reveals
that the power transmission efficiency can be more than several dozens of % as long
as the circuit constants are appropriately tuned. As for WPT receiver circuit, this work
proposes the structure that the circuit automatically enters the WPT mode in case of the
energy depletion utilizing Junction Field Effect Transistor (JFET). In addition to these,
this chapter also proposes the method to share the coil among the wireless communi-
cation and WPT mode to minimize the required volume for sensor node. Experimental
results show that, in the WPT mode, the two coils are automatically connected to each
other, and the node can receive power even if there is no energy left in the node. In the
wireless communication mode, 1 kbps communication is possible at a distance of 10
cm.

The third contribution in Chapter 4 is to establish the indoor localization method
with low installation cost. The main difficulty here is to achieve single anchor based lo-
calization which can tolerate daily stuffs including metallic objects. To solve this issue,
this chapter proposes a DC magnetic field based robust indoor 3D localization method
with a single anchor coil. The proposed method estimates the sensor position from both
geomagnetism and artificially generated DC magnetic field and not affected by non-
ferrous metallic objects. The proposed method does not require any pre-measurement
or multi-anchor nodes in the minimal configuration, and hence it can realize instant 3D
localization with lower installation cost. This work experimentally evaluated the pro-
posed method supposing tabletop-scale and room-scale applications. For table-top scale
applications, the proposed method estimates the 3D position with the maximum error of
6.5 mm in the range of 250 mm. For room-scale applications, which require coverage
area expansion with multiple anchor coils, the proposed method localizes the sensor
with the maximum error of 14.7 cm in 3.0 m X 1.5 m area.

The fourth contribution in Chapter 5 is to show the application and potential of this
work with the prototyped tiny sensor nodes. The sensor nodes for Aml application
should be equipped with not only three element technologies described above but also
specific sensing technologies (e.g. light and vibration sensor for security, cardiac sensor
for health, etc.). On the other hand, the potential application based on the minimal
sensor node which adopts only several of new techniques developed in this dissertation
is huge and can even solve the conventional problem. To show the practicability of
the prototyped sensor node, Chapter 5 builds an indoor magnetic tracking system based
on the developed techniques that enable us to track the movement and orientation of
people and objects by only attaching tiny electronic trackers to them. The size of the
prototyped tracker is only 25.4mm X 25.4mm x 10.0mm, and hence it can be readily
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attached to almost anything and immediately activated. The experimental result shows
that by sensing the motion of the persons and objects, the working contents and status
of persons are successfully estimated.

The rest of this dissertation is organized as follows. Chapter 2 proposes the tiny
wireless transmitter structure which does not require volume-consuming dedicated an-
tenna. With the proposed structure and the energy efficient baseband encoding tech-
nique, low energy consumption per bit is achievable. Chapter 3 reveals the feasibility
of the 1-to-n WPT system based on the theoretical analysis and proposes the WPT re-
ceiver circuit indispensable for maintenance free pervasive sensing node. Chapter 4
proposes the DC magnetic field based 3D localization method which utilizes only sin-
gle anchor node, which greatly contributes to reducing installation cost of the system.
The proposed method achieves high accuracy both in the room-scale application and
the tabeltop-scale application. Chapter 5 proposes the tiny motion tracker based on
the techniques developed in Chapter 4 and introduces that AmlI can enhance our QoL
only with motion information of sensor nodes. Lastly, concluding remarks are given in
Chapter 6.
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Chapter 2

Dedicated antenna-free energy efficient
wireless transmitter

The tiny sensor node used for pervasive sensing should communicate with communi-
cation host wirelessly not to limit the installation location. Implementing the wireless
transmitter to the sensor node is difficult in terms of the energy consumption of the
transmitter since the capacity of the battery or energy tank in the tiny sensor node is
significantly limited as expressed in Section 1.3.1. To address this issue, this chapter
proposes a compact VHF-band OOK transmitter that uses coils for radiation as well
as oscillation, eliminating the need for an external antenna. In addition to proposing
the transmitter structure, this section introduces the energy efficient baseband encoding
method to reduce the energy consumption per bit to less than 100 pJ/b even with the
energy consuming carrier wave based communication.

2.1 Introduction

As described above, the main challenge to accommodate the wireless transmitter into
the small sensor node is the energy consumption of the transmitter. Inductive cou-
pling based wireless communication method can achieve high energy efficiency such
as several pJ/bit, however, the problem of the communication range and the installation
angle limitation prevent the inductive coupling based method from being adopted by the
tiny sensor node for pervasive sensing. Rather, the carrier wave based communication
method is actively studied since the communicable distance is much longer than the in-
ductive coupling based method. The carrier wave based wireless transmitter can provide
the communication range of several meter, which is suitable for most pervasive sensing
applications. As for carrier wave based wireless transmitter, quartz-crystal based fre-
quency reference are originally used. However, the quartz-crystal takes large part of the
transmitter, and hence other frequency reference are tend to be adopted for tiny sensor
node. As the frequency reference of the tiny transmitter, LC-OSC, which consists of
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inductor (L) and capacitor (C), is a promising method since LC-OSC achieves higher
frequency stability compared to other OSCs as described in Section 1.3.1. However,
the currently available LC-OSC based transmitters have to be equipped with the dedi-
cated external antenna which usually has a size of a several cm’. Consequently, the size
of the transmitter is determined by the size of dedicated antenna while the size of the
transmitter circuit is further smaller than the antenna. To solve this issue, this chapter
proposes a dedicated antenna free transmitter which can achieve 205 pJ/bit even with
the non-encoded bare baseband signal. With the proposed energy efficient baseband
encoding technique, the energy consumption per bit is further reduced to 51.8 pJ/bit.

The rest of this chapter is organized as follows. Section 2.2 proposes the transmit-
ter structure that does not require the dedicated antenna which take a large part of the
transmitter. Section 2.3 conducts the hardware evaluation of the proposed transmitter.
Section 2.4 discusses the energy efficient baseband encoding method to minimize the
energy consumption per bit. Finally, the conclusion of this chapter is given in Sec-
tion 2.5.

2.2 Proposed transmitter structure and its implementa-
tion

Fig. 2.1 shows the schematic of the proposed transmitter. The transmitter is based on a
collector-grounded type Hartley oscillator circuit that includes two coils for LC oscil-
lation. In the proposed transmitter radiates electromagnetic waves from these two coils
instead of an external dedicated antenna. Here, this work adopts the Hartley oscillator
as an example of the simple LC oscillator whose required number of components is
small. As long as the circuit structure allows us to control the amount of current in-
jected to inductors easily, other kind of LC oscillator can be adopted. The following
explain the basic operation of the Hartley oscillator. Q1 in the schematic is a VHF/UHF
band transistor and is used as a current amplifier. When a signal is applied to the base
of Q1, a current-amplified same-phase signal appears at the emitter. By injecting the
current-amplified signal into the tap of the coil, it composes a positive feedback and
starts to oscillate. Also, the signals other than the resonance frequency are attenuated
by the tuning circuit consisting of L1, L2, and C2, and then the output of this circuit
becomes a sine wave at the resonance frequency.

OOK is enabled by powering on or turning off the oscillator as depicted in Fig. 2.1.
A short time later after the power on, the oscillation, i.e. “l1” radiation starts. This
duration between the power on and the oscillation start is a wasteful time for OOK and
this dead time limits the maximum communication throughput since the symbol time
cannot be smaller than the dead time. To improve the throughput, this dead time should
be minimized. In addition, the dead time minimization is also helpful to reduce the
energy since the signal transmission finishes in a shorter time. Besides, the prototype



2.2. PROPOSED TRANSMITTER STRUCTURE AND ITS IMPLEMENTATION 27

VCC
R1 100k
I K

TN
spiral P

AR
L2 FC2 150
spiral 10pF

77
GND

Figure 2.1: Proposed transmitter.

evaluation, which will be shown in the next section, shows that the dead time is 400 ns,
which means the maximum throughput is limited to 2.5 Mbps.

This dead time depends on the inductance value of the coil. When the transmitter is
powered on, the inductor generates counter electromotive force and then the coil cannot
conduct current immediately after the power on. From another point of view, in the case
that non-zero current is flowing in the coil beforehand, the generated counter electromo-
tive force can be mitigated. Consequently, the current necessary for oscillation begins
to flow earlier and the dead time becomes shorter. This non-zero current is provided
by giving voltage Vp,ig as VCC during “0” transmission. Note that at V ;4 the oscilla-
tor is not oscillating. This V,;q should be determined taking into account the trade-off
between the dead time reduction and power consumption during “0” transmission.

Figs. 2.2 and 2.3 show the prototype of the proposed transmitter. 1.6 mm x 0.8 mm
chip resistors and capacitors are used for the prototype. The size of the transistor Q1
is 1.6 mm x 1.6 mm. Fig. 2.4 shows a 3.6 mm-diameter four-turn spiral coil (for L1,
L2), in which polyurethane copper wires of 0.15 mm are wound on both sides of a glass
epoxy (FR-4) board. The inductance value estimated with network analyzer (Agilent
Technologies, E5S071C) is 100.13 nH.

Let us discuss the advantage and disadvantage of the proposed transmitter. The
most significant advantage is that the proposed transmitter does not have a dedicated
50-Q antenna and consequently the impedance matching circuitry is unnecessary. As a
result, the transmitter can be composed of only five components except the coils, which
is highly desirable for small volume implementation. In addition, the loss originating
from impedance mismatch can be eliminated. On the other hand, there is a disadvan-
tage. The primal disadvantage is the poor frequency stability, which is often a problem
in LC oscillation circuits. Due to the poor frequency stability, each node needs wider
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Figure 2.2: Prototype of proposed transmitter.

Figure 2.3: Expanded view of prototype.

spiral coil

Figure 2.4: Spiral coil for tuning circuit.

frequency band for communication. This disadvantage is not a big issue in applica-
tions that many transmitter nodes share a single receiver that receives a wide range of
frequency.
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Figure 2.5: Schematic of receiver.

2.3 Evaluation

To confirm the effectiveness of the proposed transmitter, this section evaluates the per-
formance of the transmitter. First, Section 2.3.1 introduces the circuit structure of the
wireless receiver utilized for evaluation. Then Sections 2.3.2 and 2.3.3 explain the
power consumption and baud rate of the proposed transmitter, respectively.

2.3.1 Receiver structure

The transmission power of the transmitter is weak and then we need to perform suffi-
cient amplification on the receiving side. To facilitate the receiver design by minimizing
the portion of the high frequency circuit, this work adopted a super heterodyne circuit
as a receiver. An intermediate frequency of 10.7 MHz is generated by frequency con-
version, and this intermediate frequency is amplified and processed. Here, to save the
design time, a commercial FM frontend manufactured by Mitsumi is used for frequency
conversion. The intermediate frequency is 10.7 MHz, and hence the maximum commu-
nication speed with this receiver is limited to several Mbps. Fig. 2.5 shows the schematic
of the implemented receiver, and Fig. 2.6 shows a photo of the receiver. For the antenna
of the receiver, a 76 cm rod antenna was used.

2.3.2 Power consumption

Fig. 2.7 shows the signal observed at the emitter of transistor Q1 with an oscilloscope
when VCC is 3V. The proposed transmitter oscillated at 108MHz with 3.34 V magni-
tude, as designed.

Fig. 2.8 shows the current consumption of the transmitter when the power supply
voltage is varied from 0.6 V to 3 V. The red vertical line in the figure corresponds to 0.66
V, which is the minimum voltage required to start oscillation. The proposed transmitter
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Figure 2.7: The signal appears at the emitter.

can operate at a wide range of supply voltage. Fig. 2.8 also shows that the current rapidly
increases when the power supply voltage exceeds 0.65 V, where 0.65 V is the base-
emitter saturation voltage of Q1. Beyond 0.7V, the current is proportional to the power
supply voltage, which is due to the following reason. Transistor Q1 operates in forward
active mode. In this case, the collector current is kept constant even with the collector
potential variation as long as the base current is constant. On the other hand, the circuit
in Fig. 2.1 is a fixed bias type circuit. The base current is proportional to the collector
potential and the collector current is proportional to the base current. Therefore, the
collector current becomes proportional to the collector potential, i.e. VCC.
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Figure 2.8: Current consumption versus supply voltage.

2.3.3 Baud rate

Fig. 2.9 shows the power supply voltage (red line) and the signal waveform at the emitter
of QI (blue line) when the power supply voltage VCC is changed from 0 V to 3 V. When
powering on the transmitter, the oscillation starts after a certain amount of dead time.
In this case, 400 ns dead time is necessary. As discussed in Section 1.3.1., this dead
time limits the throughput and hence Section 2.2 introduced V ;4 for reducing the dead
time. According to Fig. 2.8, Vg is set to 0.65 V, where it is the maximum voltage that
cannot start the oscillation, since the current at 0.65 V is 0.02 mA and it is negligible
compared to the current during “1”.

Fig. 2.10 shows the signal at the emitter when the power supply voltage is raised
from V4 = 0.65 V to 3 V. The dead time is reduced to 40 ns, which is 1 / 10 or
less compared to O V to 3 V transition. This shorter dead time can contributes to the
throughput improvement. Fig. 2.11 shows that 20 Mbps transmission is feasible at 3 V
operation thanks to the shortened dead time.

Finally, the communication speed including both the transmitter and receiver was
evaluated by observing the output of the FM front end circuit in Fig. 2.5 with an oscillo-
scope. A rectangular wave with 50% duty ratio was given from a function generator to
the proposed transmitter as VCC and the maximum frequency at which the waveform
could be reproduced on the oscilloscope was evaluated. Three supply voltages of 1, 2
and 3V and two distances of 1 m and 5m between the transmitter and receiver were
tested. Results are listed in Table 2.1. This table also includes energy per bit under
each condition. For 5 m communication, the supply voltages of 2 and 3V achieved 200
and 600 kbps throughputs. The output waveform of the FM front end in the receiver



CHAPTER 2. DEDICATED ANTENNA-FREE ENERGY EFFICIENT WIRELESS
32 TRANSMITTER

Dead time =400ns

Output = ‘vw s WMMMUL ‘

tiktioll

\

Oscillation Start

| 'WWWW‘"”*”““‘““’WWN'u/WWN‘ﬁ

il

Power Supply Supply Voltage = 3V

P-mwmmf

Figure 2.9: Dead-time at the start of oscillation.

Dead time <40ns

)
Oscillation Start

e i

Power Supply / “
f KAV

oty u/
4 0.65v

Figure 2.10: Shortened dead time.

is shown in Fig. 2.12. We can see the transmitted waveform of 600 kbps is well repro-
duced. As for 1 m, the supply voltages of 1 V achieved 1.0Mbps, and of 2, and 3V
achieved 3.0 Mbps throughputs. The lowest energy per bit of 205 pJ/bit was attained at
1 V. Fig. 2.13 shows the waveform at the receiver when a 500 kHz, i.e, 1 Mbps signal
was transmitted by the transmitter operating at 1 V with 1 m distance. We can see the
intermediate frequency of 10 MHz is amplitude-modulated at 500kHz. In this case, the
power consumption per bit is 205 pJ / bit. It should be noted that the throughput in each
condition depends on the receiver performance and, with a more sophisticated receiver,
the energy per bit could be further reduced, which is one of the future works.

The measurement results of the proposed structure are summarized in Table 2.2. Ta-
ble 2.2 also shows comparisons with related studies on small transmitters. We can see
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Table 2.1: Transmission range vs communication speed.

Communication Speed[Mbps] (Energy per bit)

Range [m] 1V 2V 3V
1 1.0 (205pJ/b) 3.0 (380pJ/b) 3.0 (890pl/b)
5 0.8 (256pJ/b) 1.4 (814plJ/b) 1.4 (1910pl/b)
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Figure 2.12: Received signal from transmitter, 5 m away from receiver.

that the proposed transmitter achieved better throughput and energy per bit than [114]
and comparable performance to [115,116] without any dedicated external antenna. This
result indicates that the coils used for LC oscillation can be also utilized for electromag-
netic wave radiation. The proposed transmitter needs no impedance matching and hence
it is suitable for smaller volume implementation.
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Figure 2.13: 1Mbps communication.
Table 2.2: Comparison with related work.
[114] [115] [116] This Work (1V) This Work (2V)
Imol i CMOS CMOS CMOS discret ¢
mplementation 1300m 180nm 130nm iscrete components
Antenna ext ext ext int
VDD [V] 1.5 0.7 1.2 1.0 2.0
Power (mW) 2.7 0.7 1.68 0.39 2.24
Modulation 2FSK 2FSK 2FSK OOK
Data rate 48kbps SMbps 4Mbps 1Mbps 3Mbps
Energy/bit(nJ/b) 56.25 0.14 0.42 0.205 0.38

2.4 Discussion on baseband encoding

The transmitter usually transmits the baseband signal encoded as packets to facilitate
the data processing at the receiving side. Here, there are two packet encoding schemes;
fixed-length packet and variable-length packet as shown in Fig. 2.14. The proposed
transmitter consumes energy only when transmitting symbol “1”, and therefore energy
per bit can be reduced by decreasing the number of symbols “1” contained in the en-
coded packet. The following discusses which packet scheme is more advantageous
regarding communication speed and energy per bit.
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Figure 2.15: Performance of fixed-length packet.

2.4.1 Fixed-length packet

The fixed-length packet consists of a start bit, a stop bit and a data part. Fig. 2.14(a)
shows an example of a fixed-length packet whose data part length is 8 bits. Here, we
suppose that each packet includes 8-bit data. In this case, the minimum packet length is
10 bits. On the other hand, when we increase the packet length while keeping the data
itself unchanged, we can use n(n > 9) bits for expressing 8-bit data. In this case, we can
map each 8-bit data representation to one of n-bit representations aiming to reduce the
number of symbols “1” in the packet, which is expected to reduce the energy per bit.

To evaluate the minimum energy per bit of fixed-length packet, this section conducts
simulation experiments on the premise that 256 8-bit data which express number 0 to
255 was communicated at a distance of 1 m. Then, the total data to be transmitted
was 8[bit] x 256 = 2048[bit]. The maximum voltage applied to the transmitter was 1 V.
Fig. 2.15 shows the data rate and the minimum energy per bit when the packet length
including the start and stop bit is varied from 10 bits to 150 bits. Note that, among all the
mapping combinations, the results achieving the minimum energy per bit are presented.
Fig. 2.15 indicates that, when the packet size is small, the energy per bit can be greatly
improved with a slight increase in the number of bits. On the other hand, beyond that,
the reduction of the energy per bit gets smaller while it steadily degrades the data rate.
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2.4.2 Variable-length packet

When we use the variable-length packet scheme illustrated in Fig. 2.14(b), the packet
length varies depending on the data to be transmitted. Let us suppose the variable-length
packet consists of a start bit and variable-length data part. In this variable-length packet
scheme, the lowest energy per bit is attained in the case that the transmitter transmits
only the start bits and the data itself is represented as the time intervals between the start
bits. The transmitter informs the receiver of the end of communication by transmitting
the symbol “1” as a stop bit. At the receiver side, when the symbol “1”” does not appear
in a certain period, the last received symbol “1” is recognized as a stop bit. This section
proposes a baseband encoding in which the time interval between the start bits, i.e.,
successive “0” duration in the packet represents the original data. When the original
data to be transmitted is m, the length of the data part is set to m clk, where clk represents
a symbol time.

With this variable-length coding, the coding unit (CU) plays an important role, i.e., it
determines the number of packets to be transmitted, data rate and energy per bit, where
CU is the number of bits of the original data that is included in a single packet. Fig. 2.16
illustrates the code generation of the proposed encoding. Fig. 2.16(a) exemplifies a case
when CU is set to 2 bits. In this case, the original 8-bit data is divided into four parts,
and each part composes a packet. The four 2-bit data are “10,” “11,” “01,” and “01,”
which means the numbers of symbols “0” are set to 2, 3, 1 and 1, respectively. From
the above, the total time of the symbol “1”, which consumes energy, is 4 clk and the
time required to transmit the overall 8-bit data is 11 clk. Fig 2.16(b) shows a case when
CU is set to 4 bit. In this case, the transmitting time of the symbol “1” is only 2 clk,
and the energy consumption is halved compared with the case of (a). However, the
time necessary to transmit the overall 8-bit data increases to 18 clk since the maximum
number of successive symbols “0” becomes 15. Thus, CU affects the number of packets,
the communication time, and the energy necessary to transmit the original 8-bit data,
and then the data rate and energy per bit are in a trade-off relationship. Namely, when
CU is large, the energy per bit improves while the data rate degrades. When CU is
small, vice versa.

This section conducts simulation experiments on the variable-length packet encod-
ing. Fig. 2.17 shows the relationship between the energy per bit and data rate when CU
is varied from 2 to 8. From Fig. 2.17, we can say that increasing CU greatly degrades
the data rate, but the energy per bit can be drastically reduced. The comparison between
Fig. 2.15 and 2.17 indicates that the variable-length packet scheme is superior in terms
of energy per bit when the transmitter communicates at the same data rate. For appli-
cations that do not require a high-speed communication, the proposed transmitter can
reduce the energy consumption per bit to up to 51.8 pJ/b.

Finally, Fig. 2.18 shows a comparison with related works in literature. We can
see that the transmitter with the proposed baseband encoding of CU=4 and 8 achieves
smaller energy per bit than the system proposed in [115].
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Figure 2.16: Baseband encoding to generate variable-length packets. (a) when the cod-

ing unit is 2 bits (b) when the coding unit is 4 bits.

—. 900 300 =
2 750 -=-Data rate 250 =
2. 600 -+Energy perbit - 200 =
£ 450 150 5
< 300 100 <
T 150 50 5
0 0 &
2 3 4 5 6 7 8
Coding unit [bit]
Figure 2.17: Performance of variable-length packet.
B RFIC2009
o)
;
&
E
o E:U . AICSP2015
5 C2011
g e .....-:‘. ..........
L gl .
51.8 pJib This work
10K 100K 10M

Data rate [bps]

Figure 2.18: Comparison with related works in literature: RFIC2011 [114], AICSP2015

[116], and JSSC2011 [115].



CHAPTER 2. DEDICATED ANTENNA-FREE ENERGY EFFICIENT WIRELESS
38 TRANSMITTER

2.5 Conclusion

This chapter proposed a dedicated antenna-free OOK transmitter that used two coils
both for radiation and oscillation, which contributes to the reduction of the number of
components and the consequent small implementation volume. To improve the through-
put, this work developed a priori current injection technique that reduced the start-up
dead time of the LC oscillation. The measurement results with the prototype whose
size 1s 2.8 mm x 2.8 mmx4.2 mm show that the dead time is reduced from 400 ns to 40
ns or less. This chapter also developed a baseband encoding technique that improved
the energy per bit of the proposed OOK transmitter. The proposed encoding technique
enables the communication speed and energy per bit to be adjustable. In energy-limited
applications, the transmitter can reduce the energy per bit to 51.8 pJ/b by lowering the
communication speed to 62.3 kbps. On the other hand, in speed-demanding applica-
tions, the transmitter can communicate at up to 3 Mbps at the energy per bit of 380
pJ/b.

With the current baseband encoding technique, the wireless communication is vul-
nerable to the interference with other communications. This problem originates from
the feature that the bit width is always fixed and the encoding depends only on the bit
position. To address this issue, developing the encoding method which is resistant to
the interference is the primary future work. Fortunately, the spread-spectrum based en-
coding is proposed and already widely used in several commercial wireless transmitters
such as Bluetooth Low Energy (BLE), and hence the future work can take advantage of
the findings in the studies on this spread-spectrum based wireless communication.



Chapter 3

Theoretical analysis and appropriate
circuit structure for 1-to-n WPT system

Most of the studies on wireless power transfer (WPT) systems focus on the enhance-
ment of the power transmission efficiency and the robustness improvement of 1-to-1
WPT system. On the other hand, the WPT required for the tiny sensor nodes of perva-
sive sensing have to be suitable for 1-to-n power transmission, which means one power
transmitter coil is responsible for numerous number of sensor nodes. Currently, 1-to-n
WPT systems are not discussed actively and even the feasibility of the system is not suf-
ficiently clarified while 1-to-1 WPT systems are already available on market. Therefore,
this chapter discusses the feasibility of the 1-to-n WPT systems based on the analysis of
both the circuit and the magnetic field. In addition, this chapter proposes and evaluates
a suitable WPT circuit structure for the sensor node in pervasive sensing application.

3.1 Introduction

As described in Section 1.3.2, inductive power transfer (IPT) based WPT is a promis-
ing method of WPT for pervasive sensing in terms of its robustness and safety. The
circuit structure of IPT system can be divided into two major types: series-series (S-S)
type and series-parallel (S-P) type. Both S-S and S-P type structure are illustrated in
Fig. 3.1. In the S-S type circuit structure, all components are connected in series both
in power transmitter side and receiver side while all components in receiver side of the
S-P type structure are connected in parallel. Both S-S and S-P types are actively studied
in terms of those performance improvement and circuit optimization [117-121]. Here,
the S-S type structure is much easier to analyze than S-P type structure since there is
only one current loop on each of the transmitter side and receiver side. For this reason,
this chapter focuses on S-S type circuit structure. First, this chapter derives appropriate
circuit conditions from both perspectives of the power transmission efficiency and the
amount of received power based on the circuit analysis. Unlike other WPT applications,
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Figure 3.1: Two general circuit structures of WPT systems. (a) S-S type WPT system,
(b) S-P type WPT system.

the sensor node for the pervasive sensing applications should be automatically switched
to WPT mode when the inner node energy is running out since the sensor node for the
pervasive sensing should be maintenance free. To address this issue, this chapter pro-
poses and evaluates the appropriate circuit structure for the 1-to-n WPT system which
can automatically switch the circuit function between the WPT mode and wireless com-
munication mode according to the situation while keeping the sensor volume to 1 cm?.
The rest of this chapter is organized as follows. Section 3.2 analyzes the circuit of the
WPT and shows the feasibility of the 1-to-n WPT system on the basis of the theoretical
analysis. Section 3.3 proposes the appropriate circuit structure, which is equipped with
the indispensable wireless communication function as well, for the 1-to-n WPT system.
Section 3.4 evaluates both WPT and wireless communication functions provided by the
proposed sensor node. Finally, the conclusion of this chapter is given in Section 3.5.

3.2 Problem formulation and analysis

This section analyzes the circuit of the S-S type WPT system based on both circuit
theory and the magnetics. First, Section 3.2.1 analyzes the circuit of the 1-tol WPT
system and derives the most appropriate operating frequency and circuit constants in
terms of the power transmission efficiency and the amount of the received power. Then,
Section 3.2.2 extracts the circuit constants related to inductors (e.g. self inductance and
mutual inductance ) from the physical shape of the coil. Finally, the discussion on the
feasibility of the 1-to-n WPT system is given in Section 3.2.3.

3.2.1 Analysis on 1-to-1 WPT system

Fig. 3.2 illustrates the general S-S type 1-to-1 WPT circuit structure. V; is the power
source connected to the power transmitter circuit. Ly and L are self inductance of the
power transmitter coil and the receiver coil, respectively. My, is the mutual inductance
between Ly and L;. Cp and C; are the capacitance which are utilized for tuning the
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resonant frequency of the LC circuit. Ry is the overall resistance in the power transmitter
circuit which consists of the output impedance of the power source V; and the parasitic
resistance of Cp and L. Similarly, R; denotes the resistance of the load connected in
the receiver circuit and the parasitic resistance of C; and L;.

KVL equation of the circuit depicted in Fig. 3.2 are given by Eqgs. (3.1) and (3.2).

) 1 . .
Vo = {R0+j ((OL()— —) }10+j0)M01[1, 3.1
wCy
1 . .
0=<R i WLy — —— 1 Moy 3.2
{1+J< 1 wcl)}1+1 o1lo, (3.2)

where I and I; are the current in the transmitter and receiver, respectively. Here, I; is
expressed with Iy, Ry, L;,C1, and My, by deforming Eq.(3.2) as shown in Eq. (3.3).
. j M, ,
L=— haieal — . (3.3)
Ri+j (oL - o )

The mutual inductance My is expressed with Ly, L, and the coupling coefficient kg
since the coupling coefficient is defined as Eq. (3.4).

(3.4)

From Egs. (3.1), (3.3), and (3.4), Iy and I; are both expressed only with circuit
constants as introduced in Egs. (3.5) and (3.6).

(. Vo
= 1 e (3.5)
; 1\, o'kylol
RO+] ((DLO 0)C0> + R1+j(a)L1—wLCl)
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With derived y and I}, the power injected to the transmitter P and the power received
by the receiver P; are calculated. Here, the injected power is the work done by voltage
source V), and the received power is the power consumed in the load connected to the
receiver circuit. The resistance of R; contains not only the resistance of the circuit
load but also the parasitic resistance of components as described above. In the sensor
node for the pervasive sensing, the value of the parasitic resistance of components is at
most several ohm while the resistance of the load is more than several hundreds of ohm
when the current consumption of the sensor node is less than several mA. Therefore, the
circuit load connected to the receiver circuit predominantly determines the value of R;.
For this reason, the received power is almost as the same as the power consumed in the
resistor R. Based on these assumptions, £y and P; are given with Egs. (3.7) and (3.8).

Py =R [Voly]
R (R()Rl + (Dzk(%lL()Ll) + RoXoX1 ) 3.7

pu— V
(R3+X3) (R? +X7?) + 02k3,LoLy (®?k3,LoL1 +2RoR1 — 2X0X) ) 0

P =R[R LI}
_ Ry w*k3,LoL, V2 (3.8)
~ (R+X2) (R +X2) + 022, LoL; (0*k2, LoL; +2RoR| — 2XX;)
where the mark of * represents the conjugate of the complex number. X; and X; in
Egs. (3.7) and (3.8) are defined as follows:

def 1 def 1
Xo¥org—— x%¥or,— —. 3.9
0 0 oCy 1 e (3.9)

The power transmission efficiency is calculated by Eq. (3.10).

Nor = 2
wzk(z)lLOLl (310)

B RoR1 + (DkglLoLl + f;—?XoXl .

To improve not only the power transmission efficiency but also the power efficiency of
the entire circuit, the power factor of the circuit should be close to 1, which means the
imaginary part of I should be 0. Eq. (3.5) suggests that if the operating frequency ®
satisfies the following equation, the imaginary part of Iy becomes zero.

1 1
- VLG VLG

When Eq. (3.11) is satisfied, Py, Py and ng; become Egs. (3.12), (3.13), and (3.14),
respectively.

(0]

(3.11)

R .
= V) (3.12)
RoR1 + (I)zkmL()Ll

Py
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Figure 3.3: Simulated Py, P and 19; when Vo =1 [V], Lo = L; = 3.500 [uH], Cy = C; =
72.37 [pF], Rp = Ry = 1 [Q] and ko1 = 0.01.
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Figure 3.4: Simulated Py, P and 19; when Vo = 1 [V], Lo = L; = 3.500 [uH], Cy = C; =
72.37 [pF], Rp = Ry = 1 [Q], and ko; = 0.1.
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P = 1 014041 2V()2, (3.13)
(RoR1 + 0?k3,LoL1)
212
-k Lol
No1 = 012 3 . (3.14)
RoR| + k()lLOLl

As examples, Figs. 3.3, 3.4, and 3.5 show the simulation results when the circuit
constants are set as follows: Vo = 1 [V], Ly = L; = 3.500 [uH], Cy = C; = 72.37 [pF],
Ry = Ry =1 [Q], which means the circuit structures of the power transmission side
and the reception side are symmetrical, and the resonance frequency is 10 MHz. The
coupling coefficient kg; of each simulation shown in Figs. 3.3, 3.4, and 3.5 are set to
k=0.01, k =0.1, and k = 0.5, respectively. Figs. 3.3, 3.4, and 3.5 indicate that the
power transmission efficiency 7ng; always takes the maximum value when the operating
frequency ® is matched to the resonant frequency. On the other hand, Py and P; may
have two peaks when the coupling coefficient is larger than £k = 0.1 as shown in Figs. 3.4,
and 3.5. These results indicate that the frequency at which 1g; is maximized and the



CHAPTER 3. THEORETICAL ANALYSIS AND APPROPRIATE CIRCUIT
44 STRUCTURE FOR 1-TO-N WPT SYSTEM

Fre%ency [MHZz]

1 100
40 1

— 20 |~ PoldBm] 0.875

I P, [dBm] 0.75

S oo LMo ] T\ e 0625 &

g 40 — 7N TR 05 2

S 60 0.375 &
80 .- 0.25
-100 0.125
-120 0

Figure 3.5: Simulated Py, P and 19; when Vo =1 [V], Ly = L; = 3.500 [uH], Cy = C; =
72.37 [pF], Rp = Ry = 1 [Q], and kp; = 0.5.

frequency at which Py and P; are maximized do not always match. Here, interestingly,
even if 1o is large, the energy available in the receiver side is small since the transmitted
power is small. Therefore, the peak frequencies of Py, P;, and 1ng; should match each
other.

To clarify the operating conditions of the circuit where the peak frequencies of Py, P,
and 1o match, the following first investigates the relationship between ky; and the two
frequency peaks of Py and P; assuming that LoCy = L;C is satisfied, just like many
of WPT applications. In Figs. 3.3, 3.4, and 3.5, given V} is identical, and hence the
difference of the value of Py and P; should be caused by the difference of the power
factor. When the power factor is close to 1, the reactive power of the circuit should be
zero. Figs. 3.6 and 3.7 show results of simulation on the reactive power Qg of the power
transmission circuit under the same conditions as Figs. 3.4 and 3.5, respectively. Here,
Qo 1s calculated by Eq. (3.15).

Qo =3 [Voly]
R3Xo+ X1 (Xo — w*kg,LoLy) .o (3.15)

~ (RB+X2) (R +X2) + 02, LoLy (023, LoLy + 2RoR; — 2XoX ) o

Figs. 3.6 and 3.7 indicate that the reactive power Qp become zero at the peak frequency
of Py as expected. On the other hand, deriving the value of @ that satisfies Q¢ = 0 results
in finding the solution of the quintic equation and hence the analytical solution may not
be obtained. Instead, Figs. 3.6 and 3.7 strongly imply that the frequency characteristic
of Qo is highly related to that of the LC circuit. Therefore, we can come to know the
number of frequency peaks of Py by solving the equation of Qy = 0 under the condition
where Ry = R; = 0 although we cannot derive the exact peak frequency. We can obtain
Eq. (3.16) by substituting Rp = Ry = 0 in Eq. (3.15).

_X (Xo — w*k3,LoLy) 2

5 (3.16)
(XoX1 — @2k3,LoL,)

Qo
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Figure 3.6: Simulated Py and Qg when Vy = 1 [V], Ly = L; = 3.500 [uH], Cy = C| =
72.37 [pF]l, Rp = Ry = 1 [Q], and kp; = 0.1.

Frequency [MHz]

1 10 100

40 320 =

. 20 |~ Po[dBm] 240 2
E o | — Qolmvar u 160 =
2 20 | 80 2
g -40 o 8
> -
-80 160 B
-100 240
-120 320 &

Figure 3.7: Simulated Py and Qg when Vy = 1 [V], Ly = L; = 3.500 [uH], Cy = C| =
72.37 [pF], Ro = R; = 1 [Q], and ko1 = 0.5.

When we set Ry = R; = 0, Qg should take the value of +o at the resonant frequencies,
whereas Oy becomes 0 when Ry # 0,R; # 0. When Qg takes the value of +oo, the
denominator of Eq. (3.16) should be zero. Therefore, the number of the frequency peak
of Py matches with the number of solutions of Eq. (3.17).

1 1 2.9
WLy — —— ol — —— | —w°ki; Lol = 0. 3.17
( 0 a)Co)( 1 a)Cl) 01LoL1 (3.17)

The solution of Eq. (3.17) under the condition of @ > 0 is given by Eq. (3.18).

LoCo+LiCy £ /L3C} + L3CE — 2 (1 — 2k5,) LoCoL1C)

©= 2 (1—k3,) LoCoL1C

(3.18)

Eq. (3.18) shows that the number of the peak frequencies of Py depends on the coupling
coefficient kg; In the pervasive sensing application, one power transmission circuit is
responsible for hundreds or even thousands of tiny sensor nodes. In this situation, the
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Figure 3.8: Coordinate setting and definition of variables.

size of the coil used for the power receiver is far smaller than that of the power trans-
mitter coil, and hence the coupling coefficient kg is close to zero. Here, the value of the
coupling coefficient between the transmitter and receiver coil will be discussed in detail
in Section 3.2.2. When ko ~ 0, Eq. (3.18) is approximated by Eq. (3.19).

1 1
o= : (3.19)
VLCy VL1Cy

Eq. (3.19) indicates that the number of the frequency peak of F is two at maximum and
those frequencies depend on the values of LyCp and L;C;. As described with Eq. (3.11),
LoCo = L1C; should be satisfied to keep the power factor of the circuit be one. Under
the condition of LyCy = LCy, Eq. (3.19) only takes single value of @ = 1/ /LoCp =
1/+/LiC,. As described with Figs. 3.3, 3.4, and 3.5, the peak frequency of 1 is always
at @ = 1/+/LoCy = 1/ +/L,C; under the condition of LoCy = L;C;. Hence, when we
set the inductance and capacitance to satisfy LoL; = CypC; and the coupling coefficient
ko1 is close to zero, the single frequency peak of Fy matches with the frequency peak
of np;. In other words, the power factor and the power transmission efficiency are
both maximized at the frequency of @ = 1/+1/LoCy = 1/+/L1C; when we build the
loosely coupled WPT system. The 1-to-n WPT system for the pervasive sensing, which
this dissertation is focusing on, almost always satisfies the condition that the coupling
coefficient between the transmitter and the receiver coil is very small and close to nearly
zero, which will be discussed in detail in the following section.

3.2.2 Circuit constants related to inductor
Self inductance of the coil

This section derives the self inductance of the coil Ly whose winding number is one.
Although a method for approximately deriving the self inductance of the single loop
coil is reported decades ago [122], this section introduces a calculation method based
on the magnetic flux density based on the definition of the inductance.
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The self inductance of the coil strongly depends on the amount of the magnetic flux
density generated by the coil itself. Then, the objective here is to obtain the equation
which can derive the magnetic flux density generated by the coil. Fig. 3.8 shows the
coordinate setting and definitions of the variables r, 6, xo, yg and zg. As shown in Fig. 3.8,
the single loop coil is placed on xy-plane, and the center of the coil is set to the origin of
the xyz-coordinate system. When we inject the current / [A] to the coil whose radius is
a [m], the magnetic flux density Bp at the point P is obtained by calculating Eq. (3.20)
[44].

Bp(a,I,P) =

,uola/macosﬂer—k(rsinq)—asinG)egd(P, (3.20)
0

4m (2 +a? — 2rasinOsin¢)>/?
where g is the magnetic constant, ¢ is the integration variable, and e, and eg are unit
vectors pointing » and 6 direction, respectively. P denotes the position vector of the
point P. Eq. (3.21) derives Bpy,Bpy, and Bp,, which are x,y, and z component of the
magnetic flux density Bp respectively:

X020 la (%7 sin
Bre= /2 z“:n /0 ; 7249,
X010 (x(z)+y%+z(2)+a2—2asm¢ x%—f—y(z))
B Yozo  Mola /27r sin ¢ "
Py = ,
/2.2 41 Jo /2
X0 0 (x%+}%+z(2)+a2—2asm¢ x%+y(2)> (3.21)
tola 27 a—sin@ x% + y2
Bp, = / do.
ar Jo 2. 2. 2. 2 ‘ T\ 32
<x0+y0—|—zo+a —2asin@ x0+yo>
Note that Bp,, Bpy, and Bp, satisfy the following relationship:
Bpy
Bp(a,I,P): pr
Bp, (3.22)

= Bpy-ex+Bpy-e,+Bp;-¢€,,

where e,, ey, and e, denote unit vectors pointing x,y, and z direction respectively.

As described in the beginning of this section, the self inductance of the coil depends
on the magnetic flux density generated by the coil. In particular, the self inductance of
the coil is the amount of magnetic flux density that pass through the coil itself perpen-
dicularly when the current of 1 A is applied to the coil. Therefore, the self inductance
of the coil is obtained by integrating all magnetic flux density perpendicular to the coil
in the area surrounded by the wire. This is expressed by Eq. (3.23).

LO:/Bp(a,l,P)-ez ds
S

(3.23)
_ /sz (a,1,P) dS,
S
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Figure 3.9: Integration area for deriving the self inductance of the sensing coil.
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Figure 3.10: Area and position of minute part required for integration.

where P denotes all points in the integration area S. Eq. (3.23) calculates inner product
between Bp and e, to extract the magnetic flux density which is perpendicular to the
coil. In addition, the current injected to the coil is set to 1 [A] by the definition of
the self inductance. Fig. 3.9 shows the integration area. As illustrated in Fig. 3.9, the
integration area S is not identical to the circle whose radius is a. Rather than that, the
integration area is the circular area whose radius is @ — wp/2 [m]. Fig. 3.10 introduces
two variables p and v to express dS. When the dp and dy is infinitely small, dS is
calculated by dS = dy - p-dp. By introducing these variables and the relationship,
Eq. (3.23) becomes Eq.(3.24).

o= 2n peosy
Lo= [ ["Be(at | psiny | | -eay-pedp
0 0 0

a0 2n peosy
=/ / Bp | a1, |psiny| | dy-p-dp.
0 0 N 0

(3.24)

By calculating Eq. (3.24), the self inductance of the coil Ly can be obtained. However,
Eq. (3.24) cannot be solved analytically, and hence we have to derive the inductance
value by numerical integration instead. To conduct numerical integration, let us divide
the integration range of p and y into a finite number of small parts. If we divide the
integration range of p and y equally into n,, parts and ny, parts, respectively, dp and dy
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are described as Eq. (3.25).

— 2 2
dpzm’ dl,/:_n_ (3.25)

np Ny
When each part of dp and dy are small enough, in other words, the values of n,, and ny,
are sufficiently large, Eq. (3.26) approximates Eq. (3.24).

np Ny cos jdy
LO:ZZBPZ a,l,idp s1n]d1// . dl[/ldpz (326)
i=1j=1 0

Here, p and y are expressed based on following relationship: p = idp, v = jdy. By
calculating Eq. (3.26), the self inductance of the coil is derived.

Mutual inductance between two coils

The mutual inductance between two coils is the amount of the magnetic flux density
which is generated by the primary coil and pass through the secondary coil perpendic-
ularly. Therefore, the basic integration procedure is almost as same as the procedure
for calculating the self inductance of the coil. The mutual inductance My, between the
primary coil and the secondary coil is expressed by Eq. (3.27).

Mom :/ Bp(a,1,P,) ez dS, (3.27)
S/

where P, is the point surrounded by the wire of the secondary coil and ez is the unit
vector perpendicular to the secondary coil. The integration introduced in Eq. (3.27) is
conducted in the area surrounded by the wire of the secondary coil, and therefore we
have to derive the coordinate of the point P,,. To simplify the discussion, this section
assumes that the secondary coil is placed parallel to the primary coil, which means
e, = ez and the coordinate of the center of the primary coil is (X, Ym,Zm) as shown in
Fig. 3.11. In this case, the coordinate of the point on the area surrounded by the wire of
the secondary coil is expressed by Eq. (3.28).

Xm =+ Pm - COS Y
Pm = |[Ym +Pm'Sinw ; (328)
Zm

where p,, satisfies the following formula with the radius of the secondary coil r;,;: 0 <
Pm < ry. Based on the similar idea to Eq. (3.24), we can evaluate the mutual inductance
between two coils with Eq. (3.29).

rm—VTm 2
Mo,n:/ / Bp(a,1,Py) ez dY - pm-dpm
(3.29)

W m

—/ / Bp.(a,1,Py) V- pu-dpm,
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Figure 3.11: The positional relationship between the primary and the secondary coils.

where w,, is the diameter of the wire composing the secondary coil. Similar to
Eq. (3.26), Eq. (3.29) can also be transformed into the equation with sigma operator
as shown in Eq. (3.30) so that we can evaluate the value by numerical simulation.

Npm Ny

Mon =YY Bp.(a,1,Py) dy-i-dpy, (3.30)
i=1j=1

where np,, and ny denote the numbers of divisions regarding the integration area and
each variable is defined as Eq. (3.31).

_ Im—wp/2
dpm - %#7
_
V=i, (3.31)
Pm = i-dpm,
w=j-dy.

Once the self inductances of coils and the mutual inductance between them are derived,
we can calculate the coupling coefficient with Eq. (3.4).

Simulation of coupling coefficient

Section 3.2.1 revealed that if the coupling coefficient is negligibly small, the peak fre-
quency of the power transmission efficiency and that of the amount of the received
power match each other. In this case, we do not have to tune the operating frequency or
the circuit constants according to the position of the sensor node, and hence the robust-
ness of the system is ensured. Therefore, the important objective of this section is to
show that the coupling coefficient between the transmitter coil and receiver coil is neg-
ligibly small. Addressing this point, this section conducts a simulation experiment and
derive the inductances of the transmission and receiver coil and the coupling coefficient
between transmission and receiver coil. To simplify the discussion, this section assumes
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Table 3.1: Specifications of coils used for simulation.

’ H Transmitter coil \ Receiver coil

Diameter of the coil 1.0m 10 mm
Diameter of the wire 1 mm 0.1 mm

that the all inductors have a shape of single loop coil. Another discussion utilizing the
coil which is not in the shape of single loop coil will be introduced in Section 3.2.3.

As a simulation model, this work assumes that the power transmitter coil whose
diameter is 1 meter is responsible for thousands of power receiver coils whose diameter
is 10 mm. Table 3.1 shows the detailed specifications of the coils. The self inductances
of transmitter and receiver coils, which are calculated based on Eq. (3.26), are 3.657
uH and 28.83 nH, respectively. To confirm the location dependence of the coupling
coefficient between the transmitter coil and the receiver coil, this section calculates the
coupling coefficient between them supposing that the transmitter coil is fixed and only
the receiver coil is moved. Fig. 3.12 introduces the heatmap of the coupling coefficient
when the transmitter coil is placed on xy-plane and the center of the coil is set to the
origin. The moving area of the receiver coil is -1.0 [m] <y < 1.0 [m] and 0.01 [m]
< z<2.0 [m]. The transmitter coil and the receiver coil are both placed parallel to xy-
plane and facing each other. Fig. 3.12 indicates that the coupling coefficient between the
transmitter and the receiver coil is 2.54 x 10~3 at maximum and negligible compared
to 1. Consequently, in 1-to-n WPT system, which the diameter of the transmitter coil is
100 times larger than the diameter of the receiver coil, the coupling coefficient between
them are negligibly small and both the power transmission efficiency and the received
power are maximized at the same fixed frequency as long as the product of LC is set as
LoCy=L,C.

3.2.3 Analysis on 1-to-n WPT system

Section 3.2.1 revealed that both the received power and the power transmission effi-
ciency are maximized at the resonant frequency of the LC circuit when the coupling co-
efficient between the transmitter and the receiver coils is negligibly small. Section 3.2.2
experimentally proved that the coupling coefficient between the transmitter and the re-
ceiver coil is negligibly small compared to 1 when the diameters of coils are significantly
different, and the operating frequency can be fixed to the resonant frequency of the LC
circuit. Based on these findings, this section analyzes the power transmission efficiency
when the number of node is larger than 1 while Section 3.2.1 analyzed only when the
number of power receiver node is 1.

Fig 3.13 shows the circuit structure of 1-to-n WPT system under analysis. Fig 3.13
indicates that one transmitter coil is responsible for n receiver circuits. Not only the
coupling between the transmitter and one receiver coil but also the coupling between
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Figure 3.12: Heatmap of the coupling coefficient between the transmitter coil and the
receiver coil. The transmitter coil is placed on xy-plane and the center of the coil is set to
the origin. Diameter of the transmitter coil is 1 m and the diameter of the wire used for
transmitter coil is 1 mm. Diameter of the receiver coil is 10 mm and the wire diameter
is 0.1 mm. The moving area of the receiver coil is -1.0 [m] <y < 1.0 [m], and 0.01
[m] <z <2.0[m]. The transmitter coil and the receiver coil are both placed parallel to
xy-plane and facing each other.

any pairs of two receiver coils, which is depicted as Mj; 1| , are to be considered. Sec-
tion 3.2.1 explained that the mutual inductance between two coils affects the circuit
behavior and the mutual inductance is determined by the values of self inductances of
two coils and the coupling coefficient as described with Eq. (3.4). Here, the self induc-
tance of the receiver coil is far smaller than that of the transmitter coil as described in
the previous section, where the inductance of the transmitter coil and the receiver coil is
3.657 uH and 28.83 nH, respectively. Hence, the effect of the mutual coupling between
two receiver coils might be negligible. To confirm the effect of the mutual inductance
between receiver coils, a simulation experiment is performed for the system that con-
tains one transmitter coil and two receiver coils. Fig. 3.14 shows the simulation setup.
The diameter of the transmitter coil and the receiver coil are 1 m and 1 cm, respectively,
and the diameter of the wire used for the transmitter and the receiver coil are Imm and
0.1 mm, respectively. The transmitter coil and one receiver coil are place on xy-plane
and center of those coil is set to the origin of the coordinate while one receiver coil
moves along z axis as shown in Fig. 3.14. As for transmitter coil, the resistance and the
capacitance are set as Ry = 1 [Q], Cy = 69.27 [pF]. The capacitance of the receiver coils
is set as C; = 8.787 [nF] so that the resonance frequency is tuned to 10 MHz. Chapter 2
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Figure 3.13: The circuit of the 1-to-n WPT system.
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Figure 3.14: Simulation setup. The diameter of the transmitter coil and the receiver coil
is I m and 1 cm, respectively. The diameter of the wire used for transmitter and receiver
coil is Imm and 0.1 mm, respectively.

revealed that the wireless communication circuit, which is the most energy consuming
circuit in the tiny sensor node for pervasive sensing, consumes approximately 1 mA
of current, and hence the resistance of the receiver coil is set to 1 kQ. The coupling
coefficient for any pair of two coils out of three coils is derived based on Egs. (3.30)
and (3.4), and the power consumed at the resistor of receiver coil #1 is evaluated with
HSPICE circuit simulator. Fig. 3.15 shows two results: P; and P|. P; denotes the power
consumed in the resistor of receiver coil #1 when the mutual coupling between two re-
ceiver coils is considered while P| do not consider the coupling between two receiver
coils. Fig. 3.15 indicates that the difference between P; and Pj is very small and the
error between them is only 3.29 x 10™* % even when the coupling coefficient between
two receiver coils is 1, which means two receiver coils are overlapped completely. This
result insists that we can ignore the effect of the coupling between receiver coils and can
perform the theoretical analysis based on this assumption.

Based on the observation introduced above, this section derives the theoretical equa-
tion focusing on the power transmission efficiency. Here, the power transmission effi-
ciency 1y is calculated with the total power received by all the receiver nodes and the
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Figure 3.15: HSPICE simulation result.
power injected to the transmitter coil, which is expressed with Eq. (3.32).
P
l 11!
3.32
Nall = B, (3.32)

To derive Py and P, let us build KVL equations on the transmitter coil and the receiver
coil # [ as explained with Egs. (3.33) and (3.34).

n
Vo=Ro+jo ) Myl (3.33)
=1

0=R +jCOM01[6. (3.34)

In Egs. (3.33) and (3.34), we assume that the operating frequency @ is set to the resonant
frequency of the LC circuit, and hence terms on Ly, L;,Cy and C; are not included. Iy
and [; are derived as Eqgs. (3.35) and (3.36) by solving Eqs. (3.33) and (3.34).

) Vv

Iy = 0 s (3.35)
R0+w221 IR(I)[

. Mo,V

i = JOMorVo . (3.36)
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With Egs. (3.35) and (3.36), Py, P; and n,;; are derived as Eqgs. (3.37), (3.38) and (3.39).

( V 2
P=R[Volp'] = 0 7 (3.37)
Ro+@? Y] &
. w2Mg,vo
P=R[Ri"] = T (3.38)
M
Zn: Pl 0)2 n MZ
Nall = ZPI = o7 R—Ol. (3.39)
\ 0 Ro+ oy}, g ) i=1 ™
Here, if all receiver coils have the same circuit constants, which means R} =Ry = --- =
R,and Ly =L, = --- = L, are satisfied, Eq. (3.39) becomes Eq. (3.40).
n (1)2 1 k(z)lLoLl w2L0L1 Z?:l k(2)l (3 40)
all = 2 - o .
Ro+o2yy ot |5 R RoRi+ ®>LoLa Xi_ kg,

To asses the value range of k(%l, this section conducts a Monte Carlo simulation scatter-
ing a large number of receiver coils to the limited area. In the simulation, 500 receiver
coils whose diameters are 1 cm are scattered in the area of -1.0 [m] < x <-1.0 [m], -1.0
[m] <y <-1.0 [m], 0.0 [m] <z < 2.0 [m], and the transmitter coil whose diameter is
1 m is installed on xy plane setting the center of the coil to the origin of the coordinate.
100 times Monte Carlo simulation was performed. The average of the obtained k(%l is
1.7978 x 10~ and the standard deviation of k7, is 3.8349 x 10~8. Here, although the
standard deviation is large compared to the value of the average, let us focus on the av-
erage of k%l since evaluating average performance of the system helps clarify feasibility.
Therefore, the following theory-based discussion supposes Y/, k(%l by Eq. (3.41).

n
Y kG~ 1.7978n x 107°. (3.41)
=1

To confirm the validity of Egs. (3.40) and (3.41), this section carries out Monte Carlo
simulations changing the number of nodes to be scattered. The simulation setup is the
same as the previous Monte Carlo simulation and the resistance of the transmitter and
receiver coil are set as Rp = 1 [Q] and R; = 1 [kQ], which are also same value used
above. The power transmission efficiency of the circuit is evaluated by HSPICE and
the coupling coefficients between receiver nodes are considered in HSPICE simulation
while the theoretical equation ignores those. Fig, 3.16 shows the comparison result be-
tween HSPICE simulation and the theory based on Eq. (3.40). Error bar of the HSPICE
simulation result represents its standard deviation. Fig. 3.16 indicates that the average



CHAPTER 3. THEORETICAL ANALYSIS AND APPROPRIATE CIRCUIT

56 STRUCTURE FOR 1-TO-N WPT SYSTEM
x 1077
10
9 —e—Hspice

= 8 |-3-Theory p

7
G2

)

o 4
= 3
.
1
0

0 10 20 30 40 50 60 70 80 90 100
Number of receiver coils

Figure 3.16: Comparison between HSPICE simulation result and the theory based on
Eq. (3.40).

of the HSPICE simulation result matches well with the theoretical equation. The error
between the HSPICE result and Eq. (3.40) is smaller than 2.93 % when the number of
receiver coils is larger than 10 and the error gets further smaller as the number of nodes
increases. Hence, we can say that Eq. (3.40) can simulate the behavior of 1-to-n WPT
systems with high accuracy. Fig. 3.16 also indicates that the power transmission effi-
ciency is smaller than 7.669 x 1073 even when 100 receiver coils are scattered in the
system, and hence the following discusses the efficiency enhancement of 1-to-n WPT
system.

Eq. (3.40) indicates that increasing @, Ly, L1, and ky; and decreasing Ro and R; con-
tribute to the improvement of the power transmission efficiency. The operation fre-
quency of the circuit is to be the LC resonant frequency, and hence should not be
changed. To increase the inductances of Ly and L;, we have to increase the diame-
ter of the coil or the number of turns. As long as the volume of the node is limited,
the diameter of the coil cannot be increased but the winding number can be increased
relatively easier. Here, the self inductance of the coil is proportional to the square of the
number of turns if there is no magnetic leakage in the coil. Therefore, if the winding
number of transmitter and receiver coil are k and m respectively, the self inductance of
transmitter coil L{, and the receiver coil L become as follows:

Ly =KLy, Ly=m’L,. (3.42)

The mutual inductance between coils are defined as the amount of the magnetic flux
density passing through the coil, and hence the mutual inductance is proportional to the
winding number of transmitter and receiver coils. Therefore, the mutual inductance M,
between L{, and L} is expressed as follows utilizing original mutual inductance Mo, :

M}, = kmMo (3.43)
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Figure 3.17: Result of the theoretical simulation based on Eq. (3.40) when the number
of turns of both the transmitter and the receiver coil is set to 5 and R is reduced to 10
Q.

Eq. (3.43) leads to a fact that the coupling coefficient between the transmitter and the
receiver coil is not increased even when the number of turns of coils are increased since
the coupling coefficient k), is determined as Eq. (3.44).

/ M(l)l - mkM01 o M()l

ko = = = = ko1 (3.44)
Ol \/miLokL,  VELoLi

Decreasing Ry is difficult since the dominant factor determining Ry is the wire resistance
of the transmitter coil, while R; can be reduced by the circuit design since R depends
on the energy charging circuit in the receiver node. For instance, if the sensor node uti-
lizes the capacitor for the energy tank, the series resistance of the circuit is determined
mostly by the switch resistance of the MOSFET and hence can be reduced to several
Ohms. Based on these discussion, the power efficiency of the 1-to-n WPT system is
recalculated with Eq. (3.40) supposing the winding number of both the transmitter and
receiver coil is increased to 5 and Ry is reduced from 1 kQ to 10 Q. Fig. 3.17 shows
the calculation result. Fig. 3.17 indicates that the power transmission efficiency can be
enhanced to more than 80 % if the number of receiver coils is sufficiently large. In
addition, Fig. 3.17 also indicates that the system can achieve the power transmission
efficiency of more than 10 % even when the number of node is less than 400. From this
result, we can say that the efficient 1-to-n WPT system is feasible and the power trans-
mission efficiency of the system is significantly improved when the circuit constants are
tuned appropriately.
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3.3 Proposed WPT circuit structure for pervasive sens-
ing

The previous section discussed the feasibility of the 1-to-n WPT system based on the
circuit analysis. In addition to the feasibility focusing on circuit analysis, we need to
discuss the circuit structure of the sensor nodes that can actually be used for pervasive
sensing. Unlike other WPT applications, the sensor node for the pervasive sensing ap-
plications should be automatically switched to WPT mode when the inner node energy
is running out since the sensor node for the pervasive sensing should be maintenance
free. To address this issue, this section proposes the WPT sensor structure for mainte-
nance free node for pervasive sensing. Fig. 3.18 shows the schematic of the proposed
sensor node, and Figs. 3.19 and 3.20 show the prototype of the proposed sensor node.
The prototype sensor node is implemented with discrete components, and the volume
of the node is exactly 10mm x 10mm X 10mm. The sensor node is composed of two
spiral coils and a circuit board as shown in Fig. 3.20. These two spiral coils correspond
to L1 and L2 in Fig. 3.18, and they are shared by the functions of WPT and wireless
communication. The function switching is enabled by the switch (SW) and Q2, which
will be explained below.

3.3.1 WPT Mode

In WPT mode, Q2 is in ON state, and then L1 and L2 compose series-connected power
receiving coils. Also, the bottom switch SW is OFF. In this case, the equivalent circuit
of WPT mode becomes Fig. 3.21. When an alternating magnetic field is given to the
coils, the electromagnetic induction phenomenon occurs, and energy can be obtained
from “Signal A” and “Signal B” terminals in Fig. 3.18.

The sensor node for pervasive sensing operates using the stored energy obtained
through WPT. Therefore, the node should be in WPT mode when there is no energy
left in the node. Besides, MOSFETs are often used as a switch of, for example, Q2.
However, MOSFET is a normally-off switching element that becomes on when a voltage
is applied to the gate terminal, and hence the switch cannot be on when the inner node
energy is running out. To solve this issue, the proposed circuit uses a normally-on JFET
as Q2 in Fig. 3.18. The JFET has a feature that the channel between drain and source
conducts when the applied voltage to the gate is OV. When the node is out of energy, the
voltage applied to Q2 vanishes and Q2 becomes ON state, and therefore the two coils
L1 and L2 are connected to each other, and the node enters the WPT mode.

3.3.2 Wireless communication mode

When SW is closed in Fig. 3.18 and digital baseband voltage is applied to ‘“Base-
bandSignal” terminal, the sensor node enters the wireless communication mode.
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Figure 3.19: Prototype sensor node.

Figure 3.20: Expanded view of sensor node.

Fig. 3.22 shows an equivalent circuit in the communication mode. L1 and L2 are used
as the coil of the LC oscillation circuit. Q1 in Fig. 3.22 acts as a constant current source
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Figure 3.21: Equivalent circuit of WPT mode.

| BasebandSignal
Che
L1 f Dq L2
C1 SpF
g <y
Qzf’ Na4
GND

Figure 3.22: Equivalent circuit of communication mode.

and Q3 and Q4 behave as negative resistance elements. Therefore, Fig. 3.22 operates
as a cross coupled LC oscillator, and the oscillation frequency is determined by L1, L2,
C1 and the drain-source parasitic capacitance of Q2.

The proposed circuit uses the coils for radiation as well as oscillation as described
in Chapter 2. The coils are exposed to the outside of the node as shown in Fig. 3.19, and
hence the coil can emit electromagnetic waves in the wireless communication mode.

3.4 Evaluation

To validate the proposed structure, this section evaluates the performance of the sensor
node in Figs. 3.19 and 3.20 prototyped with discrete components.

3.4.1 WPT mode

As described before, the sensor node should switch to WPT mode automatically when
there is no energy left in the node. Therefore, it is necessary to confirm that the sen-
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Figure 3.23: Experiment of wireless power supply.
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Figure 3.24: Output signal of sensor node.

sor node to which no voltages are given from the outside can correctly receive energy
wirelessly.

Fig. 3.23 shows the positional relationship between the power transmitter coil and
the sensor node. Here, the distance between the power transmitter coil and the center
of the sensor node was fixed to 20 mm and the voltage between “Signal A” and “Signal
B” terminals in Fig. 3.18 was evaluated with an oscilloscope whose input impedance
was 1 MQ. Fig. 3.24 shows the output voltage of the sensor node when a 60 Vp-p 40
kHz signal is applied to the power transmitter coil. We can see that the sensor node
outputs a 400 mVp-p sine wave. This result confirms that Q2 in Fig. 3.18 automatically
becomes on and the sensor node enters the wireless power supply mode when there is
no power supply. The power consumed by the power transmitter coil was 6.5 W while
the received power was 80 nW. Here, the observed power supply efficiency is very low.
However, as described in previous sections, the power transmission efficiency of 1-to-n
WPT system should be evaluated with the total power received by all the nodes. The
hardware evaluation of 1-to-n WPT system is one of the future work.
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Figure 3.25: Measured output of wireless communication mode.

3.4.2 Wireless communication mode

To confirm that the sensor node can generate a carrier wave for wireless communication,
SW in Fig.3.18 is closed and 3 V constant signal is applied to the “BasebandSignal”
terminal. For minimizing the influence of measurement on the oscillation, a loop coil
was located near the sensor node, and the oscillation signal was evaluated by measuring
the voltage induced at the loop coil. The measured waveform in Fig. 3.25 indicates that
the sensor node can generate a carrier wave with a frequency of 102 MHz. The structure
of Fig. 3.18 can perform On-Off-Keying (OOK) modulation by inputting the baseband
signal to the “BasebandSignal” terminal. A demodulation experiment was carried out
as follows. A super heterodyne type receiver of Fig. 3.26 was installed 10cm away from
the sensor node and a baseband signal with a communication speed of 1kbps was input
to the sensor node.

The receiver performs frequency conversion, intermediate frequency amplification,
and then demodulates the signal using a rectifier circuit and a comparator circuit. The
measurement results in Fig. 3.27 show that the symbol string consisting of 1 and 0 can
be correctly demodulated, which clarifies the capability of wireless communication.
Besides, when the node is communicating at 1 kbps, the energy consumption per bit is
2.1 wJ/b. This large energy consumption is due to the low communication speed and
energy loss at Q1 and Q2. Even when a voltage of 3V is applied to the sensor node, the
potential at the drain and source of Q2 is only 500 mV. A voltage drop of 2.5 V arises
in Q1 and Q2, and consequently, 5/6 of the energy is lost. Minimizing the energy loss
at these components is one of the future work.
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Figure 3.26: Schematic of receiver.
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Figure 3.27: Waveform at receiver in case of 1kbps communication.

3.5 Conclusion

This chapter analyzed the S-S type WPT circuit and the magnetic field based on the the-
ory of circuit and magnetics, and showed that the 1-to-n WPT system with tiny sensor
nodes is feasible. The theoretical analysis revealed that the sensor nodes of pervasive
sensing application can receive sufficient power although the coupling coefficient is very
low and close to 0. Based on the circuit analysis, this chapter introduced that the fre-
quency where the power transmission efficiency and the received power are maximized
is fixed to the resonant frequency of the LC circuit and does not depend on the posi-
tional relationship between the power transmitter coil and sensor nodes. For this reason,
we do not have to tune the circuit constants depending on sensor nodes, which greatly
facilitates building the sensor node for pervasive sensing.

In addition, this chapter proposed a sensor node structure in which the functions
of WPT and wireless communication shared two coils through switching the coil con-
nection. Adopting JFET as the switching element enables to connect two coils even
when the node is out of energy, realizing a structure that automatically switches to the
WPT mode. These coils can be also used as an oscillation coil and radiation antenna
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during wireless communication mode. The prototype measurement shows that 1 kbps
communication is possible at a distance of 10 cm.

The primary future work on 1-to-n WPT system is to verify the correlation between
the simulation result in this chapter and hardware measurement with the numerous num-
ber of prototyped sensor nodes. This chapter confirmed the feasibility of the 1-to-n WPT
system based on the simulation, on the other hand, the experiment with the prototyped
sensor node is currently limited to 1-to-1 WPT. Therefore, the experiment with the large
number of sensor nodes should be conducted. Also, analyzing and evaluating the S-P
type WPT circuit and comparing the result with the S-S type WPT are important future
work.



Chapter 4

DC magnetic field based 3D
localization with single anchor coil

In pervasive sensing applications, the value of information elevates significantly when
it is associated with the location information. For this reason, the pervasive sensing
system should be able to localize the tiny sensor nodes. This chapter proposes and
evaluates a DC magnetic field based localization method only requiring single anchor
coil. The proposed localization method aims to be applicable both for tabletop-scale,
which require less than cm-class accuracy, and room-scale, which require the localizable
distance of several meters.

4.1 Introduction

As explained in Section 1.3.3, there are two mainstreams in the research context of the
localization: outdoor localization and indoor localization. For outdoor localization, re-
quired localizable distance is several dozens of meters to even several kilometers while
required localization accuracy is around 1 to several meters. Currently, GPS-based po-
sitioning system is promising method for outdoor localization since it can provide the
localization anywhere on the earth with the accuracy of less than several meters. On
the other hand, indoor localization has the difficulty since the required localization ac-
curacy is less than 1 meter or even cm-class unlike outdoor localization. In addition to
this, the installation cost of the indoor localization system should be minimized since
the available area is highly limited compared to outdoor localization. Although conven-
tional camera-based localization methods can achieve high accuracy, they suffer from
occlusion and privacy problems. To address these issue, magnetic field based localiza-
tion is actively studied. However, currently available magnetic field based localization
methods are weak to the non-ferrous metallic material, which is generally contained in
our daily object, and have installation cost problem since they require multiple anchor
coils. To solve these issue, this chapter proposes a DC magnetic field based 3D local-
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ization method with single anchor coil. The proposed localization method can achieve
less than 15 cm localization error in room scale and can achieve even less than 1 cm
accuracy on the tabletop.

The rest of this section is organized as follows. First, Section 4.2 analyzes the char-
acteristic of the DC magnetic field generated by the coil. Then based on the findings
reported in Section 4.2, Section 4.3 proposes the localization method with single anchor
coil. Section 4.4 evaluates the proposed localization method and shows the method
can achieve high accuracy with single anchor coil and can tolerate non-ferrous metallic
material. Section 4.5 discusses the detail about the proposed method including the cov-
erage expansion with the multiple anchor coil. Finally, the conclusion of this chapter is
given in Section 4.6.

4.2 Analysis of DC magnetic field

This section analyzes artificially generated DC magnetic field with a numerical integra-
tion simulator. Section 4.2.1 analyzes a single loop coil and Section 4.2.2 analyzes a
general solenoid whose number of turns is more than one. The objective of this section
is to illustrate the existence of a relationship between the position of the sensor node
and magnetic field, which will be exploited by the proposed localization method in the
next section.

4.2.1 Analysis of a single loop coil

First, this section analyzes the single loop coil placed on the xy plane in Fig. 4.1. In this
figure, magnetic flux density vector B(r, 0, ¢) generated at point P(r,0,¢) is given by
the following equation [44]:

wlb 7 sin ¢’

do’, 4.1)
21 J-% \/r?+b%—2brsinOsin ¢’ ¢

where ey is a unit vector of the ¢ direction, ¢’ is an integral parameter, and L is a
magnetic constant. We can obtain the intensity and direction of the magnetic field by
solving Eq. (4.1) with a numerical integration simulator. Here, the direction of the
magnetic field is represented by &, and it is defined in Fig. 4.2.

Figs. 4.3 and 4.4 show the magnitude and direction of the magnetic field at each
point on the yz plane, respectively, where these results are obtained by numerically
integrating Eq. (4.1) with » = 1 [mm] and I = 1 [A]. Note that when ¢ is /2 and
point P is distant enough from the coil, x-direction component of the magnetic field is
zero [44]. In Fig. 4.3, the intensity of the magnetic field at the points near the coil, which
correspond to the white rectangle, is not plotted since it is too strong and it deteriorates
the visibility of the heat map.
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Figure 4.3: Obtained heatmap of the magnitude of magnetic field (b = 1[mm] and I =
I[A] ). The intensity inside the white rectangle is omitted due to visibility reason.

Fig. 4.3 suggests a simple geometric relationship between the position of point P
and the magnitude of the magnetic field at P. Fig. 4.4 shows that the values of & on the
radial line, i.e. at the points having the same 0, are almost the same. This relation will
be derived in detail and exploited for localization in Section 4.3.
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Figure 4.4: Direction of magnetic field (b = 1[mm] and I = 1[A]).

4.2.2 Analysis of a solenoid

Next, this section analyzes the magnetic field generated by a normal solenoid whose
number of turns is more than one. Basically, magnetic field generated by a solenoid
can be calculated by superposing the analysis results for a single loop coil. The coil
to be analyzed has almost the same specification as the coil which will be used in the
experiment, and its size is $42 mm x 30 mm and the number of turns is 240. Figs. 4.3
and 4.4 show the results of the numerical simulation supposing 1A current was injected
to the coil, and they indicate that the magnetic field generated by the solenoid has the
same tendency as the field generated by the single loop coil.
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Figure 4.5: Obtained heatmap of the magnitude of magnetic field generated by the
solenoid (I = 1[A]). The intensity inside the white rectangle is omitted due to visibility
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Figure 4.6: The plot of the direction of the magnetic field generated by the solenoid

(I = 1[AD.
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4.3 Proposed localization method

This section proposes a 3D localization method that can estimate the sensor position
utilizing a single anchor coil. Figs. 4.7 and 4.8 show the structure of the sensor node
and the anchor node supposed in the proposed method, respectively. Both the sensor
node and the anchor node are equipped with a geomagnetic sensor that can sense weak
DC magnetic field. The anchor node also includes a constant current source and anchor
coil.

Figs. 4.9 and 4.10 show the coordinate setting and definition of s,z,u,t’, A (/2 <
A <m/2),and 0(0 < 0 <m/2). InFig. 4.9, yz plane is parallel to the ground and x axis
represents the height of the system. The anchor node is installed at the origin O(0,0,0)
and the sensor node locates at point P(s,z,u). Fig. 4.9 shows y’ axis in addition to the
xyz coordinate system. y’z plane includes a sensor node P, and A denotes the angle
between y’ and y axis. P'(0,#',u) is a point on the yz plane, and it is obtained by rotating
the point P by A [rad] around the z axis. Supposing ¢’ is the y’-axis value of the point P,
the following relationship is satisfied:

0P — sex+1e, +ue; =1'e), +ue;, 4.2)

where e,, ey, e; and efv are unit vectors of x,y,z, and y’ axis directions, respectively. 0 in
Fig. 4.10 represents the angle between line OP and y’ axis, and it is equal to the angle
between line OP’ and y axis. The coordinates of points U and H are U(0,0,u) and
H(0,t,u), respectively.

Section 4.3.1 briefly explains the overview of the proposed localization method, and
following sections from 4.3.2 to 4.3.5 focus on the detail of each localization step.

4.3.1 Overview

The proposed localization method estimates the three-dimensional position of sensor
node P with the following four steps: posture estimation, altitude estimation, distance
estimation, and angle estimation. This section, first, explains each step briefly before
going into the details.

Fig. 4.11 illustrates two important coordinate systems utilized in the localization
system. The sensor node is equipped with the tiny geomagnetic sensor and its coor-
dinate system is depicted as x”y"z” coordinate system. xyz coordinate system is the
absolute coordinate system that is directly used for localization, i.e., the location in this
coordinate system must be returned, and hence the data obtained by the sensor node
should be based on this coordinate system. However, the magnetic field data observed
by the sensor node are based on x”'y”z” coordinate system. Therefore, we have to per-
form coordinate transformation, and for this reason, we need to know the posture of the
sensor node. In the posture estimation step, the sensor node estimates its facing direc-
tion by observing the geomagnetism and carries out the coordinate transformation of

the measured data.
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Figure 4.7: Structure of the sensor Figure 4.8: Structure of the anchor node.
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Figure 4.9: Coordinate setting and defini- Figure 4.10: Definition of 6.
tion of s,¢,u,t' and A.

The position of P can be obtained by rotating P’ by A in Fig. 4.11 once A and P’
are obtained. Therefore, the remaining steps calculate A and P’. The second altitude
estimation step derives the value of A. As discussed in Section 4.2, the x—direction
component of the magnetic field is zero. In addition to this, the magnetic field generated
by the anchor coil is axially symmetrical to the z axis as shown in Fig. 4.11. By utilizing
these two features, the system can derive the value of A. Finally, the following two
steps localize P’. The third distance estimation step estimates the distance between the
anchor coil and point P’ and calculates a contour line shown in Fig. 4.12. The final
angle estimation step estimates the anchor-to-P’ angle, and calculates an anchor-to-P’
line as shown in Fig. 4.12. Using the anchor-to-P’ distance and anchor-to-P’ angle, P’
is localized.

After the four steps, A and the position of P’ are available, and consequently P can
be obtained. Following sections from 4.3.2 to 4.3.5 detail each step.
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Sensor node X

t v Y

\ Axially symmetrical
/‘/' '\\/ magnetic field
Anchor coil

Figure 4.11: xyz coordinate system is the absolute coordinate system and xy’z coordi-
nate system is utilized to calculate A. The anchor coil placed on the origin is axially
symmetric and hence the generated magnetic field is also axially symmetric. Therefore,
we can estimate the magnetic field at the point P’ from the magnetic field at point P.

Localized point
ZA

Estimated distance

Anchor coil

Estimated angle

Figure 4.12: Distance estimation and angle estimation step estimate the position of the
point P’ rather than the sensor node. These steps are conducted on yz plane. Each
step draws the contour line and angle line according to the intensity and the direction
of the magnetic field respectively, and then derive the position of P’ by calculating the
intercept point of those.

4.3.2 Posture estimation

First, the proposed localization system estimates the posture of the sensor node P be-
fore starting position estimation. The posture of the sensor node P is estimated by the
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geomagnetism, which is the most common uniform magnetic field.

The posture of the sensor node is determined by the tilt angle and the horizontal
rotation angle of the sensor node. In some indoor applications, the tilt angle is fixed
since the objects with the sensor node are not placed arbitrarily. If it is not fixed, we
measure the direction of the gravity with an acceleration sensor and estimate the tilt an-
gle. The horizontal rotation angle is estimated with the direction of the geomagnetism.
The following explains the estimation of the horizontal rotation angle.

Fig. 4.13 shows the definition of y, which corresponds to horizontal rotation angle.
Fig. 4.13 also includes the coordinate system of the geomagnetic sensor embedded in the
sensor node P, and it is defined by x”,y", and 7. We regard as y”'7” plane is parallel to yz
plane since the tilt angle of the sensor node is known and supposed to be already com-
pensated. With this feature, as shown in Fig. 4.13, the coordinate system of the sensor
node, i.e. x”'y"7" coordinate system, is rotated by y([rad] around the x axis from the coor-
dinate system of the anchor node, i.e. xyz coordinate system. Letting B, denote the ge-
omagnetism vector, the output of the geomagnetic sensor (Bpg = (Bpgx//7Bpgy//7Bng//))
in sensor node P satisfies the following equation.

/! i i
Bg = Bpgx//e)C +Bng"ey +BPgZ"eZ (43)
where €/, €], and €] are the unit vectors of x”,y", and 7" axis directions, respectively.

The geomagnetic vector is constant regardless of the observation location. Therefore,
B, can be also expressed as Eq.(4.4) using the output of the geomagnetic sensor (Bpg =
(Bogx» Bogy, Bogz)) in the anchor node O.

Bg = Bogxex + Bogyey + Bogzez 4.4

Here, to simplify the discussion, let us assume that y direction component of the ge-
omagnetism is zero, which means B,y is zero. Note that, on the other hand, this as-
sumption is introduced only for simplifying the discussion, and the other situations can
be discussed similarly. If we rotate vector Bp, by —y/[rad], it should match with vector
B, since the geomagnetism can be regarded as almost equal at the locations of the
anchor node and the sensor node. Therefore, we can obtain Eq.(4.5).

Bogx [ 1 0 0
0 = |0 cos—y —sin—y | Bp,
B 0 sin— cos —
Gl L v v (4.5)
BngH
= | Bpgycosy+ Bg siny
| —BpgysSiny + Bg;cos y
From Eq. (4.5), we can obtain the relationship between y and Bpg below.
B 1
tany = i 4.6)

Bpgy



CHAPTER 4. DC MAGNETIC FIELD BASED 3D LOCALIZATION WITH
74 SINGLE ANCHOR COIL

Figure 4.13: The posture of the sensor node P.

. B . B
Taking into account the range of tan™—! (—BP—gZ”> being limited to —7 /2 < tan™~! (— BP—Z”Z"> v <

Py Pgy

m/2, vy is calculated as follows.

1 BP " .
tan (—i> if Bpyr >0,

Bp 0!

(4.7)

- By, .
T+tan! (——BP L ) otherwise.
Pgy

4.3.3 Altitude estimation

This step first estimates A to calculate s, which is the altitude of the sensor node P.
Estimating A requires the artificially generated magnetic field, and therefore the system
gives a constant current to the anchor coil. Here, we assume the output of the geomag-
netic sensor mounted in the sensor node P is Bpr, = (Bpey, Bpey, Bpe;). To obtain the
magnetic field vector generated by the anchor coil Bp», we subtract the geomagnetism
Bp, from Bpr, since Bpr, contains not only artificially generated magnetic field but also
the geomagnetism.

Bpr = Bpr, —Bp, (4.8)
We perform coordinate transformation using the obtained y and the rotation matrix
since the coordinate system of Bpr = (Bpyr, Bpyr, Bp,r) is based on x”'y"Z” coordinate
system. Bp = (Bpy, Bpy, Bp;), which is based on xyz coordinate system after the trans-
formation, can be expressed by Eq. (4.9).

1 0 0
Bp=| 0 cos—y —sin—y | Bpr 4.9)
0 sin—y cos—y

The magnetic field generated by the anchor coil is axially symmetric around z axis since
the anchor coil is placed at the origin on the xy plane and the central axis of the coil
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exactly accords with the z axis as illustrated in Fig. 4.11. Therefore, when we observe
the magnetic field at the point P/, Bp = Bp/,e, + Bpiye, + Bpi-e;, Bp can be calculated
by rotating Bp by A [rad].

cosA —sinA 0
Bp = | sinA cosA O |Bp (4.10)
0 0 1

As we discussed in the previous section, the x component of Bp: is zero since the point

P’ is on the yz plane.
0

By = | Bpy (4.11)
By,

From Egs. (4.10) and (4.11), Eq. (4.12) holds.

0 BpycosA — BpysiniA
Bpry | = | BpysinAd 4+ BpycosA (4.12)
Bp, Bp-

Then, we can derive A from Eq. (4.12) as follows.
B
A = tan~! <ﬁ) (4.13)

Next, we calculate the altitude of the sensor node P, s, using A. Focusing on APUH
in Fig. 4.10, the following relationship between s and A is satisfied.

Sind = — = — = — (4.14)

By arranging Eq. (4.14), we finally obtain s.
s=1t'sinA (4.15)

On the other hand, variable ¢’ included in Eq. (4.15) is still unknown, and it will be
calculated in the following steps.

4.3.4 Distance estimation

We can estimate the position of the sensor node P by estimating the coordinate of point
P’ since the position of sensor node P can be obtained by rotating point P’ by —A [rad]
around the z axis. Therefore, the objective of the remaining two steps is to find the
coordinate of point P’. In this step, we estimate the anchor-sensor distance from the
magnitude of magnetic field generated by the anchor coil.
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We can calculate the magnitude of the magnetic field using Eq. (4.16) since the
generated magnetic field is axially symmetric around the z axis as shown in Fig. 4.11,
and the magnitude at the point P’ should be the same as that of at the sensor node P.

Bp| = [Bp| = /Bp.2 +Bpy? + B2 (4.16)

Fig. 4.5, which was introduced in Section 4.2, shows the relationship between the
position of the sensor node and the magnitude of the artificially generated magnetic
field. Fig. 4.14 shows the corresponding contour map, where the contour lines go
through (0,0,25), (0,0,50), (0,0,100), (0,0,150), (0,0,200) or (0,0,250). We can
see that the contour line / that goes through point (y,z) = (ro,0), where ry > 0, always
passes the vicinity of point (y,z) = (0,5r9/4) if ro is larger than 20 mm. Fig. 4.14
also indicates that the contour line / can be regarded as a straight line in the range of
0 <z < rp/4 and it can be approximated by the equation of a circle in the range of
z > ro/4. Therefore, this work approximates contour line / with Eq. (4.17).

_ 0<z<™
z:{y 0 =i=1 4.17)

P (e—fr) =r >4

The error introduced by this approximation will be discussed in Section 4.5.1. Eq. (4.17)
shows that, for any point on yz plane, we can find the point on y axis where the magni-
tude of the magnetic field is the same. Hence, if we have the relationship between the
ro, which is the y coordinate of the point ¥ on y axis, and the magnitude of the magnetic
field at the point Y, we can estimate the magnitude at any point on yz plane.

Fig. 4.15 shows the relationship between ry and the magnitude, which is obtained
by numerical simulation. Fig. 4.15 indicates that the magnitude of the magnetic field is
proportional to ry 3. The inverse function of the equation in Fig. 4.15 is

ro = 261.3439338 | B | 0-332140362 (4.18)

Let me summarize this step. Now, given Bp/, we can obtain the equation of contour
line [ that goes through point P'(0,7',u) with Egs. (4.16), (4.17), and (4.18), and con-
sequently anchor-sensor distance estimation is done. The next final step identifies the
location on the contour line.

4.3.5 Angle estimation

This step estimates the anchor-node angle 6 and find the exact position of P’ on contour
line /. We can express the magnetic field (Bp/) at the point P’ with Bp using Eq. (4.12).

0
Bp = | BpysinA +Bpycosi (4.19)
BPZ
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Figure 4.14: Contour lines of the magnitude of magnetic field on yz plane.
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Figure 4.15: Relationship between |Bp/| and ry.

We want to know & in Fig. 4.2 for the localization, and it is expressed by

Bp
é - g _tan_l %
Py
4.2
ﬂ B (4.20)

~1
= — —tan .
2 (Bpx sinA + Bpy cos),)
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Fig. 4.6 suggests the existence of the simple equation between & and 6. Fig. 4.16,
which is calculated with numerical simulation, shows the relationship between 6 and
& indicating that & can be approximated by a cubic polynomial expression of 6. The
inverse function of the equation in Fig. 4.16 becomes

6 = —0.0008861&> — 0.06755E2 4 0.7200& — 0.007633. 4.21)

We can estimate the anchor-sensor angle 6 using Egs. (4.20) and (4.21). We can
also obtain the equation of the straight line m that contains point P’ with the obtained 6.

T

m: z=tan (5 — 9) y (4.22)
Both contour line / and straight line m should contain point P/, and hence we can derive
the coordinate of point P'(0,#',u) just by calculating the intersection of the two lines as
depicted in Fig. 4.12. The obtained u is z coordinate of not only the point P’ but also
the sensor node P. The obtained ¢’ is used to estimate ¢, which is the y coordinate of the
sensor node P, in the following procedure. We obtain the relationship among #,#’ and A
focusing on APUH in Fig. 4.10.

UH UH t

- (4.23)

COSA = — = =
PU ~PU 1

We obtain the relationship between 7 and ¢’ by transforming Eq. (4.23) and can estimate
the y coordinate of sensor node P.

t=t'cosh (4.24)

Now, we successfully estimate the position of the sensor node P(s,¢,u) through the
four steps: posture estimation, altitude estimation, distance estimation, and angle esti-
mation. Here, we need to set a constraint on the localizable angle since the directions of
magnetic field at two points which are located point-symmetric to the center of the coil
are identical and hence they cannot be distinguished. This work calls this unlocalizable
area as dead-zone where the angle estimation step cannot work correctly. However, this
dead-zone is not a serious problem in terms of the localization since we can minimize
the effect of this dead-zone by choosing the anchor position carefully. The localizable
angle can be any consecutive 180 degree in the range of 360 degree around the anchor
coil. In other words, users can choose the localizable angle as they want, which con-
tributes to a high degree of freedom in the installation direction of the anchor node and
mitigates the effect of the dead-zone. Even when the situation that the coverage area
is too small due to this dead-zone, we can expand the coverage area by introducing
multiple anchor coils as will be discussed in Section 4.5.4.
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Figure 4.16: Relationship between 6 and &.

4.4 Evaluation

This section presents measurement results obtained with a prototyped system to validate
the proposed localization method. Section 4.4.1 introduces experimental conditions and
environment. Section 4.4.2 measures the geomagnetism with a geomagnetic sensor
and show the performance of the direction estimation based on the geomagnetism only.
Next, Section 4.4.3 evaluates the artificially generated DC magnetic field with the geo-
magnetic sensor and verify the correlation between simulation and measurement results.
Section 4.4.4 shows 3D localization results with the proposed localization method using
prototyped sensor and anchor nodes, and Section 4.4.5 experimentally demonstrates the
proposed method is not sensitive to non-ferrous metal.

4.4.1 Setup

Fig. 4.17 explains the experimental environment, and Fig. 4.18 shows the photo of the
actual environment. An anchor coil is fixed at the origin of the coordinate system as
shown in Fig. 4.17. The size of the anchor coil is ¢42 mm x30 mm and the number of
turns is 243. The outputs of a geomagnetic sensor (LIS3MDL), which is fixed to a 2D
plotter in Fig. 4.18, is evaluated. The installed 2D plotter is responsible for positioning
the geomagnetic sensor. The position of the geomagnetic sensor can be configured in
the yz plane in Fig. 4.9 by sending specific commands to the 2D plotter.
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Figure 4.17: Positional relationship between the anchor coil and the sensor node.
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Figure 4.18: Photo of the measurement environment.

4.4.2 Geomagnetism based posture estimation

This section first estimates the posture of the geomagnetic sensor using the geomag-
netism only. Here, the posture of the sensor node y is defined by the angle difference
between the anchor coil and the geomagnetic sensor. This posture estimation proce-
dure is performed with Eq. (4.7) and outputs of the geomagnetic sensor according to the
discussion in Section 4.3.2.

Fig. 4.19 shows the result of the posture estimation when the angle difference be-
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Figure 4.19: Evaluation result of posture estimation.

tween the geomagnetic sensor and the anchor node is varied from -90 to 90 degree.
Here, each posture estimation is performed using 10 samples of the sensor output. Error
bars in Fig. 4.19 denote the standard deviation that was obtained by 100 experiments
each. The mean angle error is 0.88 degree and the maximum estimation error is 2.43
degree, which indicates that the geomagnetic sensor has sufficient accuracy and the sys-
tem can estimate the posture of the sensor node precisely. With this posture information,
we can convert the coordinate system of the sensor node into the anchor node’s one us-
ing Eq. (4.9) even when the geomagnetic sensor and the anchor coil do not face in the
same direction.

4.4.3 Artificially generated magnetic field

Next, this section measures the DC magnetic field generated by the anchor coil to which
1A current is given. The sensor position on yz plane is swept in the range of 400 mm X
400 mm with 1 mm interval using the 2D plotter, and measure the magnetic field vector
100 times at each point. Fig. 4.20 shows the magnitude and direction of the magnetic
field at each point. Fig. 4.20 agrees well with Figs. 4.5 and 4.6, which are obtained by
simulation.

Fig. 4.21 shows the relationship between rp, which is defined in Section 4.3.4, and
the magnitude of the measured magnetic field. Fig. 4.21 indicates that the magnitude
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Figure 4.20: Measured magnitude and direction of the magnetic field.

of the magnetic field is proportional to r, 3, which is already observed in Fig. 4.15 with
the numerical simulation. Fig. 4.22 shows the relationship between 6 and & and also
indicates that £ can be approximated by a cubic polynomial expression of 8. This
relationship between 0 and & also agrees well with the simulation result in Fig. 4.16.

These measurement results in this section support the proposed localization method
established by simulation in Section 4.3. Also, Section 4.4.2 confirms that we can esti-
mate the posture accurately. In addition to these, the altitude estimation is also possible
since the anchor coil used in the experiment is axially symmetrical and generated mag-
netic field must be axially symmetrical to z axis. Consequently, we can perform 3D
localization with the actual sensor node and equations in Section 4.3.

4.4.4 Localization result

This section performs 3D localization in the range of 150 mm x 150 mm x 150 mm
with a step of 50 mm. To mitigate the effect of the geomagnetic sensor noise, each
localization utilizes the average of 10 samples. In this case, the system can estimate the
sensor position two times per second including the latency of the power switching of
the anchor coil. Fig. 4.23 shows the 3D localization result, where the average of 100
localization results is plotted at each point. Fig. 4.23 indicates that the proposed single
anchor coil based localization method can achieve high localization accuracy with a
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Figure 4.22: Relationship between the measured & and 6 .

maximum error of 6.5 mm.

The proposed method aims at 3D localization, but when it is applied to 2D localiza-
tion, even higher accuracy can be attained. The reason of this accuracy improvement
will be discussed in Section 4.5.2 and hence this section only focuses on the localiza-
tion result itself. Fig. 4.24 shows the 2D localization result on the yz plane. Each circle
denotes the standard deviation of the localization result at the corresponding position.
We can see that the localization error and standard deviation become larger when the
anchor-sensor distance becomes longer. Fig. 4.25 shows the relationship between the
localization distance and localization error for 2D and 3D cases. The proposed method
estimates 2D position with the maximum error of 1mm in the range of 125 mm and the
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Figure 4.23: 3D localization result.
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Figure 4.24: 2D localization result. Each circle shows the standard deviation of the
localization result at each position.

maximum error of 3mm in the range of 250 mm, whereas in 3D case the maximum error
is 3.5 mm in the range of 125 mm and 6.5 mm in the range of 250 mm, respectively.
The accuracy improvement in 2D localization will be further discussed in Section 4.5.2.
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Figure 4.25: Relationship between localization distance and error.

4.4.5 Localization with non-ferrous metallic obstacle

Conventional AC magnetic field based localization methods, as explained in Section
1.3.3, suffer from the interference from metallic obstacles seriously. The proposed DC
magnetic field based method, on the other hand, can work in the environment that con-
tains almost all kinds of metallic obstacles except ferrous material since DC magnetic
field can penetrate non-ferrous metallic obstacles. This section evaluates the perfor-
mance of the proposed localization method in the environment with a non-ferrous metal-
lic plate.

The experimental environment is depicted in Fig. 4.26. An aluminum plate whose
thickness is 4 mm is installed in parallel to the xz plane and the origin-to-plate distance
is set to 25 mm. Fig. 4.27 shows the 2D localization result, and it is almost identical
with Fig. 4.24 while the existence of metallic plate is different. It is confirmed that
non-ferrous metallic obstacle does not disturb the proposed localization method.
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Figure 4.26: Localization experimentation with an aluminum plate.
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Figure 4.27: 2D localization result with an aluminum plate. Each circle shows the
standard deviation of the localization result at each position.

4.5 Discussion

In this section, let us discuss further details about the performance of the proposed local-
ization method. Section 4.5.1 discusses the error caused by Eq. (4.17) that approximates
the contour line. Section 4.5.2 explains the reason for the difference of localiza