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Chapter 1

Introduction

1.1 Background

Old age or elderly consists of ages closely a surpassing the average lifespan of individual
increasing number of old people in the world. People worldwide are living longer.
Nowadays most people can expect to live into their sixties and beyond. Most of the
countries in the world is experiencing evolution in both the size and the proportion of
older persons in the population. By 2030, 1 in 3 people in Japan and 1 in 6 people in the
world will be aged 60 years or over. By 2050, the world’s population of people aged 60
years and older will double (around 1.6 billion). The number of persons aged 80 years or
older is projected to triple between 2020 and 2050 to reach 426 million. Between 2015
and 2050, the proportion of the world's population over 60 years will nearly double from
12% to 22%. By 2050, the number of people aged 60 years and older will be more than
children younger than 5 years. The tread of population ageing is much rapidly than in the
past as shown in Fig.1.1.
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Fig. 1.1. Percentage of the world population over 65, 1950-2050 [1]
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They are suffering many issues such osteoporosis, sudden falls, dizzy falls, difficulty
sleeping, malnutrition, swallowing issues, hearing loss and memory loss etc. All countries
face major challenges to ensure that their health and social systems are ready to make the
most of this demographic shift. While this shift in distribution of a country's population
towards older ages — known as population ageing — started in high-income countries, it is
now low- and middle-income countries that are experiencing the greatest change. By 2050,
two-thirds of the world’s population over 60 years will live in low- and middle-income
countries. Some researchers were mentioned some applications like medical diagnosis
and treatment [2]- [4], physiological monitoring [5]- [9] and energy harvesting to make
independent technology [10]— [17]. Therefore, a study of wireless body area network and
the invention of self-power wireless network regarding body area communication are the
most essential to overcome the challenges that elder people has ever made. As a result,
wireless communication technology is the innovative progress of small electronic devices
and, wireless body area networks (WBAN) have proven to be as extremely versatile
investigative attention in medical services and healthcare applications. In this research,
for dealing the issues of elderly, WBANSs are classified into two types according to the
locations of the transmitter and receiver devices on or in or off the body; one is On-body
to In-body Network (OB2IBN) and On-body to OFF-body Network (OB2OBN).
Wearable OB2IBN is basically based on in-body communication by which we can
transmit medical data or image from the internal portion to external portion of human
body such as capsule endoscopes and wireless cardiac pacemaker, whereas OB20OBN is
based on on-body and off-body communication by which we can properly identify a
person's location in daily life such as shoe-mounted BLE sensor. Possible frequency
bands for WBAN possess 10-60 MHz human body communication (HBC) band, 400
MHz band, 2.4 GHz band and Ultra-Wide Band (UWB) etc. according to IEEE802.15.6.

1.2 Two issues for elderly

1.2.1 Patient monitoring and healthcare facilities

Nowadays, aging population is leading to an inclusive-scale demand for more
progressive and well-organized medical and healthcare treatment using wireless

communication techniques. For example, the demand for wireless health-state monitoring
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for both in hospital and at-home patients is increasing dramatically. This is because
wireless patient monitoring can effectively reduce the inconvenience of wire links, and
save time and resources when people are monitored remotely at home. Body area
communication provides a wide range of possibilities in supporting such medical and
healthcare services [2], [18]- [19]. It may cover three areas: medical check-up; physical
rehabilitation; and physiological monitoring. As a typical usage model, the body area
communication device is a transceiver together with a health information sensor or a set
of health information sensors. For medical check-up, such devices can collect
electroencephalogram (EEG) data for monitoring brain electrical activity,
electrocardiogram (ECG) data for monitoring heart activity, breathing data for monitoring
respiration, as well as blood pressure, heart rate and body temperature. For physical
rehabilitation, tilt sensors for monitoring accidental falls, foot sensors for monitoring
steps, movement sensors for monitoring activities, breathing sensors for monitoring
respiration, as well as blood pressure sensors, heart rate sensors and body temperature
sensors are all possible candidates. Fig. 1.2 shows the concept the body area
communication for healthcare. The sensor data are collected at an on-body server as
shown by the circle in the center of the body, and then sent to a hospital or medical center.
The wireless link to the on-body server needs a body area communication technique,
while the data transmission to a hospital or medical center can employ cellular systems
or local area networks (LANSs). This usage mode reduces the work load of the medical
staff and results in increased efficiency of patient or at-home elderly people management.
Moreover, capsule endoscopy is a process used to record internal images of the
gastrointestinal zone for usage in medical diagnosis. Innovative developments are also
able to take surgeries and release medication at specific locations of the entire
gastrointestinal tract [20]- [21]. The capsule is similar in shape to a standard
pharmacological capsule, although a little larger, and contains a small image sensor and
an array of LEDs powered by a battery. After a patient swallows the capsule, it passes
along the gastrointestinal tract taking a number of images per second which are
transmitted wirelessly to an array of receivers connected to a portable recording device
carried by the patient. The primary use of capsule endoscopy is to examine areas of the

small intestine that cannot be seen by other types of endoscopy such as colonoscopy or
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esophagogastroduodenoscopy (EGD). Another example of body area communications for
medical diagnosis is the wireless cardiac pacemaker, as one of application examples of
in-to-on-body communication. A wireless cardiac pacemaker is an electronic device
which helps people with irregular heart beat problems. The main purpose of a pacemaker
is to conserve an adequate heart rate, either because the heart's natural pacemaker is not
fast enough, or because there is a block in the heart's electrical conduction system. Current
pacemakers are externally programmable and consent a cardiologist, particularly a
cardiac electrophysiologist to select the ideal pacing modes for individual patients.
Modern devices are demand pacemakers, in which the stimulation of the heart is based
on the dynamic demand of the circulatory system. An artificial pacemaker is a medical
device that generates electrical impulses delivered by electrodes to cause the heart muscle
chambers to contract and therefore pump blood; by doing so this device replaces and/or
regulates the function of the electrical conduction system of the heart. The pacemaker
also collects sympathetic nerve signals using sensors and sends them to a control unit.
Then, the control unit calculates the correct heart beat rate and instructs the pacemaker.

Finally, the pacemaker helps to adjust the heart beat to the correct beating rhythm.

Bluetooth

Fig. 1.2. Body area communication for healthcare [22]
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1.2.2 Wandering behavior

Wandering by elderly persons at acute hospitals and nursing homes poses a significant
problem to providing patient care as such incidents can lead to injury and even accidental
morbidity or patient missing. These problems are particularly serious given aging
populations around the world. This behavior is one of most serious symptoms of dementia.
Dementia is a neuro-degenerative disease that decreases independence. Dementia affects
the lives of ~ 50 million people worldwide [23], which is estimated to increase to 131.5
million in 2050. According to the Alzheimer’s report from 2016, around 0.46 million
Bengali, 4.6 million Japanese, 1.5 million German and 5.5 million Americans suffer from
Alzheimer’s dementia resulting in medical expense of $659 billion. Family members
spend 18.2 billion hours per year amounting to $230.1 billion [24]. Dementia is
sometimes revealed through ‘wandering’, which is a pervasive behavioral symptom in
dementia patients [25]. It is defined as “a syndrome of dementia-related locomotion
behavior having a frequent, repetitive, temporally disordered, and/or spatially-disoriented
nature that is manifested in lapping, random, and/or pacing patterns, some of which are
associated with eloping, eloping attempts, or getting lost unless accompanied” [26]. It
may be triggered by various factors such as frustration, the intent for socialization or work,
boredom or escaping tendencies [25]; however, it is quite unforeseeable and therefore
requires supervision for detection, identification, and arbitration. Unattended aimless
roaming of a patient may lead to agitation, fatigue, vertigo and in extreme cases physical
harm due to falling or colliding with objects in the vicinity [24]. Moreover, wandering
has been identified as one of the main reasons for nursing home placement or
institutionalization [27], as it has proven to be too arduous for caregivers to manage in
home environments. Technological intervention, for identification, detection, and
mediation of wandering behavior, would share the load of human labor and may also
improve the privacy and independence of the patient. For example, an automatic
wandering detection BLE module can be integrated with an intervention module (i.e., for
generating alert signals) to build a real-time system to produce prompt warnings [28].
This would help in reducing immediate health hazards associated with the aimless

movement. Additionally, wandering behavior is correlated with the cognitive state of a
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dementia patient. Automatically generated records of wandering frequency and patterns
would aid in keeping track of patients’ cognitive health. As mentioned before, wandering
behavior requires a considerable amount of caregiver vigilance; an automated
technological solution has the potential to lower caregiver burden as well as medical cost.
A comprehensive survey or review on technological interventions for wandering
management would contribute to research efforts in computation and cognitive health
sectors and create a platform for future studies. In this thesis, we developed a novel
method to address the problem of wandering patients using shoe mounted sensor worn.
Our approach does not require charging frequently to make an independent monitoring

system.

1.3 On-body to Off-body (OB20OB) wireless transmission

OB20OB wireless transmission is a central point in the development of body-centric
wireless communications (BCWCs). In common healthcare monitoring scenarios, it is
very important for the antenna to radiate over the body surface directionally and directive
towards off the body units to get the best on-body and off-body radio channel
performances i.e., minimizing the link loss to ensure power efficiency. Body-centric
wireless devices need to offer low power consumption to extend the battery life of the
body worn devices and need to provide power efficient and reliable on-body and off-body
communications. Fig. 1.3 shows the concept of different transmission channels where D

represents the On-body to OFF-body communication network.
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O Nonimplanted transceiver

® (mplanted transceiver

Fig. 1.3. On-body to off-body transmission [36]

Recently there have been growing interest and research development both in academia
and industry in designing narrowband body worn antennas [29]- [35]. Hall et al. [29] -
[30] have undertaken extensive studies on narrowband antennas (2.45 GHz) for on-body
communication. In [31] a dual band button antenna for WLAN (2.45 GHz, 5.2 GHz)
applications was presented by Batchelor. The antenna shows same radiation
characteristics at both frequency bands. Alomainy et al. [32]- [34] presented various
wearable antennas in the 2.4 GHz (ISM band) for on-body communications. Furthermore,
in [35], Scanlon et al. presented a set of higher mode microstrip patch antennas operating
at 2.45 GHz for over the body surface communications. Antenna radiation pattern
influences the on/off-body radio channels performance. Antenna with omnidirectional
radiation pattern over the body surface improves the path gain for the on-body links while
antenna with directive off-body radiation pattern improves the path gain for oftf-body
channels. However, a little research has been performed in designing of shoe-mounted
antenna for power efficient on-body and off-body communications to meet the
requirements of BLE beacon. In this paper, a BLE band and diverse radiation pattern is

proposed for efficient and reliable cooperative on-body and off-body communications.
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The antenna performance parameters of the proposed BLE band and diverse radiation

pattern antenna are investigated by both simulation and experiment.

1.4 On-body to In-body (OB2IB) wireless transmission

Body area communications can also be used in medical diagnoses and treatment. In this
scenario, an in-body device should consist of a sensor, a transceiver, and an operation unit.
The sensor data are sent to an on- or off-body control unit by the wireless transceiver. The
control unit makes a medical measurement and sends the corresponding command for
medical treatment to the operation unit. The operation unit then carries out medical
treatment based on the received command. One example of this scenario is an example
of body area communications for medical diagnosis is the capsule endoscope. The
ingestible capsule consists of a camera and a transceiver. It takes pictures during its course
through the digestive tract after being swallowed and transmits the pictures or video data
in real time from the in-body transceiver to On-body/off-body medical instruments. Fig.
1.4 shows the concept of this scenario, which can effectively promote the noninvasive
diagnosis. In addition, automatic insulin injection for diabetes patients is also a possible
application of body area communications. Using the data from a glucose sensor under the
skin, an injection control unit linked by the body area communication technique can
decide the correct amount of insulin to be injected. Then, an insulin pump carries out the

injection according to the instruction from the control unit.
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Fig. 1.4. On-body to In-body transmission

I
§Monitoring
Devices for Patient
Data Processing
Small
2E &
82 High Data Rate
as Receiver
33! — ,
Receiving Device Camera Pil
iaainn Di Gatewa !
'>rr1ar::m|ss|on Distance Devicey with Wireless

Transmitter

Fig. 1.5. Dosing robot of OB2IB communication

Fig. 1.5 shows the concept of this scenario of wireless control between on-body controller
and in-body dosing robot. This scene indicates capsule endoscopy phenomena which also
includes diagnosis for polyps, ulcers and tumors of small intestine, and diagnosis etc. The
images captured by the miniature camera during a session are transferred wirelessly to an

external receiver worn by the patient, using any one of a band of appropriate frequencies.
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The collected images are then transferred to a computer for display, review, and diagnosis.
A transmitted radio-frequency signal can be used to precisely evaluate and investigate the

location of the capsule and to track it in real time inside the body and gastrointestinal tract.

1.5 Related previous studies

There are very limited previous studies from our group related with contents of this
thesis. As the world fertility rate is falling, studies in [92] have presented that adults with
small families have a longer lifespan compared to larger ones, so in the future, the elderly
population is expected to be higher than that of the youth. In this view, where there is
limited attention to elders, alternative health care support applications must meet user
expectations in terms of portability, sensitivity, accuracy, durability, integrity, security,
and interoperability [92, 93]. Further to that, technology advances in health care services
expect fully deployment of the wireless body area networks to do more than it can do
today for remote health and mobility monitoring and communication over the wireless
interface. In [94], the authors discussed the WBAN sensors measure biological
parameters such as blood pressure, temperature, sugar, electroencephalograph (EEG) and
other body vital signs while actuators respond to the instruction based on the sensor
measurement after computation. For instance, in diabetic illness, the actuator regulates
blood sugar by controlling the insulin level. WBAN sensors can be deployed in or on the
body using invasive and noninvasive techniques as body implants, surface contacts, or as
wearable devices. The coverage distance of the WBAN devices in transmitting and
detecting signals is limited to within the body. The assistance of other technologies like
WiFi, WAN, ZigBee, and other wireless communication technologies, WBAN can
forward information to the remote health care units for further decision support. Fig.1.6
illustrates a WBAN and beyond WBAN architecture consist of three functional sections,

namely; intra-BAN, inter-BAN, and the health care unit [90].
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Fig. 1.6. WBAN and beyond WBAN architecture [90]

They discussed WBAN performance improvement issues, which recapitulates key
challenging areas on the basis signaled through signal processing, security, network
routing and reliability. In addition, they also included essential considerations on the path
loss, anomalies, and network faults since shortly the healthcare system avails to the big
data processing. This idea is quite attractive but prospects for health care services should
have specific study as an increasing demand from In-body to On-body and On-body to
Off-body with advances in technology and innovation. We have investigated channel
characteristics and link budget analysis for 10-60 MHz band implant communication
which will be described more details in chapter 2. We have also designed and evaluated
directional antenna for shoe-mounted sensor for position identification of elderly
wanderer, and conducted experimental measurement of energy harvesting by piezo
material for powering shoe-mounted sensor which will be described in chapter 3 and 4.
The overall investigation indicates that our work better and more convenient than the
others so far. A healthcare monitoring system consists of the parts in Fig.1.7, and our
study focus on the unestablished parts: in-body to on-body healthcare information

transmission and on-body to off-body location information transmission to meet the
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purpose of healthcare in an aging society. Bringing in new technologies and applying this
idea to meet the purpose of healthcare are also novelties of our work.

Healthcare data server
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Fig. 1.7. Wireless transmission for healthcare purpose

1.6 Contents of this thesis

OB2IB i.e. Capsule endoscope mainly uses 400 MHz medical implant communication
service (MICS) band for image transmission [89]. But in the 400 MHz MICS band, the
transmission bandwidth is strictly limited to 300 kHz. On the other hand, ultra wide band
(UWB) low-band communication enables high-speed transmission as compared with the
MICS band, whereas the UWB low-band possesses large attenuation due to the UWB
signal propagates through a human body [89]. So, the UWB low-band degrades the
reliability of implant communication. The industrial, scientific and medical (ISM) can
solve these problems but a drawback of this band is the lack of any protection against
interference from other communication services in the same band. By investigating the
above situations, the application of HBC (10- 60 MHz) band offers a great possibility for
this wireless link to fulfill the above requirements. Fig. 1.6 shows a semi-infinite large

plane medium of homogeneous human muscle tissue with a normal plane wave incidence

-12-)



to it. The corresponding path loss was calculated theoretically at two typical depth of 5
and 10 cm. Compared to the 400-MHz band and UWB band, the path loss at the 10-60-
MHz band is much smaller, which can thus provide a significant improvement on the
communication distance in the human body. This result suggests that the implant
communication is more appropriate at lower frequencies from the point of view of path
loss. In addition, the 10—60-MHz band falls in the extremely weak radio band in Japan.
According to a Japanese radio law, as long as the radiated electric field intensity is lower
than 500 pV/m at a distance of 3 m, it is legally available for use [43]. This requirement
is actually easy to satisfy because of the implant transceiver’s small size, low transmit

power, and usage in lossy media.
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Fig. 1.8. Frequency dependence of path loss for muscle tissue [43]

OB2O0B network consists of the transducers for signal detection, a power source, and the
transceiver circuitry for wireless linkages. WBAN uses battery-powered wireless
biological sensors to measure and transmit vital information over the wireless media to
remote health units [90]. Due to the reduced size of the biological sensors, WBAN devices
cannot be replaced easily. Similarly, the durability of the WBAN battery depends on its
size. Therefore, a miniaturized battery size threatens WBAN operational lifetime. Apart
from power constraints, WBANSs face hindrance and other media impediments due to the
harshness of the working environment for identifying location or interfering frequencies

in the on-body to off-body transmission when operated near other devices within the same
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radio frequency spectrum such as ZigBee and WiFi coexistence in the ISM band
(2.4 GHz). Therefore, 2.4 GHz BLE band has been investigated and evaluated for on-
body to off-body transmission.

In this study, a core idea runs through all our works: wireless body area communication
specialized for issues for the elderly. We propose antenna designs that employ wireless
transmissions, perform simulations, and performance analysis to show their effectiveness
in OB20B and OB2IB communications. We make a comparison with the most popular
conventional antenna, i. €., Dipole antenna and Loop antenna under a conventionally
recognized condition and analyze their superiority or inferiority quantitatively. We
consider about both dipole and loop antenna, point out the difference of them for 10-60
MHz band implant communication, and provide the feasibility implant communication
due to actual needs. To detect the position identification of elderly wanderer, we proposed
a novel method to accomplish this job using a shoe-mounted sensor. The sensor is made
with an originally designed directional antenna in the BLE beacon. According to the
demand of elderly wanderer position identification, we designed patch arrays antenna to
investigate the position identification rate if a wanderer is within from a smart phone user
or a utility pole, which denotes the usefulness of the proposed monitoring system of
elderly wanderers.

Chapter 1 is the introduction to this thesis.

Chapter 2 discusses the idea of driving the channel characteristics at 10-60 MHz band
and link budget analysis, and provide a novel design of transceiver. Computer simulations
between two different antennas and experimental evaluations were performed to make a
comparison among them. With computer simulation and experimental results, we
quantitatively show how our approach performs in improving the communication
performance.

Chapter 3 is about a robust technology i.e. a monitoring system using BLE beacon to
detect wanderer location identification which is one the promising parts of our
research. The monitoring system can provide an elderly person with a BLE beacon for
early detection of wandering elderly. The signal from the BLE module is received by a
base station installed in a building or a power pole, or by a smartphone owned by a person
who happens to pass by. Then the position of the elderly person can be detected from the
received signal and accumulated in a server, because the position of the base station is
known in advance and the position of the person holding the smartphone is known from
the smart phone signal. This enables early detection during loitering. Directive antenna
design and simulation evaluations were also performed at first. After that, we make

manufacturing the one to check the performance, and do experimental evaluations on it
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to evaluate its validation.

Chapter 4 proposes an energy harvesting technique to make an independent system to
our monitoring method. Pressure produced voltage measurement was performed to
explain the mechanism. Implementation of our approach was also conducted by placing
NKN and BCTZ piezo materials. Experiments are performed to verify its effectiveness.

Chapter 5 is a summary of the thesis.
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Chapter 2
Characterization of 10-60 MHz Band On-body to

In-body Transmission

2.1 Overview

The objective of this chapter is to clarify the basic channel characteristics of 10-60 MHz
HBC band from a theoretical approach. By using a typical electric dipole and a magnetic
dipole (current loop), the path loss and group delay are calculated using the finite
difference time domain (FDTD) method and an anatomical human body model. Then the
path loss model is derived, and the electric and magnetic field distributions are analyzed
to clarify the propagation mechanism. To support the analysis results, an experimental
measurement results present for validation using a biological-equivalent liquid phantom.
Here, we will show link budget analysis for giving guidelines for transceiver design.
Wireless communication technology is making great progress with innovative advances
in small electronic devices, and wireless implant communication has proven to be
promising for medical services and health care applications. It links nodes in and on the
human body to send in-body diagnostic information to the outside or control in-body
nodes from the outside for diagnosis and drug administration [36], [37]. Typical examples
of implant communication are capsule endoscope [38] and wireless cardiac pacemakers
[39]. For this purpose, the in-body to on-body wireless channel requires high reliability
and high transmission speeds.

Implant communication mainly uses 400 MHz medical implant communication service
(MICS) [38]. But in the 400 MHz MICS band, the transmission bandwidth is strictly
limited to 300 kHz so that it is difficult to realize high transmission speeds and large
transmission capacity. Some attempts were performed in the 2.4 GHz industrial, scientific,
and medical (ISM) band [39] and ultra-wide band (UWB) [40]- [42], that might provide

higher transmission speed. However, the human body is a lossy dielectric medium, and
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its dielectric properties are frequency dependent. As discussed in [36], the penetration
depth decreases significantly as the frequency increases. At an in-body to on-body
communication distance of 10 cm for muscle tissue, the penetration depth is nearly 2.2
cm at 2.4 GHz and 0.9 cm at 5 GHz. Such a characteristic makes it almost impossible for
implant communication deep inside the human body. So, the UWB can only allow
communication with nodes at depths not exceeding 5 cm [41]. The 2.4 GHz ISM band
signal can propagate to deeper locations compared to UWB, but a drawback of this band
is its high possibility of interference from other communication services in the same band.
Based on the above considerations, the authors’ group proposed to employ the 10-60 MHz
human body communication (HBC) band for the wireless implant communication to meet
its requirements. Compared to the 2.4 GHz ISM band and 3.1-10.6 GHz UWB, the
penetration depth at 10 MHz is nearly 22 cm. The large penetration depth or small path
loss provides more possibilities for high-reliability communication, and the 50 MHz
bandwidth provides data rates of more than 20 Mbps. The authors’ group has developed
a transceiver for the implant communication using the 10 - 60 MHz HBC band, and
demonstrated its feasibility with living swine [43]-[45]. The experiment has achieved a
high data rate of 10 Mbps up to 26 cm depth in the living swine body. The developed
implant transceiver has the best results reported so far in the literature in terms of data
rate and transmission depth. However, the propagation characteristics in this frequency
band have not been theoretically analyzed to an adequate level. The propagation
characteristics in the human body are very complicated. There are absorption phenomena
in the human body because of the lossy dielectric properties of body tissues and scattering
due to the heterogeneous nature of body tissues. That is why the transmitted signal is
largely attenuated. Moreover, shadowing arises due to diffractions in the different organs
of the body, and creeping waves exist along the body surface. Consequently, a received
signal may end up being the superimposition of several attenuated, delayed, and distorted
replicas of a transmitted signal. So, an implant communication channel undergoes severe
signal decay and shadowing during the transmission inside the body, and channel

modeling needs to incorporate the path loss and group delay characteristics.
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2.2 Analysis Method and Channel Characteristics

The implant channel characteristics are not easy to measure with a living body. A usual
method to derive them is to employ the FDTD simulation and an anatomical human body
model. Since the in-body to on-body channel is a near-field situation in the 10-60 MHz
HBC band, the channel characteristics are antenna dependent. This makes it difficult to
remove the transmitting and receiving antenna gains so that the calculated path loss
includes them. So, it is desirable to use a representative antenna to analyze the channel
characteristics. In this study, an electric dipole and a current loop are used as two
representative implant antennas. Here, we used anatomical human body model as an
investigative simulation tool. The simulation environments of human body with a small
dipole antenna and loop antenna on its surface to receive the capsule endoscope data are
illustrated in Fig. 2.1 and Fig. 2.2 respectively.

a) Overall view b) Enlargement of small intestine area

to show transmitting antenna position

Fig. 2.1. FDTD simulation environment with dipole antenna

The human body model is constituted of detailed anatomical structure which has more
than 50 types of tissue and 2-mm spatial resolution [46]. The database on the dielectric

properties of biological tissue is mainly based on Gabriel’s measurement data [47]. The
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dielectric properties were used for the anatomical human body model in the frequency
range from 10 to 60 MHz for path loss and group delay analysis. In an implant
communication system, either the transmitting antenna or the receiving antenna is inside
the body and the other one is on the body. The implant antenna was installed at 15
locations in the human torso in x, y or z directions, whereas the on-body antenna was
supposed to have the same orientation as those. When the implant antenna was a 10-mm
long electric dipole, the on-body antenna was a 150-mm long electric dipole, whereas
when the implant antenna was a 10-mm diameter current loop, the on-body antenna was
a 150-mm diameter current loop. The thickness of the antenna elements was 2 mm.

LD Lo e

a) Overall view b) Enlargement of small intestine area to show
transmitting antenna position

Fig. 2.2. FDTD simulation environment with loop antenna

The 45 edge sensors for dipole antenna and 45 current sensors for loop antenna were
placed inside the body at the polarization directions x, y and z based on practical moving
rotations of capsule endoscope. As a result, at in-body location, we obtained 45 data for
extracting the propagation channel characteristics. For path loss analysis, the simulation
setting was harmonic simulation, and it was performed by finite difference time domain
(FDTD) method incorporated with the anatomical human body model; considering
different relative permittivity and electrical conductivity at 10 to 60 MHz respectively.

And for group delay analysis, the simulation setting was broadband simulation and we

considered pulse transmitting signal. Fig. 2.3 shows the 7x and Rx view for loop antenna.
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(-5-50)  (5-5.0)
Current sensor as Rx antenna

Fig. 2.3. Overall size of loop antenna

Fig. 2.4 and Fig. 2.5 shows the time waveform and frequency spectrum of the transmitted
pulse signal for the dipole antenna respectively. Fig. 2.6 and Fig. 2.7 shows the time
waveform and frequency spectrum of the transmitted signal in case of the loop antenna

respectively.
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Fig. 2.7. Frequency spectrum of transmitted signal for loop antenna
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2.2.1 Path loss analysis

In each case of dipole and loop antennas, the implant antenna was excited using a
harmonic voltage source, and the received voltages and powers were calculated at the on-
body antenna using the FDTD method. From the FDTD- calculated transmitted power P;
and received power P, at different frequencies from 10 to 60 MHz, the path loss at a

distance d between the transmitting antenna and the receiving antenna is obtained as
P
PLas(d)=10l0gn || @.1)

The calculated path loss contains the effects of the transmitting and receiving antennas due
to the difficulty in removing them in such a near-field communication situation. Fig. 2.8
shows the calculated path loss at 10-60 MHz when both the transmitting and receiving
antennas are dipoles, and Fig. 2.9 shows the calculated path loss at 10-60 MHz when both
the transmitting and receiving antennas are loops. Assuming an empirical power decay
law function, the path loss in dB at some distance d, including shadowing, can be

approximated by the following equation
PLay ()=PLas a0+ 10nl0gso |5 | +Sas (22)

where PLogs is the path loss at a reference distance do, and n is the path loss exponent
which depends on the environment where the radio frequency signal is propagating
through. For example, it is well known that n = 2 in free space. But in the implant channel,
the path loss exponent can be much larger than free space. In addition, Sgg is called
shadowing or random scatter around the mean path loss and represents deviation in dB
caused by different tissues/organs (e.g., bone, muscle, skin etc.) surrounding the
transmitter. As reported in[40]for simulation using an anatomical human body model
and[41]for measurement using a swine, the difference in tissue types and thickness
between the transmitter and receiver will significantly affect the path loss. A high water-
content tissue such as muscle has a larger path loss, whereas a low water-content tissue
such as fat and bone has asmaller path loss. The in-body path loss is therefore dependent
on not only the distance but also the types and thickness of tissue between the transmitter
and receiver.

This characteristic caused the deviation from the mean path loss. The mean path losses
for dipoles and loops were respectively derived by fitting the path losses in Figs. 2.8 and 2.9 using
Eqg. (2.2). The shadowing Sqz was obtained by taking the difference between the FDTD-calculated
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path loss and the mean path loss, where a4z is defined as the standard deviation of the shadowing
S in unit of dB. It reflects how concentrated the path loss is around its mean value as well as the
degree of the shadowing strength. To focus the discussion on the exponent n and shadowing S, the
vertical axises in Figs. 2.8 and 2.9 are set to PLgg -PLo, 5.
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Fig. 2.8. PL4 5 — PLo, 4 p versus distance for dipole antenna

Table 2.1 shows the fitted parameters for individual path loss model from 10 to 60 MHz
when the transmitting and receiving antennas are both dipoles or both loops, respectively.
It turns out that the loop antennas give a smaller exponent » and standard deviation o
at all frequencies from 10 to 60 MHz, and the frequency dependence is insignificant. The
path loss averaged over 10—60 MHz band was then calculated and shown in Fig. 2.10. The
parameters fitted using Eq. (2.2) are shown in Table 2.2. The path loss exponent n was
found to be 5.6 when the transmitting and receiving antennas were dipoles, and 3.9 when
the transmitting and receiving antennas were loops. Moreover, the standard deviation o of
shadowing was 4.0 dB for dipoles and 3.1 dB for loops. Therefore, the loop antennas

exhibit the smaller path loss exponent » and standard deviation o.
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In addition, the shadowing data were also processed to observe cumulative distribution
function (CDF). Fig. 2.11 shows the CDF versus shadowing for dipole and loop antennas.
The classical second-order Akaike information criterion (AIC) test[48]was performed to
find the statistical distribution of shadowing term. The candidate distributions were
considered as normal, log-normal, Rayleigh, Rice and Weibull distributions. The
parameters of the specific distributions were estimated using the maximum likelihood
estimation technique. From the observation of Table 2.3, the statistical distribution of the
shadowing S was found to be well approximated by log-normal distribution in both dipole
and loop antenna cases (normal distribution when the shadowing is in dB as shown in Fig.
2.11), because it has the largest log likelihood. The standard derivation not exceeding 4 dB
suggests a weak shadowing effect around the human body in the 10-60 MHz band, which

Is our desirable phenomena.
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Table 2.1. Fitted path loss parameters

f [MHz] n o [dB] [ n o [dB]
Dipole Loop
10 5.5 4.1 3.3 4.0
20 5.6 4.3 3.2 4.1
30 54 43 33 3.7
40 5.4 4.1 4.2 3.2
50 5.4 4.0 3.9 2.7
60 5.5 4.0 3.9 3.1
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Fig. 2.10. Band-averaged PL43 — PLo, 45 versus distance

Table 2.2. Fitted band-averaged path loss parameters

Antenna n o [dB]
Dipole 5.6 4.0
Loop 3.9 3.1
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Table 2.3. Log likelihoods of statistical distribution fitting

Dtstribution  Dipole  Loop

Normal -25.5 -26.6
Log-normal  -19.5 -15.6
Rayleigh -25.2 -248
Rice -25.2 248
Weibull -20.5 -18.9

2.2.2 Group delay Investigation

Group delay is a measure of how the phase response of the channel deviates from the
ideal linear response. It is defined as the derivative (or slope) of the phase response. A
channel with a linear phase response usually has a constant (or flat) group delay. In this
study, from the ratio of FDTD-calculated received voltage and transmitted voltage, the
transfer function H (f) was obtained, and then the group delay was calculated by

d
Ty= _df) (2.3)
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where ¢ is the phase in radian of the transfer function H (f), and w is angular frequency.
Figure 2.12 shows the group delay variation with respect to the group delay at the central
frequency of 35 MHz as a function of frequency at a communication distance of 10 cm.
The variation between 10 and 60 MHz is between 0.90 ns and 0.38 ns for dipole antennas
and between 0.77 ns and 0.18 ns for loop antennas. The group delay at the central
frequency is around 1 ns. Considering a data rate of 20 Mbps for implant communication,
the group delay variation is in the order of smaller than 1 ns, which is only 1/50 of one-
bit period, so the channel is almost a linear phase response. Moreover, the loop antennas

provide a smaller variation of group delay, and therefore a flatter channel.
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Fig. 2.12. Group delay variation with respect to the group delay at the central frequency
of 35 MHz

2.2.3 Field Distribution

From the analysis results of path loss and group delay, the loop-type transmitting and
receiving antennas exhibit more advantages than dipole-type antennas. To clarify the
mechanism, the electric field and magnetic field distributions were analyzed in the human

body. Figure 2.13 shows the electric field distribution for an on-body dipole antenna
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excitation and the magnetic field distribution for an on-body loop antenna excitation in
the vertical plane at 60 MHz. Figure 2.14 shows the electric field distribution and the
magnetic field distribution inside the human body. It is observed that the electric field
strength around the on-body transmitting dipole antenna is relatively strong, but gradually
decays as the distance increases. The Permeability, pu properties of air and Human body
are same, and permeability property affects the intensity of magnetic field. On other hand,
the relative permittivity, er and electrical conductivity, 6s of human body are larger than
air, and these properties affect the intensity of Electric field. In comparison with the
electric field distribution, the magnetic field strength around the on-body transmitting
loop antenna is also relatively strong, and decays much slowly compare to the electric
field as the distance increases. This result suggests that the magnetic field component is
more effective to propagate into the human body in the 10-60 MHz HBC band[49], and
also supports the above path loss and group delay results. So a magnetic antenna is more

effective for the implant communication in this frequency band.

(a) (b)

Fig. 2.13. (a) Electric field distribution for an on-body dipole antenna excitation.
(b)Magnetic field distribution for an on-body loop antenna excitation. For both
distributions the maximum field strength is normalized to 0 dB
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(@) (b)
Fig. 2.14. (a) Electric field distribution inside the human body for dipole antenna

excitation. (b)Magnetic field distribution inside the human body for loop antenna

excitation. For both distributions the maximum field strength is normalized to 0 dB

2.3 Path Loss Measurement

From the findings in the previous sections, the magnetic field components are easier to
be transmitted, and therefore a helical invert-F antenna was developed for both in-body
transmitter and on-body receiver[43]. Since we are considering the case of near filed
communication, it is difficult to remove the antenna characteristics from the calculated
path loss. Therefore, in the numerical simulation, we used two representative antennas of
dipole and loop. The derived path loss should be more general. In actual use, however, a
simple dipole or loop will not give good communication performance. We therefore
designed the more efficient helical invert-F antenna and used it for communication
experiment. As shown in Fig. 2.15[43], the helical invert-F antenna has a hollow
cylindrical shape with a diameter of 16 mm and a length of 26 mm, and consists of three
layers. In the inner layer, a copper foil forms a hollow cylinder with a diameter of 14.6
mm, and this plays the role of antenna ground. The middle layer is a flexible magnetic

sheet with both high permeability and high permittivity so that a double wave- length
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shortening effect can be expected by fabricating the helical element on it. The outer layer
is the helical element formed of a copper foil with a width of 4 mm and a pitch of 6 mm
in order to act mainly as a magnetic antenna. But an inverted-F structure is introduced so
that the feeding source between the helical element and the ground is set at the upside of
the cylinder and a short pin between the helical element and the ground is set at the top
of the cylinder. This results in a helical-dipole structure, which is no longer a simple
magnetic antenna. A helical antenna can be considered as a combination of many small
loops and small dipoles. Therefore, the loop structure ensures that the magnetic field

component is excited and detected.

Bottom Unit: mm
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Magnetic sheet
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Side Feed point

view

Fig. 2.15. Structure of helical invert-F antenna

In addition, with this structure, it is possible to increase the antenna length by increasing
the number of helical turns, which is advantageous in realizing miniaturization of the
antenna at tens of MHz. Fig. 2.16 shows the setup of path loss measurement using the
helical invert-F antenna in a biological equivalent liquid phantom in place of the human
body. The biological-equivalent liquid phantom was 28 cm x 16 cm % 22 c¢cm, made of
deionized water, sugar, sodium chloride, and so on, and its dielectric properties were
adjusted to have relative permittivity of 56.05 and conductivity of 0.52 S/m at 50 MHz,
nearly 2/3 times the muscle’s values at 50 MHz. Although the homogeneous liquid
phantom is difficult to express scattering and shadowing from various organs in the

human body, it is useful to experimental validate the mean path loss.
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Fig. 2.16. Measurement setup of path loss using the helical invert-F antennas in a liquid

phantom

Before the path loss measurement using the above setup, we first measured Si; using a
network analyzer when inserting the antenna into the liquid phantom as shown in Fig.
2.17. The result shows an absolute -10 dB bandwidth of 8.4 MHz (relative bandwidth of
16%) from 50 to 58.4 MHz. Possible body area communication bands include the tens of
MHz as described in the IEEE 802.15.6 standard and other literature [36], [45]. Here we
selected 10-60 MHz with 50 MHz bandwidth to increase the data rate to at least 20 Mbps
for high speed transmission. This frequency band is the weak radio band in Japan, so it is
convenient to use without a license. To transmit signals in the 10-60 MHz band efficiently,
it is, of course, desirable that the antenna also have a sufficient bandwidth from 10 to 60
MHz. However, this means that the relative bandwidth of the antenna is 1.4 (the ratio of
the bandwidth of 50 MHz to the central frequency of 35 MHz). Antennas with such a
large relative bandwidth are usually difficult to realize. Although the antenna in Fig. 2.15
achieved only -10 dB bandwidth of 8.4 MHz from 50 to 58.4 MHz under the limited
antenna dimension conditions, it does not mean that other frequency components with S11
below -10 dB were completely removed. Some of them still radiated from the antenna (as

shown later in Fig. 2.19).
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In the in-body to on-body path loss measurement, we therefore used a 10-60 MHz impulse
radio transmitter together with the helical invert-F antenna and inserted them into the
liquid phantom. Although the implant antenna was inserted into the liquid phantom, it did
not directly touch the liquid. There was a thin dielectric layer (low relative permittivity)
between the antenna and the liquid, which made no significant difference in the antenna
input impedance when the antenna was inserted in the liquid or air. In addition, the
implant antenna was directly connected to the transmitter. There was no cable between
them. The receiving antenna was the same type of antenna, but the dimensions of the
elements were slightly different. It was set on the phantom surface and connected to a
spectrum analyzer or digital oscilloscope using a ferrite-covered coaxial cable. This
avoided direct coupling between cables and achieved good isolation. Fig. 2.18 shows the
measured band-averaged path loss as a function of distance. The band used for averaging
ran from 10 to 60 MHz. The transmitting and receiving antennas were arranged in parallel.
Also shown in the figure is the curve fitted using Eq. (2.2). The obtained parameters are
shown in Table 2.4. As can be seen, the power decay law fits well the measured path loss.
The obtained path loss exponent n is 5.0, which falls in the range of 3.9 for loop and 5.4
for dipole in Table 2.2. Given that the antenna is actually a helical-dipole structure, the

result is consistent with the theoretical approach in previous section, which provides
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useful knowledge on channel characteristics and antenna design.
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Fig. 2.18. Measured and fitted band-averaged path loss

Table 2.4. Fitted parameters for measured band-averaged path loss

n PL [dB] dy [mm]
5.0 37.9 30

2.4 Link Budget Analysis

Based on the measured path loss in the 10-60 MHz band, a link budget analysis to clarify
achievable communication performance was conducted. As shown in [43], an IR scheme
with binary pulse position modulation (PPM) was adopted in the transmitter where the
information bits are sent as position information of a pulse. For K bits to be transmitted,
the PPM signal s(t) can be expressed

N .
s(t) = > plt — r'?.r,-% — KT) (2.4)

k=0
where p(t) is the pulse to be transmitted, bk € (0, 1) is the kth transmitted bit, and T is the
bit duration. Since the helical invert-F antennas used in this study had insufficient

bandwidth, waveform distortion was caused in the received signals.
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Fig. 2.19. (a) Transmitted and (b) received time waveform using the IR-PPM transceiver

with helical invert-F antennas (the signal in (b) is not the received signal in (a) itself

because the timing is not synchronized). (c) Normalized frequency spectrum of the

transmitted signal. (d) Normalized frequency spectrum of the received signal.

This limited the use of correlation detection and communication speeds. To reduce the

effect of bandwidth limitation by the antennas, we set proper time intervals between the

transmitted pulses and adopted energy detection at the receiver. A waveform equalization

algorithm can also be used to suppress the waveform distortion [43], [53]. Fig. 2.19 shows

the transmitted and received signal waveforms and frequency spectra measured at an

implant communication distance of 10 cm using the helical invert-F antennas. As can be

seen in Fig. 2.19(a), the time duration of one-bit signal was 50 ns, or 20 Mbps. Comparing

the transmitted and received frequency spectra, the distortion in frequency components

indeed exists. However, comparing the waveform shapes of “1” in Figs. 2.19(a) and

2.19(b), the distortion of the received signal waveform is limited after the signal has

propagated 10 cm in the biological-equivalent liquid phantom. This result supports the

findings that the group delay is almost flat in the HBC band. It also suggests that the
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received signal may be distinguishable bit by bit, in other words, the -10 dB bandwidth

of 8.4 MHz may enable an implant communication at 20 Mbps.

Front-end

r(®) bk
ﬁ( )2 dt [ Comparator [

+ {1.NA | BPF

Timing
synchronization

Fig. 2.20. IR-PPM receiver structure with energy detection

Fig. 2.20 shows a typical receiver structure of energy detection. After the front-end such
as low-noise amplifier and band-pass filter, the energy UP and U} are calculated by
integrating the squared r(¢) from kT to kT + T4 and (k + 1/2)T to (k + 1/2)T + T,
respectively, where Ty is the energy detection duration. By comparing Uy and U} , the

received bit by can be determined as

- o if UP=U}
i _{ 1 otherwise

The receiver r(t) contains a wide band noise n(?). According to [49], a wide band signal
can be approximated as M narrow band signals when M is sufficiently large, so that 2M
~ 2BT; where B is the frequency bandwidth of signal and 7y is the energy detection
duration. Since each approximated narrow band noise is a zero mean independent
Gaussian distribution with variance of Ny/2, the detected energy Uy or U} will be a
sum of 2M independent variables with a chi-square distribution, whose probability
distribution can be approximated as a Gaussian distribution according to the central limit
theorem. If we take the energy detection duration 7y as the reciprocal of the frequency
bandwidth, i.e. I/B, then M becomes 1. Under this assumption, the bit error rate (BER)

P. can be approximated as [50]
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p. = L -En/2Ng (2.5)
© 2

where E»/Ny is the energy per bit to noise power spectral density ratio

Determine Eb/No, Spec from Eq.(2.5)

|

Determine path loss PL at communication distance d from Eq.(2.2) using the
measured path loss model in Table 2.4

A

Determine received power Pr at communication distance d from Eq. (2.1)

h

Calculate Eb/No at communication distance d from Eq.(2.6)

Obtam system margin Ms at communication distance d from Eq. (2.7)

Fig. 2.21. Flowchart to obtain system margin. Required parameter values are listed in
Table 2.5
An acceptable BER level in the physical layer is usually 1072 because at this level an
error-free communication can be achieved by introducing a forward error correction
technique. The link budget was therefore performed by choosing BER = 1072 as an index.
From Eq. (2.5), an E»/Ny of 8.9 dB is required to achieve this BER level, which is named
as Ep/Ny, Spec. In addition, from Table 2.2, the standard deviation gup of shadowing is 4.0
dB for dipole antenna and 3.1 dB for loop antenna. To cover a range of g3, at least another
4 dB is required. Fig. 2.21 shows the flowchart to obtain system margin. By denoting f»
as the data rate and B as the bandwidth, £»/Ny can be related to the power Pr received at

the receiver as

b 2.6
E}J}'IINO,J.B = Pr,dﬂ:n - 10 1021{] % - Ndﬂni ( )

where N = k T BNFr is the noise power, k is the Boltzmann constant, 7 is the environment
temperature, Nr is the noise figure of the front-end of receiver, and P;upn(d) = Pragm — P
Lap(d). Under the specifications listed in Table 2.5 for the link budget analysis, the system
margin Ms can be obtained as

2.7
Mg gp = Ep/Noap — Ep/No,dB.spece (2.7)
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where E»/Nyap is calculated using Eq. (2.6) with the path loss modeled in Table 2.4, and
the transmitting power of -5 dBm is based on our transmitter design in [43]. The electric
field strength radiated from this transmitter was pre-measured in an anechoic chamber
and found to be less than 30 dBuV/m at a distance of 3 m from the transmitter, which

complies with Japan’s weak radio regulations (54 dBuV/m) [52].

Table 2.5. Specifications for link budget analysis

Modulation IR-PPM
Transmitting power P} 4pm, -5 dBm
Data rate f 1.25, 10, 20 Mbps
Bandwidth B 8.4 MHz
Demodulation Energy detection
Dnergy detection duration Ty 1/8.4 uS
In-body environment temperature T 310 K
Front-end noise figure Ng 45 i dB

Fig. 2.22 shows the system margin versus implant communication distance for 1.25 Mbps,
10 Mbps and 20 Mbps with 8.4 MHz bandwidth, the realized -10 dB bandwidth by the
helical invert-F antenna. As can be seen, the system margins to secure a BER of 1072 at
an implant communication distance of 15 cm are 19.9 dB for 1.25 Mbps, 10.9 dB for 10
Mbps, and 7.9 dB for 20 Mbps, respectively. The system margins were obtained from the
measured path loss in Fig. 2.18, which corresponds to a mean path loss. If the shadowing
due to diffractions from various organs and tissues was considered based on Table 2.2, at
least another 4 dB should be subtracted from the above values, so that the system margins

are 15.9 dB for 1.25 Mbps, 6.9 dB for 10 Mbps, and 3.9 dB for 20 Mbps, respectively.
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Fig. 2.22. System margin and measured BER versus implant communication distance

These results show that the 10-60 MHz band has sufficient potential to provide high-
speed implant communication at 20 Mbps deep into the human body. To further verify
this finding, the BER was measured using our developed IR-PPM transceiver at 20 Mbps
with the helical invert-F antennas in the liquid phantom. The measured BER was also
shown in Fig. 2.22. It can be seen that the BER does not exceed but nearly 1072 at an
implant communication distance of 15 cm, which is consistent with the analysis result
where the system margin at the implant communication distance of 15 cm is only 3.9 dB

at 20 Mbps.
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2.5 Conclusion and Discussion

For high-speed and high-reliability implant communication, the channel characteristics
of 10-60 MHz band have been analyzed for an electric dipole and a current loop using the
FDTD simulation together with an anatomical human body model. The results for path
loss and group delay have been obtained. When the transmitting and receiving antennas
are both dipoles, the path loss exponent and the standard deviations of shadowing are
found to be 5.6 and 4.0 dB, respectively. When the transmitting and receiving antennas
are both loops, the path loss exponent and the standard deviations of shadowing are found
to be 3.9 and 3.1 dB, respectively. The group delay variation has been found to be around
1 ns, and the phase responses of channel for both dipole and loop are nearly flat with
frequency. The electric and magnetic field distributions have revealed that the magnetic
field components dominate in-body signal transmission in this frequency band. Based on
the analysis results of the implant channel, link budget has been analyzed. An experiment
with our developed IR-PPM transceiver has been performed to validate the path loss
model and BER performance in a biological equivalent liquid phantom. The
experimentally derived path loss exponent lies between the theoretically derived electric
dipole path loss exponent and the current loop path loss exponent, and the BER
measurement shows the feasibility of 20 Mbps implant communication up to a body depth
of at least 15 cm. Improving the implant antenna S11 performance to achieve wider

bandwidth will be one of the challenges in the future.
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Chapter 3
Shoe-mounted Sensing for Position Identification

of Elderly Wanderer Inverter

3.1 Overview

There were about 727 million people who have age 65 or over in the world in 2020. The
number of elderly people is increasing day by day and it is projected to more than double
by 2050 [54], [55]. This suggests that an aged society is coming. Elderly people are
affected by many diseases such as degenerative neurological disorders, vascular disorders,
Alzheimer diseases and so on [56]— [61]. Dementia is one of the most alarming diseases
for elderly people in the current era. It is a broad term which describes a loss of thinking
ability, memory, and other mental abilities. Symptoms of dementia are disability,
disorientation, and the most serious one is wandering behavior [62]. According to the
nursing care work field survey 2018, the shortage of employees at nursing care facilities
is very high at 69.2% [63]. As a result, elderly people with dementia may not be able to
see even within the nursing care facilities or they may go out alone. Therefore, it is
difficult to discover them and about 10,000 elderly people with dementia are lost each
year only in Japan, and many people are also suffering from the same problem in other
countries over the world.

As a solution to identify the wanderer’s position, global navigation satellite system
(GNSS) terminals are typically used. However, they require charging every few days. In
contrast, Bluetooth low energy (BLE) beacons can operate on button batteries for over a
year, and the BLE signals can be easily received from smart phone users within dozens
of meters [64], [65]. A monitoring system using BLE beacons at 2.4 GHz band has been
previously proposed in [66], [67]. The monitoring system provides an elderly person with
a BLE beacon as a sensor for wanderer position identification. As shown in Fig. 3.1, the

signal from the BLE beacon worn by the elderly person is received by a smart phone
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owned by a person who happens to pass by. By installing a software on the smart phone
in advance, the smart phone can send its position signal to a server after receiving the
BLE signal, and then the position of the elderly person can be identified based on the
smart phone’s position and informed to his/her family. Another option to receive the BLE
beacon signals is to set a receiver at utility poles. Such a monitoring system enables
wanderer position identification. In addition, this monitoring system is kind to the elderly
people. It almost does not require the elderly people to charge the BLE beacon. Only
smart phone users need to charge every day. To wear the BLE beacon as a position sensor,
one option is to wear it on the chest. Another option is to mount it on the shoes. The latter
has an advantage to prevent forgetting to carry. There is also a possibility of energy
harvesting, which uses a piezoelectric element mounted to the shoe sole to convert

pressure into voltage and power the BLE beacon [68]- [75].

Receiver on | el
utility pole | === Position
EE B8 - information
~—y
-~ —
B -
”
7 Data server
”
”
N - ”
c e Position
(K ( o = & information
Bluetooth | &~ :
beacon | Inform family

Smart phone
user

Fig. 3.1. Schematic diagram of elderly wanderer position identification system using

BLE as a position sensor

In this study, we assume to mount the BLE beacon on the shoes. An example of a
position estimation system that currently uses beacons is the runner’s chip used at
marathons [76]. The runner’s chip uses radio-frequency identification (RFID). It is

distributed to the participants of the competition and worn on the shoes. It can record the
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time from the start point to the goal via each passing point individually on the server and
measure the accurate time. However, RFID has a short communication distance compared
to BLE, and the latter is more suitable for identifying the position of the wanderers. Since
a smart phone is usually at chest or waist height, the BLE beacon mounted on the shoes
should have an antenna pattern with an up tilt. This requires designing a directional
antenna with the main beam pointing diagonally forward and upward and a narrowed
beam width for more accurate position identification. It should be also capable of
sweeping to correspond to different heights. Moreover, by increasing the radiation
efficiency and narrow the beam width of the antenna, it is possible to expand the
identification distance and improve the accuracy of the identification direction.

The objective of this chapter is to develop a directional array antenna for BLE beacon
mounted on the shoes for the elderly wanderer monitoring system. A patch array antenna
is designed to be mounted on shoes. The antenna performances are analyzed using the
finite element method. To support the analysis results, measurement results are presented
for validation using a biological tissue-equivalent gel phantom and actual human foot
wearing shoes. A patch array antenna with dielectric lens is also designed for receiving
BLE beacon signals by mounting it on utility poles. Finally, a verification experiment in
urban environment is also shown to demonstrate the usefulness of BLE beacons as

position sensors with the designed directional antenna.

3.2 Shoe-mounted Transmitting Antenna Design

3.2.1 Design Structure

The antenna for BLE beacon is assumed as a patch array antenna with four elements for
acting as a directional antenna on the shoe of the wandering person. Fig. 3.2(a) shows a
simplified model of foot with shoe and leg. The database on the dielectric properties of
biological tissue is based on Gabriel’s measurement data [47]. The dielectric properties
in the database were used for the human body model at 2.4 GHz. The relative permittivity
& and conductivity g were set to 36.33 and 1.23 S/m respectively that indicate nearly 2/3
times of the muscle’s values. The antenna has a planar or curve patch structure as shown

in Fig. 3.2(b) and 3.2(c) respectively. The curved structure should be more suitable for
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easy and practical mounting on the shoe, although its manufacture is not easy. The relative
permittivity & and conductivity os of the shoe were set to 4.0 and 0.0 S/m respectively

that indicate rubber material.

(a) (b) (c)
Fig. 3.2. (a) Simplified foot, shoe and leg model. (b) Planar antenna mounted on the

foot with shoe. (c) Curve antenna mounted on the foot with shoe

Fig. 3.3 shows the schematic diagram and structure of the designed phase-controlled
patch array antenna. Since the antenna is mounted on the foot with shoe, it is easily
affected by the human foot and leg. The patch antenna structure with a ground plane can
prevent impedance mismatch due to the foot. The antenna is built on a 1.6 mm thick FR4
board (& = 4.4). The antenna elements are arrayed to improve directivity and control the
main beam direction. When the antenna elements are fed in the way of Fig. 3.3, the

combined directivity E(8) is approximately expressed as [78]

E(0) = G(0) Z_: a, e el 0 (3.1)

n=0
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where G(0) is the directivity of a single antenna, an is excitation amplitude, ¢, is
excitation phase, N is the number of elements, d is the spacing between two adjacent
elements, and ko is the wave number in free space.

For feeding signal to each antenna element, the feeding line is bent in a meandering shape
as a delay line according to Fig. 3.3, and the feeding line is switched by two switches Si
and S» to control the phase to each element.

When the delay length is 4/, the phase difference 4¢ is

ﬁm=h%£ (3.2)

where / is the wavelength when the signal propagates along the micro strip lines. To direct
the main beam in the desired direction, the excitation phase ¢, to each antenna element
should be adjusted. The delay length A/ of the feed line is 4/; =3 mm and 4/> = 6 mm.

Elem. 4 Elem. 3 Elem. 2 Elem. 1

3AL, 2Al,

Rangrs

3AL, 2L, Al,
0 0 O'swi
N

O

L Feeding point

Fig. 3.3. Schematic diagram of feeding circuit

The excitation phase is adjusted by controlling the two switches S; and S> to produce
required delay lengths in the feeding circuit of the array. Depending upon the combination
of the two switches, we are able to make four feeding antenna structures that are shown
in Fig. 3.4. Based on these structures, four types of excitation phases are adjusted by
combining ON and OFF of the two switches.
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Table 3.1. Excitation phase and state of switches in each feeding route

Route S, Ss Elem. 1 Elem. 2 Elem. 3 Elem. 4
1 OFF OFF 0° 0° 0° 0°

2 ON OFF 0° 31° 62° 93°

3 OFF ON 0° 62° 124° 186°

4 ON ON 0° 93° 186° 278°

Table 3.1 shows the excitation phase ¢, to each antenna element and the state of the
switches in each structure for different feeding routes. Impedance matching is performed
by loading a A/4 transformer on the branches. The schematic diagram of the feeding
circuit shown in Fig. 3.3 is for Route 2 in Fig. 3.4 (b) previously reported at a conference
[77].

Unit: mm 180

170

N ."
A/4 wavelength transformer
(b) Route2

Routel

Route4

(c) Route3

(d)
Fig. 3.4. Antenna structures of four different feeding routes
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3.2.2 Simulation Results

To evaluate the array antenna performance, first, a simulation was performed to confirm
the influence of the ground (earth’s surface). Fig. 3.5 shows a simplified model of foot

with ground plane.

Fig. 3.5. Simulation model with ground plane

Fig. 3.6 shows the comparison of reflection coefficient Si1 between ground and without
ground plane for the route 4 when the planar antennas are mounted on the foot with shoe.
The simulated S11 results show that there is little difference between with and without the
ground. This is because the array antenna has a patch structure with a ground plane on the
back. This prevented the ground (earth’s surface) from affecting the performance of the
antenna. Therefore, we ignored the influence of the ground (earth’s surface) in future
simulations. Fig. 3.7 shows the simulation results of reflection coefficient Si; for the four

different feeding routes when the planar antennas are mounted on the foot with shoe.
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for Route 4
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Fig. 3.7. S11 performances of the planar patch array antennas mounted on the foot with
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BLE uses the frequency band from 2.402 to 2.480 GHz in a frequency hopping method.
As can be seen, for the planar structure, Si1 is basically less than -10 dB within this
frequency band, except for that Route 1 is slightly not satisfied. Fig. 3.8 compares the
difference between the planar structure and curved structure where 3.8(a) for Route 1 and
2; 3.8(b) for Route 3 and 4. S11 of the curved structure exhibits similar performance to the

planar structure, but with some differences due to the effect of curvature.
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Fig. 3.9. Radiation patterns of the planar patch array antennas on the shoe in the xz
plane at 2.4 GHz BLE band
This can be observed especially for Routes 1 and 2 where the difference of resonance
frequencies between the planar and the curved structures reached more than 0.1 GHz.
Compared to Routes 1 and 2, the influence of the curved structure on Si1 seems smaller.
However, the basic Si1 performance of the array antenna with curved structure follows

the performance of the planar structure and meets the BLE requirement.
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Table 3.2. Summary of the array antenna radiation performances for the planar structure

Route Gain [dBi] Main direction Half power beam width
1 6.3 10° 39.6°
2 5.7 200 36.6°
3 4.7 30 38.7°
4 2.2 a0° 31.4°

Fig. 3.9 and Fig. 3.10 shows the radiation patterns when the planar and curved patch array

antennas are mounted on the shoe respectively. The radiation patterns are in the xz plane.

The main beam direction is changed by combining ON and OFF of the two switches in

each route to adjust the excitation phases. This allows to sweep the main beam direction

of the antenna and expand the signal coverage area. Table 3.2 summarizes the simulation

results of the array antenna radiation performances. The maximum beam direction has

been found to be 50° with a half-power beam width of 31.4° when using Route 4.
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Fig. 3.10. Radiation patterns of the curved patch array antennas on the shoe in the xz

plane at 2.4 GHz BLE band
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It has a strong diagonal directivity towards the front of the toes, and is suitable for long
distance transmission. Assuming that the communication distance between the BLE
beacon and a smart phone user is 20 m, the coverage width of the main beam is 5.6 m,
which is equivalent to the normal road width, so that the BLE signal can be effectively
received by the smart phone user coming from the opposite side. In view of that the
structure of Route 4 exhibits a reasonable main beam direction and beam width for
identifying the position of elderly wanderers, a prototype patch array antenna was

manufactured for the BLE beacon mounted on the shoe.

3.2.3 Measurement Results

The prototype array antenna was manufactured using Route 4 planar structure. However,
since the planar structure is wider than the foot width, it is difficult to actually use. The
curved structure can be adapted to the width of the foot, but it suffers from limitations of
manufacture technology. Considering that the performance of the two structures is similar,
the planar structure was adopted in this experimental verification. Fig. 3.11(a) shows the
manufactured antenna, and Fig. 3.11(b) shows measured S11 using a network analyzer

for comparison with simulated one.

5
s -10
15 |-
o
T -20
-
O 25|
N U W T —
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45 i i i i i 1 I

220 225 230 235 240 245 250 255 260
Frequency [GHz]

(b)

Fig. 3.11. (a) Manufactured patch array antenna on a phantom. (b) Simulated and

measured S11 performances on shoe or gel phantom
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For the measurement, a bio-equivalent gel phantom was made in the shape of a simplified
foot, and the prototype antenna was mounted on its surface at a distance of 1 cm, taking
into account the shoe’s thickness. The biological-equivalent solid gel phantom was 25 cm
x10 cm % 2 cm, made of glycerin, deionized water, sodium benzoate, agar, and so on, and
its dielectric properties were adjusted to have relative permittivity of 45 and conductivity
of 2.5 S/m at 2.4 GHz, nearly 2/3 times the muscle’s values at 2.4 GHz. The recipe for
making it can be found in [80]. In addition, the prototype antenna was also directly
mounted on a human foot with shoe or the gel phantom for S;1 measurement. Fig. 3.11(b)

shows the simulated Si; and measured Si1 performances.

Fig. 3.12. Simulation environment with phantom

Fig. 3.12 shows the simulation environment with phantom. The results on shoe and on
phantom show agreement for both measurement and simulation, but a difference between
measurement and simulation exists. Compared to the simulated one, the -10 dB
bandwidth of the measured S11 is narrower. This may be due to design and manufacturing
accuracy of the array antenna. The influence of using the phantom instead of the actual
foot does not seem to be very significant. The deviation between simulation and
measurement may also be attributed to surface roughness of Cu structures. Allowing a
bandwidth, at -6 dB minimum matching, the manufactured prototype antenna shows that

its S11 is basically in the BLE band and can be used for BLE beacons.
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3.3 Dielectric Lens Loaded Receiving Antenna Design

BLE beacon signals are expected to be received not only by smart phone users but also
by receivers mounted on utility poles installed on the side walk. The utility poles are
popular especially in Asia countries. We therefore also designed a directional array
antenna used on the utility poles, which was required to have a diagonal downward
directivity. The receiving antenna on the utility poles was design as a patch type 2 x 2

array antenna with a dielectric lens to form directivity, as shown in Fig. 3.13.

D: Diameter of lens

Dielectric lens F: Focal

Patch array antenna length

(2) 140 mm
A4
140 mm transformer
Z
Ci)—y
o t

(b)

Fig. 3.13. Receiving antenna structure. (a) Side view. (b) Detail of array elements
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The mounting area of antenna elements was within 14 cm x 14 cm. The spacing between
the antenna elements was set at 80 mm based on the consideration that there is a trade-off
between the half-power angle and the side lobe when the element spacing is changed.
Impedance matching was performed by loading a A/4 transformer at the branch point so
that the input impedance Zin becomes 50 Q for antenna feeding. The feeding signal was
supplied to each antenna element in the same phase and with the same amplitude, where
the radiation in the front direction of the antenna is the strongest. Fig. 3.14 shows the

numerically simulated S1; performance of the design antenna.

ik 2

24 25 2.6
Frequency [GHz]

Fig. 3.14. S11 simulation result of the receiving antenna

The -10 dB band is from 2.4 GHz to 2.49 GHz, which meets the requirement of BLE
beacons. In addition, the dielectric lens was designed to have a curved surface so that the
spherical wave radiated from the antenna is converted into a plane wave [81]. Alumina
with a relative permittivity of - =9.4 and a relative permeability of 1 = 1 was selected as
the lens material in order to reduce the lens thickness. In order to determine appropriate
D and F, in Fig. 3.13, the diameter D of the lens and the distance (focal length) F" between
the lens and the antenna were changed regularly, and the directivity pattern was evaluated
from the viewpoint of half-power angle and side lobe. The lens diameter D was changed
from 0 to 24 and the focal length F* was changed by A/5 in the range of 0 to 4. The
directionality in each x-z plane was obtained using numerical simulations. Fig. 3.15
shows the difference in half-power angle with and without lens, and the ratio of side lobe
with and without lens. The ratio of side lobes is defined as the ratio of the side lobes to
the side lobe without lens. From Fig. 3.15, the half-power angle was improved as the lens

diameter increased, but no significant rule was observed in the side lobe. Therefore, as a
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result of considering the half-power angle and side lobe, the best result was obtained when
D =225 mm=9)\5 and F' =50 mm = 24/5, at which time the half-power angle was 28.2°,
and the ratio of the peak to side lobe was 10.7 dB.
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(a) (b)

Fig. 3.15. (a) Directivity of receiving antenna with lens. (b) Ratio of side lobes
3.4 Evaluation of Transmission Performance and Position Identification

The transmission gain was first theoretically analyzed for the developed transmitting
antennas. Figure 3.16 shows the transmission gain evaluation environment. The

transmission gain G is the ratio of the transmission power P; to the reception power P,

G(6y) = P, | P, = (4/47d)*G,(6,)G, (10 — 6,]) (3:3)

where d is the distance between the transmitting and receiving antennas, / is the horizontal
distance from the transmitting antenna to the receiving antenna, 6y is the direction angle
of the transmitting and receiving antennas, 6, is the main beam direction of the receiving
antenna, G, and G, are the power gains of the transmitting and receiving antennas, and A
is the wavelength, The transmitting antenna was placed at the foot of the human body,
and the receiving antenna was assumed at the utility pole height from the ground. It was
assumed that there are no obstacles between or around the transmitting antenna and the

receiving antenna.
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Fig. 3.16. Transmission gain evaluation environment
To calculate the transmission, gain G in each path using Eq. (3.3), the gain function of the
designed directional array antenna was used as G; and the gain function of another
directional antenna designed for receiver mounted on the utility pole was used as Gr [79].
Fig. 3.17 shows the calculation results when the main beam direction of the receiving
antenna is 6, = 0 and the horizontal distance / between the transmitting and receiving
antennas was from 0 to 1000 m. When the horizontal distance between the transmitting
and receiving antennas is smaller than a few meters, Routel and Route 2 with strong
directivity in the upward direction has larger transmission gain. However, as the distance
increases, Route 4, which has strong directivity in the forward direction of the toes, has
the best transmission gain. For example, if the horizontal distance between the
transmitting and receiving antennas is 100 m, the transmission gain of Route 4 is 15 dB
higher than that of Route 1. Therefore, Route 4 should be the most suitable for securing
a reliable communication. Moreover, using the prototype antenna together with a signal
generator as the BLE beacon, we measured possible communication distance in an urban
environment. Fig. 3.18 shows a scene of measurement. The directional array antenna was
mounted on the top of either the foot with shoe or the gel phantom, and transmitted the
BLE signal with 4 dBm power at 2.4 GHz. IEEE defines three classes for Bluetooth output
power. In addition, SAR (Specific Absorption Rate) is usually averaged either over the
whole body, or over a small sample volume (typically 1 g or 10 g of tissue). The SAR
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limit is 2 W/Kg or 2 mW/g averaged over the 10 g of tissue absorbing the most signal.
So, the SAR value is 20mW or 13.01 dBm for 10g of tissue. The directional array antenna
was mounted on the top of either the foot with shoe or the gel Phantom, and transmitted
the BLE signal with 4 dBm power at 2.4 GHz. Therefore, we did not investigate

simulation for SAR analysis. Because below 13.01 dBm power is safe for Human body.
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Fig. 3.17. Calculation results by considering the main beam direction and horizontal
distance
We adopted class 2 which allows an output ranging from -6 dBm to +6 dBm. The
receiving antenna was set at the height of the human chest and connected to a spectrum

analyzer to measure the received power.
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Fig. 3.18. Scene of measurement in a road of urban environment

The measurement was conducted in a road of urban environment. The receiving antenna
was set to horizontal or vertical for measuring both polarization components. Fig. 3.19
shows the measured received power as a function of distance for the horizontal
arrangement and vertical arrangement of the receiving antenna. The received power
decreases as the distance increases, and the difference between the horizontal component
and the vertical component are within 5 dB. This is because the patch array antenna
radiates the signal diagonally upward. In addition, the difference in received power
between when the antenna is mounted on the human foot and when it is mounted on the
gel phantom does not exceed 3 dB. Since BLE receivers typically operate normally with
received power in excess of at least -90 dBm, Fig. 3.19 suggests that the BLE beacons
can transmit signals up to 20 m or more using the designed array antenna in an urban

environment.
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To verify the feasibility of the monitoring system of elderly wanderers shown in Fig. 3.1,
we first conducted a received signal strength indicator (RSSI) measurement in an urban
environment. Nine subjects carried a BLE beacon signal generator [82] and walked on
different routes in the urban environment for three hours. The search area in the urban
environment is shown in Fig. 3.20. The position labeled receivers in Fig. 3.20 were

assumed to be the positions of the smart phone users or utility poles.
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The nine subjects walked on different routes in the search area, and the received (RSSI)
of the transmitted signal from their BLE beacons was measured by the receivers. Fig. 3.21
shows the measurement setup. We used half-wave dipole antenna as receiving antenna
and commercial BLE module as the receiver. The subject walked along the sidewalk of
roads, and the receiver was installed on the road side of the sidewalk. So, it is enough to
cover a narrow angle for our purpose. The total number of the BLE signal was detected
in the three hours is 19,798. Then the cumulative distribution of the RSSI was calculated.
If the signal is detected by the receiver, the position of the wanderer can be identified. In
such a way, we derived a relationship between the RSSI and the identification rate. It was
found that the identification rate is about 40% at a RSSI of -85 dBm and 85% at a RSSI
of -80 dBm.

Then, the RSSI of the directional array antenna and the RSSI of the BLE beacon signal
generator were compared by measurement. The results show that the RSSI was improved

by 5 dB by using the direction patch array antenna in the BLE beacon signal generator.
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Incorporating this improvement into the above-described measurement result in the urban

environment yields a cumulative distribution of RSSI, as shown in Fig. 3.22.

Commercial planar antenna
or

Designed patch array antenna Designed receiving antenna
BLE BLE Module Rx | | PC
Beacon with RSSI detector

Fig. 3.21. RSSI measurement setup

According to Fig. 3.19, within a distance of 20 m, the received power is larger than -75
dBm for the developed directional array antenna. According to Fig. 3.22, this corresponds
to an identification rate of nearly 100%. In other words, if a wanderer is within 20 m from

a smart phone user or a utility pole, his/her position will be almost identified.
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Fig. 3.22. Cumulative distribution of RSSI
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3.5 Conclusion and Discussion

A directional patch array antenna with planar or curved structure has been designed for
BLE beacons mounted on the foot/shoe for using in an elderly wanderer position
monitoring system. The antenna performances have been evaluated by simulation, and
the main beam direction has been found to sweep from 10° to 50° by combining ON
and OFF of two switches in the feeding routes to adjust the excitation phases. The S11
performance and distance dependence of the designed antenna have been verified and
derived by measurement for a manufactured prototype antenna. Moreover, a directional
patch array antenna with dielectric lens has also be designed to receive beacon signals by
mounting it on a utility pole. According to a feasibility experiment result of elderly
wanderer position identification in an urban environment, the designed directional
antenna can provide an almost 100% position identification rate if a wanderer is within
20 m from a smart phone user or a utility pole, which denotes the usefulness of the

proposed monitoring system of elderly wanderers.
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Chapter 4
Energy Harvesting for Powering Shoe-mounted

Sensor

4.1 Overview

Wearables signify a vital part in our daily life. We use it for tracking our exercise
performance as well as for medical monitoring. Currently, this technology mostly depends
on batteries as a power supply. This is a drawback for a continuous measurement system.
Depending on the location of the user or the placement of the battery, recharging or
exchanging can be difficult. To ensure an independent system, energy harvesting from
human motion could be a great alternative. Regardless of the energy harvester (EH)
system, all of them contain the same structural components:

v" Energy transducer

v" Rectifier and storage capacitor

v" Voltage regulator

v Optional energy storage unit

v" Electronic load
In this case, the transducer consists of lead zirconate titanate (PZT) or a polyvinylidene
fluoride (PVDF). It uses the piezoelectric effect, which generates electric energy by
applying mechanical stress on the piezoelectric element. The output power itself is AC.
Therefore, a rectification is needed to provide a DC power supply. The voltage regulator
is used to adapt the voltage level to match the requirements of the device. The energy
storage unit is optional, e.g., the device can be operated continuously or discontinuously.
In this study, there is a shoe-mounted beacons for location identification which comprises
a piezo or an array of piezo elements for powering shoe-mounted beacon. Each piezo

element of the array is used simultaneously for energy harvesting.
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We thereby can satisfy two needs:

v" We get more energy thanks to the array — so far only shoes with one piezo element in
the heel have been demonstrated.

v' we can get a localization resolved pressure map called “pedobarometric map”. We
can sense the pressure distribution at the feet. We can also do gait analysis based on
this sensor array.

In the shoe, we would also place a cellular [oT modem, esp. 4G NB-IoT. This will give

the shoe access to WAN, the internet, the cloud. Sensor Data can be passed to a central

health record. We know this statement “to wear is to share”. Adidas passes sports data
into social media platform called Runtastic [91]. From what we heard from Adidas,
localization/GPS for alarming is key — so cellular connectivity is a must. Adidas does not
want shoes to be charged from mains. They should be energy autonomous. This means
the energy needed for communication must be totally harvested. It may mean that a sensor
report can only be send every 10 minutes into the internet. This looks pretty similar to
smart metering (water/gas meters). We see that the shoe must have two wireless interfaces.

A WAN interface based on cellular 4G NB-IoT and a BAN may be based on HBC. At the

shoe we may also combine mechanical harvesting and solar harvesting. There are piezo

elements that can act as photovoltaic. It is also possible to get multimodal, combining
mechanical and solar harvesting, which can make harvesting more reliable as energy is
crucial in this use case. Other nodes in the BAN like a smart jacket could also host solar

piezo e.g., at the shoulders and power BAC from it.

4.2 Energy harvesting by piezo

Piezoelectric material is a kind of material with non-centrosymmetric crystal structure
that can generate displacement between anions and cations, thus producing surface charge
when exposed to dimension change caused by stress. Among various kinds of
piezoelectric materials, piezoelectric ceramic is a class of man-made polycrystalline
piezoelectric materials composed of multiple ferroelectric particles that can be poled by
external electric field to exhibit piezoelectricity.

The piezo electric effect in ferroelectric can be used to convert mechanical energy to
electrical energy and vice versa. All ferroelectric materials are piezo electric. They can

generate electrical current in respond to any change in temperature. Piezoelectric
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materials can act as an energy harvester where electrical energy can be created from heat
and required electrical circuit. Piezo electric material exhibits in the large varieties of
application such as sensors, actuators, resonators. It can be used in biomedical
implantable or wearable devices. Typical example of piezo material: PZT, PVDF and
NKN etc. PZT, or lead zirconate titanate (Pb [Zr(x)Ti(1-x)] O3), is one of the world's
most widely used piezoelectric ceramic materials. When fired, PZT has a perovskite
crystal structure, each unit of which consists of a small tetravalent metal ion in a lattice
of large divalent metal ions lead zirconium titanate exhibits greater sensitivity and has a
higher operating temperature. Piezoelectric ceramics are chosen for applications because
of their physical strength, chemically inertness and their relatively low manufacturing
cost. PZT ceramic is the most used piezoelectric ceramic because it has an even greater
sensitivity and higher operating temperature than other piezo ceramics. However, PZT is
not good environment friendly due to a Restriction of Hazardous Substances (RoHS).
Polyvinylidene fluoride or polyvinylidene difluoride (PVDF) is a highly non-reactive
thermoplastic fluoropolymer produced by the polymerization of vinylidene difluoride. In
the biomedical sciences, PVDF is used in immunoblotting as an artificial membrane, on
which proteins are transferred using electricity. PVDF transducers have the advantage of
being dynamically more suitable for modal testing than semiconductor piezoresistive
transducers and more compliant for structural integration than piezoceramic transducers.
For those reasons, the use of PVDF active sensors is a keystone for the development of
future structural-health monitoring methods, due to their low cost and compliance.

The term energy harvesting is widely used when electricity is produced from sources
such an ambient temperature, vibrations, mechanical stress, or air flows. Since there are
no electronic circuits whose power requirement is on the order of mill watts, even though
its energy yield is relatively low, energy harvesting with piezo material is a great of
interest in situations where electricity cannot be supplied via power cables and one wants
to avoid batteries and maintenance effort is required. It is possible to receive and
energetically use the energy from radio waves via arrays of antenna or powering antenna
by combining a piezo material. As a result, it is termed that piezoelectric crystals are also
ideal for energy harvesting. They generate an electric voltage when force is applied in the
form of pressure or vibrations, i.e., they use the kinetic energy available in their

environment as shown in Fig.4.1.
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Fig. 4.1. Direct piezoelectric effect- Electromechanical Conversion

In studies, like Han et al. [83]-[85], a transducer was only used to convert the pressure of
the heel strike, which provided over 2 mW of regulated power at 4.5 V as shown in Fig.4.2.
Each shoe has a different task minimizing the required power supply. The left shoe is
equipped with sensing hardware (e.g., accelerometer, pulse sensor, temperature sensor)
to collect data while walking. The right shoe turns as transceiver to communicate with the
user’s smartphone via Bluetooth. The shoes itself communicate by ambient backscatter,
thereby further reducing the power consumption. While in sleep mode the processor
consumes 0.9 pA. As a result, the EH generates about 1-2 mW per step, which allows the

system to establish a communication every 5-9 seconds.
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4.2.1 Measurement of pressure produced voltage by NKN

There have been different approaches to harvest the vibration energy by human motion
efficiently. Particularly PZT and PVDF became very popular because of their high
piezoelectric performance. Both materials are frequently used depending on the
application of the EH system. In this case, NKN-(Na,K)NbOs piezo material has been
used and investigated the performance pertinent for powering shoe mounted BLE beacon .
For the voltage measurement, a NKN piezo sheet was made in the rectangular shape and
placed under the shoe sole warned by a human. The piezo sheet composed of -
(Na,K)NbOs3 polymer matrix and piezo electric particles. An Ag electrode was formed on
the facing surfaces of the poled samples and a silicon rubber-tape was attached on that
Ag electrode as shown in Fig.4.3. The thickness and area of polyimide sheet was 116 pm
and 31.7 mm x 27.9 mm =8.84 cm? respectively. The electrode was considered as Ag
paste and its area was 23.4 mm x 20.8 mm =4.87 cm?. The piezoelectric constant was
d33~3 pC/N. Considering these dimensions and properties, the NKN material was adopted
under shoe for the measurement of pressure produced voltage. Fig. 4.4(a) shows the

prepared NKN sample, and Figure 4.4(b) shows a scene of measurement.

(- 68 -)



Polvimide

NKN

(@)

Silicon rul:rh-g'r

Piczoelectric i
sheet L J Ag electrode

(b)
Fig. 4.3. Piezo structure. (a) 3D view. (b) Side view

IEEE defines an output ranging from 1.6 to 2.7 volt for Bluetooth operation. The NKN
piezo sheet was mounted under the surface of the human foot with shoe and connected to
an oscilloscope via some connectors to measure the pressure produced voltage. The NKN
sheet was set to heel or toe for measuring at both sides. When the human walk by wearing
this NKN sheet mounted shoe, some charges are generated which act as voltage on the
electrode of the NKN piezo element due to the force applied with tension or pressure. For
observing the phenomena of voltage generation, we performed the above mentioned
experimental setup by using the oscilloscope. From the oscilloscope, we got time domain
waveform. In practice, FFT (Fast Fourier transform) was applied from time domain data
to frequency domain in order to extract the frequency response. After FFT analysis, we
found voltage versus frequency spectrum. Fig. 4.5 and Fig. 4.6 shows the time waveform
and frequency spectrum of the measured AC voltage respectively when the NKN piezo
sheet was placed at heel side. Fig. 4.7 and Fig. 4.8 shows the time waveform and
frequency spectrum of the measured AC voltage respectively when the NKN piezo sheet
was placed at toe side. The maximum produced AC voltage from one NKN piezo sheet
was found to be around 2.3 V as shown in time domain waveform. Usually, a man can
give 2 steps per second. Therefore, frequency spectrum has been analyzed at 2 Hz. The
maximum voltage was found to be 11 mV and 16 mV at 2 Hz in terms of heel and toe

side respectively.
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Fig. 4.4. Measurement setup. (a) NKN sample. (b) Scene of measurement

Piezo voltage generation from mounted shoe varies from man to man i.e it depends on
weight, applied pressure and movement etc. We conducted this experiment to check the
ability of the voltage measurement by piezo, by two different persons who carried their
respective weight 58 kg and 67 kg. They applied dynamic pressure during walking and
piezo sheet was able to generate voltage. If the person walks who carried 58 kg, the
voltage is produced as to be around 1 V. If the person walks who carried 67 kg, the voltage
is produced as to be around 2.3 V. So, it is possible to generate 2.7 V voltage if any person
walks who can carry more than 67 kg and it is enough to operate Bluetooth for our purpose.
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Fig. 4.5. Time waveform of measured AC voltage at heel side
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4.2.2 Measurement of pressure produced voltage by BCTZ

For measuring the voltage by BCTZ, the samples and the dimension are almost the same
as NKN sample, but materials are different. The piezoelectric particle is (Ba, Ca) (Ti, Zr)
Osthat is Barium Titanate (BaTiO3) based material. The polymer material
is Polyvinylidene fluoride (PVDF). In this case, (Ba, Ca) (Ti, Zr) Oz piezo material has
been used and investigated the performance pertinent for powering shoe mounted BLE
beacon. For the voltage measurement, two BCTZ piezo sheets were made in the
rectangular shape and placed under the shoe sole warned by a human. An Ag electrode
was also formed on the facing surfaces of the poled samples and a silicon rubber-tape was
attached on that Ag electrode. Two BCTZ piezo sheets were adopted under shoe at a time
for the measurement of pressure produced voltage. Fig. 4.9 shows a scene of measurement

by these piezo sheets.
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Fig. 4.10. Time waveform of measured ac voltage from BCTZ

The BCTZ piezo sheet was mounted under the surface of the human foot with shoe and
connected to an oscilloscope via some connectors to measure the pressure produced
voltage. In the shoe-mounted voltage measurement, we therefore used two BCTZ piezo
sheets together with the oscilloscope and connected them into the shoe. Although the
BCTZ was connected into the shoe, it did not directly touch the oscilloscope probe. There
were some cables between them. It was connected to a digital oscilloscope using a ferrite-
covered coaxial cable. This avoided direct coupling between cables and achieved good
isolation and protection the probe of oscilloscope. In this way, the BCTZ sheet was set to
heel and toe for measuring at both sides together. When the human walk by wearing this
BCTZ sheet mounted shoe, some charges are generated which act as voltage on the
electrode of the BCTZ piezo element due to the force applied with tension or pressure.
For observing the phenomena of voltage generation, we performed the above mentioned
experimental setup by using the oscilloscope. From the oscilloscope, we got time domain
waveform. In addition, FFT (Fast Fourier transform) was applied from time domain data
to frequency domain in order to extract the frequency response. After FFT analysis, we
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found voltage versus frequency spectrum. Fig. 4.10 and Fig. 4.11 shows the time
waveform and frequency spectrum of the combined measured AC voltage respectively
when the one BCTZ piezo sheet was placed at heel side and another at toe side. The
maximum produced AC voltage from two piezo sheets was found to be around more than
1.5V as shown in Fig. 4.10.
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Fig. 4.11. Frequency spectrum of measured ac voltage from BCTZ

Moreover, the measured data values were also processed using MATLAB/ Origin
Software to observe CCRF (cross co-relation function) to measure time delay between
two obtained waveforms which has been shown in Fig.4.12. The voltage was found to
be 72 mV at 2 Hz as shown in Fig. 4.11. The time delay between two waveforms in Fig.
4.10 is very small and it looks around 4ms which has been investigated by CCRF
technique in Fig. 4.12.
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Fig. 4.12. CCRF between two waveforms in fig.4.10 for measuring time delay
4.2.3 Comparison of measurement performance between NKN and BCTZ

We have measured voltage of our two different types of piezo materials under the same
conditions, and tabulated the maximum output voltages Vour across those materials as
shown in Table 4.1. As can be seen in Fig. 4.5 and 4.10, for pressure produced voltage
the best type of piezo is the NKN piezo, which has a maximum produced AC voltage of
around 2.3 V. To obtain 2.7 V produced voltage, the NKN might have a higher
performance and better results than the other type. In terms of reaching the requirement
voltage generation to BLE beacon, NKN and BCTZ type piezo are the leaders, both of
them having voltage generation beyond a 1.6 V voltage. It is clear that up to a 2.7 V
voltage, the NKN will have the best performance, while above a 2.3 V output voltage.
Since there is a significant difference in terms of voltage generation between NKN and
BCTZ piezo samples, we decided to use the NKN piezo to operate the BLE beacon with
the harvester. Even though a one NKN piezo has higher performance results than two

BCTZ sheets based on the experimental measurement obtained results.
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Therefore, BCTZ sample is not preferred, because it needs more sheets to meet our

desired operation.

Table 4.1. Summary of the experimental results for energy harvesting

Piezo Name Maximum output voltage
NKN 2.3V
BCTZ 16V

BCTZ means having extra piezo components, greater complexity, and larger device size,
which is very concerned in wearable systems. Considering the performance results NKN

seems the best option to achieve highly efficient operation in harvesters

4.3 Rectifier Circuit for AC-DC conversion

Rectification is a process used to convert alternating current (AC), which periodically
reverses direction, to direct current (DC), which flows in only one direction. The reason
we need rectification in BLE beacon is that most low-power electronic devices use only
a low DC voltage to operate. Therefore, the AC voltage obtained from harvesters needs
to be rectified, converted into a usable DC voltage. Rectifier circuits are the most common

diode applications in getting DC power supplies from AC power generators.

4.3.1 Si Diode based rectifier

As mentioned before an EH-system with piezoelectric elements as a transducer needs a
rectifier to generate a DC power output. For this demand, we used freeware package
LTspice, which implements a SPICE simulator of electronic circuits. LTspice provided
both a schematic capture and waveform for each circuit. Circuit simulations based on the
experimental measurement results, have been realized and plotted. The output DC voltage
and efficiency calculation reports, have been obtained from the simulation software,
which is produced by semiconductor manufacturer Linear Technology (LTC). During all
simulation tests, the input signal amplitude values were used as measurement data values
from piezoelectric material.

The diode bridge rectifier has been the most-used type for many years, and is well-

known. It consists of four silicon diodes in a bridge configuration. A 100uF capacitor is
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connected in parallel to further smoothing the voltage ripple. The circuit schematic is
shown in Fig.4.13. For measurement data values as input amplitude, the Vin and Vout
waveforms are shown in Fig.4.14, with the forward voltage drop. After that, voltage
efficiency is calculated by as follows
N = @ * 1009

Vin (4.1)
where Vout is the amplitude of the DC output signal and Vin is the amplitude of the AC
input signal. At the maximum applied input amplitude of Vin=2.3 V, the output voltage
amplitude is found to be as 595 mV, voltage efficiency is 41.74%.
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Fig. 4.13. Full-wave Si diode based rectifier
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Fig. 4.14. Vin and Vout signals of full-wave diode bridge rectifier
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4.3.2 Schottky Diode based rectifier

The full-wave Schottky diode bridge rectifier is another type, which uses Schottky
diodes, which have a lower forward voltage drop compared to silicon diodes. The circuit
schematic is shown in Fig.4.15. For each cycle, only two diodes conduct the current;
during the positive half cycle of the AC input, D2 and D4 are forward biased and conduct
the current, while D1 and D3 are reverse biased and not conducting. However, during the
negative half-cycle of the AC supply voltage, D1 and D3 are forward-biased and conduct
the current, while D2 and D4 are reverse-biased and not conducting. For each case the
direction of the current is the same, so we have unidirectional current flow, which is DC
voltage. For measurement data values as input amplitude, the Vin and Vout waveforms
are shown in Fig.4.16, with the forward voltage drop. At the maximum applied input
amplitude of Vin=2.3 V, the output voltage amplitude is found to be as 1.4 V, voltage
efficiency is 60.89%.
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Fig. 4.15. Full-wave Schottky diode based rectifier
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Fig. 4.16. Vin and Vout signals of full wave Schottky diode-based bridge rectifier

4.3.3 Full wave passive MOSFET

Junction-based diodes are not the best choice for energy harvesters, which have low-
voltage output, because of their forward voltage drop. To eliminate forward voltage, drop,
many different circuit topologies have been studied [86], [87]. Recently, integrated
circuits fabricated with CMOS technology have been used to minimize voltage drop as
much as possible [87], [88]. Diodes are usually replaced with MOSFETs fabricated with
CMOS technology in a diode-tied configuration. Although Schottky diodes have a lower
forward voltage drop, they have more ripples, and higher reverse leakage current when
they are reverse biased. In addition to having high reverse leakage current, their
fabrication costs are also high, as they are not compatible with CMOS technology [88].
The new type of full-wave rectifier which uses four MOSFETs in a bridge configuration
[87]; two P-type and two N-type MOSFETs. MOSFETs act as a switch with a small on-
resistance when they are fully turned on. To turn the MOSFETs on, there is a threshold
voltage that which must be applied to the gate of the MOSFET, which determines the
minimum voltage requirement to start operation of a MOSFET. In practice, a capacitor is
used in the circuit to act as a filter to reduce ripple voltage. To make sure the DC output

terminals of the rectifier so that the polarities match, I connected the 100uF and 500uF

(-80-)



capacitor properly across the output terminal to check the influence of smoothness or

filter the ripple present in the rectified DC. The circuit schematics are shown at 100uF

and 500uF in Fig. 4.17 and Fig.4.19 respectively.

Fig. 4.17. Full-wave passive MOSFET bridge rectifier, C=100uF
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Fig. 4.18. Vin and Vout signals of full-wave passive MOSFET bridge rectifier,

C=100pF
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- Measured AC voltage from piezo- -

Fig. 4.19. Full-wave passive MOSFET bridge rectifier, C=500uF
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Fig. 4.20. Vin and Vout signals of full-wave passive MOSFET bridge rectifier,
C=500pF
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For measurement data values as input amplitude, the Vin and Vout waveforms at 100uF
and 500uF are shown in Fig.4.18 and Fig.4.20 respectively, with the minimum forward
voltage drop. It is observed than a smoother DC voltage can be attained with the S00uF
capacitor filter between 500uF capacitor and 100uF capacitor filter. At the maximum
applied input amplitude of Vin=2.3 V, the output voltage amplitude is found to be as 1.5V,
voltage efficiency is 65.22%.

4.3.4 Performance comparison of different circuits

We have simulated our different types of full-wave bridge rectifier under the same
conditions and observed the output voltages for rectification. Table 4.2 summarizes the
performances of different rectifiers. Even though a full-wave rectifier offers a higher
power efficiency, smaller output ripples, and greater breakdown voltage compared to half-
wave rectifiers, their most serious drawback in the case of micro-power generators is a
significant forward voltage drop when the device is conducting in the forward direction,
and leakage current when the diode is reverse biased. In particular, the forward voltage
drops results in undesirable voltage and power losses and reduces the total system
efficiency. As can be seen in the evaluated results for voltage efficiency the best type of
rectifier is the passive MOSFET full-wave bridge rectifier, which has a maximum voltage
efficiency of around 65.22%.

Table 4.2. Comparison of voltage efficiency for different rectifiers

Rectifier Voltage efficiency
Si diode 41.74%
Schottky diode 60.89%
MOSFET 65.22%
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4.4 Conclusion and Discussion

We presented the fundamentals of energy harvesting. The two NKN and BCTZ of piezo
material for powering shoe-mounted sensor were also discussed in this chapter. Power
conditioning in vibration-based energy harvesters was introduced, and the pressure
produced voltage measurement by shoe-mounted foot was discussed. For making
independent monitoring system, the energy harvesting phenomena has been analyzed for
powering a shoe-mounted sensor using the piezo material with a real human foot pressure.
The results for voltage generation have been obtained. When the NKN sheet is used, the
maximum output AC voltage is found to be 2.3 V. When the BCTZ sheet is used, the
maximum output AC voltage is found to be 1.6 V. The NKN and BCTZ have revealed that
the BCTZ material dominate energy harvesting in this research. Based on the concepts of
AC-DC conversion, different types of rectifiers were reviewed, alongside studying their
rectified signal calculations, voltage efficiency have been analyzed. The Full-wave passive
MOSFET bridge rectifier shows the better performance of 66% efficiency. Assuming that
the communication distance between the BLE beacon and a smart phone user is 20 m, the
coverage width of the main beam is 5.6 m, which is equivalent to the normal road width,
so that the BLE signal can be effectively received by the smart phone user coming from the
opposite side. In view of this point, a BLE beacon can send a signal for notifying the
location, and therefore 1.6 V to 2.7 VV DC output voltage to maintain the required power
supply for identifying the position of elderly wanderers.

In future, At the shoe we may also combine mechanical harvesting and solar harvesting
where piezo elements can act as photovoltaic. It might be multimodal, combining
mechanical and solar harvesting, which can make harvesting more reliable as energy source
for self-powering BLE beacon for wanderer location identification. In addition, a smart

jacket could also be another future idea for the remedy of the dementia affected people.
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Chapter 5

Summary

As the aging society problem draws great attention, the sensing technology and monitoring
scheme of bio potential signals has advanced tremendously over the years. The bio potential
signals include electromyogram (EMG), electrocardiogram (ECG), electroencephalogram
(EEG), electrooculogram (EOG) and many others. They are widely employed in medical
and healthcare applications. For example, the body area network (BAN) with wearable
sensing technologies can collect these signals as vital data for health-state monitoring,
which is considered as an emerging solution to soaring healthcare costs and shortages of
medical resources. The potential of bio signals is still to be exploited when sensing
technologies advance further. In addition to medical treatment and healthcare, they could
also be considered as an irreplaceable interface between human body and devices. In this
study, a core idea runs through all our works: On body to In-body technology, On-body to
OFF-body technology to prevent the vulnerabilities of aged people or patient and
combination of energy harvesting technique to operate this technology independently.
Contents of the thesis is as follows.

In Chapter 1, we introduced about issues for the elderly, On-body to In-body transmission,
On-body to Off-body transmission and contents of the thesis.

In Chapter 2, we discussed the necessity of channel modeling as a vital step in designing
transceivers for wireless implant communication systems due to the extremely challenging
environment of the human body. The in-to-on body path loss and group delay were first
analyzed using an electric dipole and a current loop in the 10-60 MHz human body
communication band. A path loss model was derived using finite difference time domain
(FDTD) simulation and an anatomical human body model. As a result, it was found that
the path loss increases with distance in an exponent of 5.6 for dipole and 3.9 for loop, and
the group delay variation is within 1 ns for both dipole and loop which suggests a flat phase
response. Moreover, the electric and magnetic field distributions revealed that the magnetic

field components dominate in-body signal transmission in this frequency band. Based on
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the analysis results of the implant channel, the link budget was analyzed. An experiment on
a prototype transceiver was also performed to validate the path loss model and bit error rate
(BER) performance. The experimentally derived path loss exponent was between the
electric dipole path loss exponent and the current loop path loss exponent, and the BER
measurement showed the feasibility of 20 Mbps implant communication up to a body depth
of at least 15 cm.

In Chapter 3, a novel monitoring system was discussed using BLE beacon to
detect wanderer location identification. The monitoring system with Bluetooth low energy
(BLE) beacons is promising for position identification of elderly wanderers. BLE beacons
can be mounted in shoes for convenience, and a shoe-mounted directional antenna is
expected to efficiently radiate the beacon signals to the data server of the monitoring system.
In this paper, a directional array antenna with planar or curved structure was designed on
the shoe surface for this purpose. The antenna was designed to sweep diagonally upward
from 10° to 50°, and the simulated and measured S11 performances revealed reasonable
agreement. The antenna was assumed to be used in an urban environment, and a directional
patch array antenna with dielectric lens was also designed to receive beacon signals by
mounting it on utility poles. According to a feasibility experiment result of elderly wanderer
position identification, the designed directional antenna can provide an almost 100%
position identification rate if a wanderer is within 20 m from a smart phone user.

In Chapter 4, we proposed the aspects of piezoelectric materials as energy harvester
system for powering our designed shoe-mounted sensor. We provided a state-of-the-art of
pressure produced voltage about energy harvesting system, which use NKN and BCTZ
piezo materials to explain the mechanism for wearables. Implementation of our approach
was conducted by placing the piezo materials of shoe sole. Experiments are performed to
verify its effectiveness. The maximum produced AC voltage from one piezo sheet was
found to be around 2.3 V as shown in time domain waveform. Furthermore, we highlighted
the advantages of using a full-wave passive rectifier over the conventional full-wave bridge
rectifier for AC-DC conversion. Together with multiple piezo sheets and, using passive
rectifier, a desirable output power can be accomplished to operate BLE mounted sensor.
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Final conclusion is that this thesis book considers wireless transmission from In-body to
On-body and On-body to Off-body for healthcare purpose in an aging society. The
mechanism of wireless transmission is explained, in particular from the standpoint of
healthcare data collection and localization by considering elderly issues. Communicational
requirements for the key scenarios of the healthcare are introduced and discussed. Both
IB20B and OB20B wireless networks are considered. Both network approaches have
unique advantages, but no single network is best suitable for all the scenarios of the human
body communication. Therefore, we characterized of 10-60 MHz band On-body to In-body
transmission as the key backbone network of healthcare issues for the wireless body area
network. Such network is discussed and its suitability to relevant scenarios is discussed.
Moreover, we have developed a monitoring system with Bluetooth low energy (BLE)
beacons position identification of elderly wanderers at 2.4 GHz band On-body to In-body
transmission as the another key pillar network of healthcare issues for the wireless body
area network. Using the developed system, we have succeeded for the first time over the
world in estimating an almost 100% position identification rate if a wanderer is within 20
m from a smart phone user. It might be promising for position identification of elderly
wanderers. But depending on the location of the user or the placement of the battery,
recharging or exchanging can be difficult. To operate independently, the vital device of this
system, we conducted experimental measurement to develop an energy harvesting by piezo
from human motion as a great alternative that no one in the world has achieved. The
solution exploits the advantages of both network approaches and is a future-proof solution
for advanced healthcare in the years to come. Future work include more precise
characterization of the requirements of the environments, as well as implementing and
evaluating the performance of a reconfigurable hybrid network particularly suitable for
healthcare scenario.
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