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Abstract

This thesis reports on a research project that aims to develop a high efficient and long
distance wireless power transmission system using sheet-like medium. A moving object
having a receiver can be charged just by passing over the sheet-like medium. The sheet-
like medium is sufficiently longer than the target object such as an electric vehicle, an
autonomous mobile robot, and a personal mobility. If all the routes of the moving object
are covered with the sheet-like medium, the moving object can be charged anywhere. It
is not necessary to go to the charging spot and it can keep moving for a long time.

Sheet-like medium guides electromagnetic waves and generates evanescent (non-
radiative) field above its surface. And the receiver coupler loaded on the moving object
can extract the electromagnetic waves through the sheet surface. This scheme was first
proposed by Yamahira et al. 2006.

In this work, we point out the trade-off relationship between the transmission distance
and efficiency when the coupler extracts power. And a sheet-like medium is designed
to achieve high efficiency and the long transmission distance between the power source
and coupler. The most important contribution of this work is to extend the transmission
distance by developing a high-inductive surface sheet. Sufficient coupling strength between
the sheet and the coupler can be achieved even if an operating frequency is 13.56 MHz
industrial, scientific and medical (ISM) band. As a simulated result, 84 % theoretical limit
of the power transmission efficiency is achieved with a transmission distance of 100-m.

This thesis also presents a following two research project based on the two-dimensional
transmission line technology. The first one is a low power and high speed data trans-
mission system in a room-scale two-dimensional communication (2DC) environment. The
second one is a battery-less body sensor networks (BSN) based on a conductive thread
embroidered fabric (CTEF) technology.





iii

Contents

Part I Wireless Power Transmission Using Sheet-like Waveguide 1

Chapter 1 Introduction 2
1.1 Wireless Power Transmission . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Motivation and Related Works . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Contributions and Outline . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Chapter 2 Sheet Parameter 8
2.1 Waveguide Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 EM Field Inside and Outside the Sheet . . . . . . . . . . . . . . . . . 8
2.3 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Sheet Parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Chapter 3 Transmission Distance 12
3.1 Power Transmission Efficiency . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Equivalent Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Trade-off Relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 Verification of the Accuracy . . . . . . . . . . . . . . . . . . . . . . . 18
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

Chapter 4 High-Inductive Surface Sheet 20
4.1 High-Inductive Surface Conductor Pattern . . . . . . . . . . . . . . . 20
4.2 Full-Wave Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Part II Energy-Efficient Wireless Communication and Battery-Less
Body Sensor Network Using Sheet-like Medium 27

Chapter 5 Low Power and High Speed Data Transmission System 28



iv Contents

5.1 Indoor Wireless Sensor Networks . . . . . . . . . . . . . . . . . . . . 28
5.2 Preliminary Experiment of Energy Efficient Signal Transmission . . . 31
5.3 PHY Layer Design for Energy-Efficient Data Transmission . . . . . . 34
5.4 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Chapter 6 Battery-Less Body Sensor Networks 43
6.1 Body Sensor Networks . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.2 Power Aggregation from Multiple Energy Harvesting Device . . . . . 46
6.3 Body Sensor Networks Powered by an NFC-Coupled Smartphone in

the Pocket . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Chapter 7 Conclusion 64

Acknowlegdgement 66

Bibliography 68

発表文献 72

受賞等 74



Part I

Wireless Power Transmission Using
Sheet-like Waveguide
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Chapter 1

Introduction

1.1 Wireless Power Transmission
Wireless Power Transmission (WPT) technology is desired for a moving object such as
an electric vehicle, an autonomous mobile robot, and a personal mobility. Those moving
objects require a large battery capacity and a long charging time, and it is a significant
problem[1, 2]. WPT can reduce the cost of charging and reduce battery capacity. The
operating time of moving objects will increase and the cost and weight will decrease.

The WPT to the moving object is classified into two types: WPT to an object in stopped
and WPT to an object in moving. The former is effective for applications where the object
periodically stops. For example, in the WPT to buses, charging while parking at each
bus stop is effective for saving charging time and the battery capacity [3, 4, 5]. The latter
is effective for applications that need to keep moving constantly. Ideally, sufficient power
supply to the object in moving can eliminate the battery and it extends the operating
time infinitely.

In WPT system design for the object in moving, the following factor should be consid-
ered:

• Long-distance：The cost of the WPT system decreases as the distance between a
power source and a target device increases.

• Selectivity：The damage to the health of human and the interference to electronic
devices have to be prevented. 　

• Efficiency：High-efficient WPT reduces the heating of equipment and realizes a
greener system

Long-distance can reduce the cost of the WPT system for the following two reasons.
One is that the power sources can be sparsely placed as the distance between the power
source and the target device increase. The other one is that a sheet-like transmission
medium shown in Fig.1.1 is low cost because it can be made of a metal thin film and an
inexpensive dielectric material.

Actually, the methods for realizing long-distance and high-selectivity are the same.
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Figure1.1: An image of the WPT system using sheet-like medium．Each device can extract
the power from the sheet-like medium by using receive coupler.

To realizes long-distance and high-selectivity, suppression of leakage EM field from the
transmission medium is required. The propagation loss increases as the leakage EM field
from the sheet-like transmission medium increase.

The selectivity can be increased by the following two factors: one is the suppression of
EM field generated around transmitter, receiver and power transmission medium. Most of
the EM field has to be trapped within these. The other one is the prevention of absorption
of EM energy to objects other than target devices.

EM field with a frequency of 10 MHz or higher raises body temperature [6]. In this
frequency range, exposure assessment is performed by using specific absorption rate (SAR)
which is defined as the rate at which energy is absorbed per unit mass of body tissue.
The reference value at each frequency is specified in ICNIRP (International Commission
on Non-Ionizing Radiation Protection) Guideline 2010 and the WPT system have to keep
this standard [6].

1.2 Motivation and Related Works
In this work, the feasibility of a WPT system that supplies power to a target object placed
at 100-m away from the power source is verified. An image of the system is illustrated in
Fig. 1.1. A linear sheet-like transmission medium is laid on the roadway and sidewalk.
Because this medium is sufficiently longer than the electric vehicle or the electric kick
scooter in the direction of travel, those object in moving can extract power from the
medium anywhere on the route. And the sheet-like medium has a width enough to absorb
lateral drift.

In this work, a WPT system which uses a sheet-like medium having inductive surface is
exploited[7]. This system is different from conventional inductive/capacitive coupling in
principle. The sheet-like medium guides electromagnetic waves and generates evanescent
(non-radiative) field above its surface. The basic guided mode in the sheet is similar
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Figure1.2: Waveguide mode of the parallel plate (left side) and the sheet-like medium
(right side). In the sheet-like medium, the conductor surface has a pattern structure. A
current flow on the front side of the surface conductor. And it generates the evanescent
field above on surface.

to that of the parallel plate shown on the left side of Fig. 1.2. The dielectric layer
is sandwiched in the conductor layer. The surface conductor has a pattern structure.
Therefore, a current also flows on the front side of the surface conductor and it generates
the evanescent field. In this respect, it is different from a parallel plate. Special couplers
on the sheet can extract microwave power from the sheet-like medium across the surface
conductor.

The WPT is classified by the distance between the transmitter/transmission medium
and the receiver. The microwave beam system can achieve the long-distance WPT [8, 9].
This system is suitable for applications where a line of sight between transmitter and
receiver can be secured. For example, a drone in flight is an effective device as a power
transmitter [10]. On the other hands, it is unsuitable in environments where transmission
paths are frequently interrupted.

In the magnetic resonance coupling method, sufficient power can be transmitted with a
distance larger than the coil diameter[11, 12, 13]. This method is suitable for applications
where the moving object can be stopped on the coil embedded in the ground. Sufficient
power can be transmitted from the coil embedded in the ground to the coil loaded on
the bottom of the moving object. A kW class WPT with over 90% efficiency is reported
in[3, 4, 5]. On the other hand, suppressing the EM field generated around the coil is a
technical problem [4]. An electromotive force is generated when a strong magnetic field
is applied to a loop conductor such as a necklace.

Close-range proximity WPT can reduce such a risk. The WPT using the sheet-like
transmission medium corresponds to this. The strong EM field is generated into the close
proximity space between the sheet-like medium and the coupler [7, 14, 15]. In other space
where objects other than the power supply target (e.g. human, other electrical devices,
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Figure1.3: Capacitive coupling system proposed in [19]. Most EM fields are trapped in
tire rubber.

etc.) exist, sufficient weak EM fields are generated compared to the space between the
sheet-like medium and the coupler.

The basic concept of a WPT system using inductive-surface sheet was originally pub-
lished by Yamahira et al., in 2006 [16]. And the trade-off relationship between selectivity
and efficiency is verified by Noda in 2012 [15]. And a prototype WPT system that has high
selectivity and efficiency is proposed in the same thesis. In the previous works, the target
devices are electronic devices placed on the desk, such as laptops and mobile phones. The
2.4 to 2.5-GHz industrial, scientific and medical (ISM) band is used.

Although the WPT system proposed in this work is based on the same technology, the
operating frequency and the target device are different. The 13.56-MHz ISM band can be
used. The structure of the sheet-like medium is simple and its manufacture cost is low.
The thinness of the sheet-like medium is about 1-cm. Thus, it can be installed only by
spreading a thin sheet-like medium on the ground. Simple work which is equivalent to
carpet laying work can be expected.

Capacitive coupling between the electrode plate embedded in the road and the steel
belt in the tire is another practical solution (Fig. 1.3) [17, 18, 19]. EM field leakage
to the outside can be suppressed by confining the EM field in the tire rubber and road
surface sandwiched between the electrodes. The EM field generated around the power
transmission line, which is two conductor plates arranged in parallel, is different from
that of the sheet-like medium. In the sheet-like medium, most of all the EM energy is
confined in a dielectric sandwiched on the conductor plate.

In the previous works on the WPT using sheet-like medium, there was no discussion
on the trade-off between transmission distance and efficiency when the coupler extract
the power from the sheet-like medium. This thesis clarifies the relationship between
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Figure1.4: Overview of WPT system．

transmission distance and efficiency, and presents the feasibility of long-distance and high-
efficient WPT system.

1.3 Contributions and Outline
An overview of general WPT system is shown in Fig. 1.4. In this paper, the theoretical
limit of the power transmission efficiency in RF-to-RF stage is estimated from the theo-
retical equation and the simulation result. The theoretical limit of the power transmission
efficiency is defined as the efficiency when a coupler without a loss (e.g. conductor loss,
radiation loss, etc.) is used. The design steps of the RF-to-RF stage are as follows:

1. Set numerical targets for transmission distance and power transmission efficiency.
2. Design the sheet-like medium and estimate the theoretical limit of the power trans-

mission efficiency. 　
3. Design a coupler aiming at achieving the theoretical limit.

We set that the target value of the transmission distance is 100-m and the target
value of the power transmission efficiency is 80% or more. The sheet-like medium and
coupler are the most important factors in determining efficiency, transmission distance,
and selectivity. One of the major contributions is to propose a new surface pattern of
the sheet-like medium that has higher inductivity than the mesh structure which is used
in previous works [7, 14]. And the design parameters of the sheet medium were set to
optimum values. The target value can be achieved by using the new surface pattern. The
operating frequency can be lowered to around 10 MHz.

Apart from the WPT system, we also propose an application using a sheet-like medium
with a two-dimensional spread.
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1.4 Organization
The organization of the thesis is following. Works on the WPT system are presented in
Part 1, from Chapter 2 to Chapter 4. An application using a sheet-like medium with two-
dimensional spread are presented in Part 2, from Chapter 5 to Chapter 6. The contents
of part 2 are different from WPT.

In Chapter 2, each parameter of the sheet-like medium is formulated by EM field analysis
of the sheet-like medium. Chapter 3 presents an equivalent circuit model that represents
the relationship between the sheet-like medium and the receiving coupler. The power
transmission efficiency is obtained from the circuit parameters, and the trade-off rela-
tionship between transmission distance and efficiency is explained. In Chapter 4, a high
inductive surface pattern of the sheet-like medium is presented. In Part 2, high speed and
low power consumption wireless data transmission is presented in Chapter 5. Chapter 6
shows the application of the energy harvesting and a battery-less body sensor networks
by using a conductive thread embroidered fabric (CTEF) technology. Finally, we will
conclude the thesis in Chapter 7.
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Chapter 2

Sheet Parameter

In this chapter, sheet parameters, which is necessary for the discussion in Chapter 3 and
later, are formulated. The sheet parameters are as follows: an attenuation constant in
the direction along the sheet-like medium α, a surface impedance Z0 and an inherent
characteristic impedance Rsx.

The above parameters are obtained based on the EM field analysis of the waveguide
mode of the sheet-like medium. Actually, the waveguide mode of the sheet-like medium
was formulated in [15]. The process of those formulations is omitted as much as possible
in order to focus on deriving sheet parameters.

2.1 Waveguide Mode
This section deals with EM field analysis of plane waves in order to understand the
waveguide mode from the power source to the receiver. A cross-sectional model of the
sheet-like medium is shown in Fig. 2.1. A dielectric layer is sandwiched between a ground
conductor plane and a surface conductor layer. A Cartesian coordinate system is used, the
x-axis is parallel to the direction of plane wave propagation, and the z-axis is perpendicular
to the sheet plane.

2.2 EM Field Inside and Outside the Sheet
The two-dimensional distribution of the charge density ρ existing in the surface conductor
and the current density i flowing in the surface conductor can be described as follows:

Figure2.1: Cross section model of the waveguide sheet．
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i(x, y) =
(

I0
0

 
)
 exp ( jkx). (2.1)

ρ(x, y) = ρ0 exp ( jkx). (2.2)

Note that exp ( jωt), which represents time-varying of EM field, is omitted.
The EM field is assumed that it is homogeneous with respect to the y-axis. And the

current only flows with respect to the x-axis. k denotes the x-axis wavenumber. The
waveguide mode is a transverse magnetic (TM) mode and is expressed as follows:
・ inside sheet Ex

Ey

Ez

 =
 a
0
b

 exp (−k1z) exp ( jkx),

 Bx

By

Bz

 =
 0

c
0

 exp (−k1z) exp ( jkx), (2.3)

・ outside sheet Ex

Ey

Ez

 =
 d sin (k2z)

0
e cos (k2z)

 exp ( jkx),

 Bx

By

Bz

 =
 0

f
0

 cos (k2z) exp ( jkx), (2.4)

where k1 and , k2 denotes z-axis propagation constants of inside and outside sheet,
respectively.

2.3 Boundary Conditions
I0, a, b, c, d, e, f are formulated as a function of ρ0 by using Maxwell’s equation.

According to the charge conservation law (−∂ρ/∂t = divi), I0 and ρ0 satisfy the following
equation.

− jωρ0 = jkI0. (2.5)

According to the Gauss’s law (ρ =divD, where D ≡ ϵE), we obtain

bϵ0 exp (−k1h) − eϵS cos (k2h) = ρ0. (2.6)

According to the Ampere’s law (rotH = ∂D/∂t + i, where H ≡ (1/µ)B), in each area
of the inside, outside, and their boundary, the following equation is obtained.

(Boundary) c
exp (−k1h)

µ0
− f

cos (k2h)
µS

= −I0, (2.7)

(Outside) jωϵ0a =
k1
µ0

c, jωϵ0b = j
k
µ0

c, (2.8)

(Inside) jωϵS d =
k2
µS

f , jωϵS e = j
k
µS

f . (2.9)
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According to the Faraday’s law (rotE = −∂B/∂t),

a exp (−k1h) = d sin (k2h). (2.10)

The surface impedance is obtained by using Ohm’s law.

Z0 ≡ R0 + jX0 ≡
Ex
0

Ix
0

. (2.11)

Finally, from the wave equation, the EM wave propagating in the sheet-like medium
satisfies the following Helmholtz equation:

k2 − k21 = µ0ϵ0ω
2, k2 + k22 = µS ϵSω

2. (2.12)

The equations from (2.5) to (2.12) are all of the constraint condition.
Substituting (2.5), (2.6) and (2.8) into (2.11), we obtain

k2 sin (ksh)
1

cos (k2h) −
ϵ0k2
ϵS k1

sin (k2h)

= jZ0ϵSω. (2.13)

Assuming k2h << 1 and | ϵ0k2
ϵS k1

sin (k2h)| << 1 and approximating the (2.13), we obtain

k22 =
jZ0ϵω

h
. (2.14)

And substituting (2.14) into (2.12), we obtain

k21 = (µS ϵS − µ0ϵ0)ω2 − jZ0ϵω

h
, k2 = µS ϵSω

2 − jZ0ϵω

h
. (2.15)

The sheet parameters are obtained by using the above equations.

2.4 Sheet Parameter
2.4.1 Attenuation constant

The complex permittivity is defined as ϵS = Re[ϵS ] - Im[ϵS ] = ϵS r - jϵS i. And the dielectric
loss tangent is defined as tan δ = ϵS i/ϵS i. By using the complex permittivity and the
dielectric loss tangent, wavenumber k is expressed as

k =
2π

λS

√
1 − j tan δ − j

Z0

µS ϵS rω
≈ 2π

λS
− j

(
π

λS
tan δ+

√
ϵS rµS Z0

2µS h

)
, (2.16)
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where λS is the wavelength of the plane wave in the sheet.
Since the imaginary term of the wavenumber k is the attenuation constant α, we obtain

α =
π

λS
tan δ+ R0

2h
√
µS /ϵS r

. (2.17)

2.4.2 Surface impedance

The sheet surface resistance is expressed as

R0 =
ρS

dS
, (2.18)

where ρS and dS represent the electrical resistivity and the skin depth, respectively.
The skin depth is defined as dS =

√
2ρS /ωµ0.

Assuming R0 << X0, and substituting Z0 ≈ jX0 and k = 2π/λS into (2.15), the sheet
surface reactance is expressed as

X0 =
(2π/λS )

2 − ω2µS ϵS

ωϵS /h
. (2.19)

2.4.3 Inherent characteristic impedance

Assuming that the EM field in the sheet is uniform, the inherent characteristic impedance
is expressed as

Rsx =
hEz

Hy
= hµS

e
f
= h

k
ωϵS

(2.20)

=

√
ωµS h + X0

ωϵS /h
. (2.21)

2.5 Conclusion
In this chapter we obtain the attenuation constant in the direction along the sheet-like
medium α, a surface impedance Z0 and an inherent characteristic impedance Rsx from the
EM field analysis. EM field analysis shows that the sheet surface impedance Z0, which
varies with sheet surface conductor pattern, determine the guided mode.
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Chapter 3

Transmission Distance

In this chapter, the sheet-like medium and the receiving coupler are represented by an
equivalent circuit. The relationship between the power transmission efficiency and each
circuit parameter is clarified. A trade-off relationship between the propagation loss and
the efficiency when the coupler extracts power from the sheet will be described.

3.1 Power Transmission Efficiency
Fig. 3.1 shows a cross-sectional view of the sheet-like medium and the receiving coupler.

The power transmission efficiency is defined as

η =
Pout

Psup
. (3.1)

Let dcp be the distance from the power source to the edge of the coupler, Pin is expressed
as

Pin = Psup exp (−2αdcp), (3.2)

where the attenuation constant α is formulated in (2.17).

Figure3.1: Cross section model of the sheet-like medium and the receiving coupler．Psup

denotes the power supplied in the sheet. Pin and Ppas denotes the power flowing inside
the sheet at the edge of the coupler on -x side and +x side, respectively. Pcp denotes the
power extracted to the coupler. Pout denotes the power supplied to the load.
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we define the efficiency when the coupler extracts power from the sheet as ηcp. And it
is expressed by the following equation.

ηcp =
Pout

Pin
. (3.3)

Substituting (3.6) and (3.3) into (3.1), we obtain

η = ηcp exp (−2αdcp). (3.4)

ηcp and exp (−2αdcp) are in a trade-off relationship. ηcp will be formulated by using
the sheet parameters obtained in Chapter 2. After this, we will discuss this trade-off
relationship.

3.2 Equivalent Circuit
In this Section, an equivalent circuit that replace Fig. 3.1 will be proposed.

The advantage of representing Fig. 3.1 in the equivalent circuit is shown below.

• The trade-off relationship can be expressed easily.
• The power transmission efficiency of the entire WPT system including the

impedance matching circuit, the impedance of the source and load can be
discussed.

• The discussion is simpler than the EM field analysis.

In the section 3.2.1, (3.4) will be represented by the following three key parameters.
One is the Q value of the sheet surface, the other is the coupling strength between the
sheet and the coupler, and finally the attenuation constant in the sheet.

The Q value determines how much heat loss of surface conductor occurs when the
coupler extracts EM power. The coupling strength determines how much the coupler can
extract the EM power flowing in the sheet. The attenuation constant determines how
much propagation loss occurs from the power source to the coupler. Those three key
parameters can express the trade-off relationship between ηcp and exp (−2αdcp).

Fig. 3.2 shows that the equivalent circuit representing a region other than the coupler
in Fig. 3.1. The voltage source and source impedance installed at the edge of the coupler
on -x side equivalently replaces the Pin shown in Fig. 3.1.

Supposing that the source voltage in Fig. 3.2 is vin and the current flowing through the
power source impedance Zs is iin, Pin is expressed as follows.

Pin =
1

2
Re [vini∗in] , (3.5)
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Figure3.2: Equivalent circuit representing a region other than the coupler

Figure3.3: Equivalent circuit including receiving coupler.

note that: ∗ represents a complex conjugate.
And Ppas is expressed as follows.

Ppas =
1

2
Re

[
vpasi∗pas

]
, (3.6)

where vpas and ipas denotes the voltage applied to both ends of Rsx and the current
flowing through Rsx respectively. Rsx denotes the impedance that equivalently represents
the +x side from the edge of the coupler on +x side.

The receiving coupler is represented by an equivalent circuit as shown in Fig. 3.3.
As a coupling method of the sheet and the coupler, a magnetic/electric field coupling

method or a method using both of them can be considered. In this work, we will assume an
electric field coupling method. The coil loaded in the coupler cancels the reactance between
the coupler electrode and the surface conductor. Thus, this coil means an impedance
matching circuit.

Assuming that Lcoil always satisfies the following equation, Fig. 3.3 is simplified to Fig.
3.4.
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Figure3.4: Equivalent circuit in the case where impedance matching is achieved.

Figure3.5: Circuit rewritten in Fig. 3.4 as a 2-port circuit.

ωLcoil =
1

2ωCcp
(3.7)

ω denotes the angular frequency of the electromagnetic wave propagating in the sheet.
Assuming that the Q value of the coil is Qcp, Rcp shown in Fig. 3.4 is expressed by the

following equation.

Rcp =
ωLcoil

Qcp
=

1

2ωCcpQcp
(3.8)

Rcp represents the loss of the impedance matching circuit.

3.2.1 Power transmission efficiency

Fig. 3.5 shows a two-port circuit from a power source to a load. In [20], a method for
calculating maximum power transmission efficiency in a two-port circuit has been pro-
posed. In this section, by using this method, we derive the maximum power transmission
efficiency with an optimum impedance of source and load.

In Fig. 3.5, ηcp which is defined in (3.3) is expressed as

ηcp = −
i2v∗2
i1v∗1

. (3.9)

v1, i1, v2, i2 and impedance matrix Z satisfy the following relationship.
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[
v1
v2

]
=

[
Z11 Z21

Z21 Z22

] [
i1
i2

]
(3.10)

Here, the impedance matrix Z is as follows.

[
Z11 Z21

Z21 Z22

]
=

[
R11 R21

R21 R22

]
+ j

[
X11 X21

X21 X22

]
(3.11)

=

[
R0Lcp + Rsx R0Lcp

R0Lcp R0Lcp + Rcp

]
+ j

[
X0 X0

X0 X0

]
(3.12)

ηcp is maximized when the impedance of the power source ZS and the load Zl satisfy
the following equation.

Z∗S = Zin =
v1
i1

= Z11 + Z21
i2
i1

(3.13)

= Z11 − Z12

Z2
21

Zl + Z22
, (3.14)

Z∗l = Zout =
v2
i2

= Z22 + Z21
i1
i2

(3.15)

= Z22 − Z12

Z2
21

Zs + Z11
, (3.16)

where Zin and Zout respectively denotes the impedance when viewing the right side from
the power supply and the impedance when looking at the left side from the load.

By solving simultaneous equations of (3.14) and (3.16), we obtain

[
ZS

Zl

]
=

[
RS

Rl

]
+ j

[
XS

Xl

]
(3.17)

=

[ √
D/(R0Lcp + Rcp)√
D/(R0Lcp + Rsx)

]
+ j

[
R0X0L2

cp/(R0Lcp + Rcp) − X0Lcp

R0X0L2
cp/(R0Lcp + Rsx) − X0Lcp

]
, (3.18)

where

D =
(
|R|+ R2

0L2
cp + X2

0L2
cp

)
|R| (3.19)

|R| = R0LcpRsx + R0LcpRcp + RsxRcp. (3.20)

v1, i1, v2, i2 can be obtained from Z, ZS and Zl. Substituting them into (3.9), we obtain
the following maximum efficiency.

ηcp = 1 +
2

R2
0L2

cp + X2
0L2

cp

{
|R| −

√
D
}

(3.21)
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3.3 Trade-off Relationship
In this section, (3.21) is simplified by using efficiency angle θ [20]. The trade-off relation-
ship between ηcp and the propagation loss is discussed.

The efficiency angle θ is defined by the following.

tan 2θ =

√
(R2

0 + X2
0)L

2
cp

√
|R|

≈
√

Q0ζ, (3.22)

where

Q0 ≡
X0

R0
, ζ ≡

X0Lcp

Rsx
. (3.23)

The loss of the impedance matching circuit does not contribute to the trade-off rela-
tionship. In order to simplify the expression, Rcp is assumed to be 0. And we also assume
R2
0 << X2

0 in (3.22).
In (3.23), Q0 denotes the Q value of the sheet surface and ζ denotes the coupling strength

between the sheet and the coupler. By using this efficiency angle θ, (3.4) is modified to
the following equation.

η = tan2 θ · exp (−2αdcp) (3.24)

As tan 2θ increases from 0 to infinity, tan2 θ increases from 0 to 1 accordingly. In order to
increase efficiency, the efficiency angle θ have to increase. Simultaneously, the attenuation
constant α have to decrease.

Developing a surface conductor pattern with high inductivity that can realize sufficient
X0 even at low frequencies is effective. At low frequencies, R0 decrease as the in-sheet
wavelength λS increase. Thus, it can decrease α while maintaining sufficient Q0 and ζ.

Next, the relationship between each parameter and efficiency will be discussed.
Surface Resistance R0: When the R0 decreases, Q0 increases and α decreases. Thus, η
increases. Using conductors with high conductivity is effective.
Surface Reactance X0: As the X0 increases, Q0 and α increases simultaneously. It means
that X0 can only be increased to the range that propagation loss is allowed.
Characteristic Impedance Rsx: Let the inductance of the sheet surface be L0, Rsx is cor-
rected to the following equation.

Rsx =

√
ωµS h + ωL0

ωϵS /h
=

√
µS h + L0

ϵS /h
(3.25)
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As the Rsx decreases, the ζ increases. Thus, ζ increase as the sheet becomes thin．On
the other hand, because alpha also increases, the sheet can only be thinned to the range
that the propagation loss is allowed. Similarly to the thickness, ζ and the propagation
loss have a trade-off relationship even in the dielectric constant.
Coupler Length Lcp: Increasing Lcp is effective if it is acceptable. This parameter does
not affect Q0 and α.

3.4 Verification of the Accuracy
This section shows that the accuracy of (3.24) is verified using the efficiency formulated
from EM field analysis as a comparison target. The efficiency formula, which is presented
in [15], is expressed as

ηEM = ϕ(rm) · ψ(rm), (3.26)
ϕ(rm) ≡ 1 − Q−10 (rm + rm−1), (3.27)
ψ(rm) ≡ 1 − exp (−ζrm). (3.28)

Considering the propagation loss, (3.26) is expressed as follows.

ηEM = ϕ(rm) · ψ(rm) · exp (−2αdcp). (3.29)

rm is the ratio of the magnetic field strength between inside and outside the sheet. The
efficiency which can not be exceeded in every rm is taken as the maximum efficiency and
it is shown in Fig. 3.6. Efficiency obtained from (3.24) is also plotted at the same graph.
(3.29) is the most exactly for calculating the maximum efficiency.

Note that the parameters used for the calculation are the same. The sheet parameters
shown in Table 4.1 and Table 4.2 in Chapter 3 are used.

In Fig. 3.6, an error of up to 10% has occurred. But the frequencies at which the
efficiency peaks are nearly the same. Thus, (3.24) can use for searching for optimum
sheet parameters.

3.5 Conclusion
In this chapter, the relationship between the sheet and the coupler was expressed by an
equivalent circuit, and the power supply efficiency was obtained. And we revealed the
trade-off relationship between the propagation loss and the efficiency when the coupler
extracts power flowing in the sheet. Finally, we verified the accuracy of the formula
obtained from the equivalent circuit.

The theoretical analysis revealed that developing a surface conductor pattern with high
inductivity that can realize sufficient X0 even at low frequencies is required.
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Figure3.6: Comparison of estimated efficiency.
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Chapter 4

High-Inductive Surface Sheet

As described in the previous chapter, lowering the operating frequency is effective for long
distance transmission. To realize that, a sheet surface pattern with high inductance is
required. In this chapter, we propose a sheet surface pattern that can realize sufficient
reactance at 13.56 MHz ISM band as the target frequency.

Next, based on the efficiency equation and the simulated result, the optimum sheet
parameter, which maximizes the efficiency, will be determined.

4.1 High-Inductive Surface Conductor Pattern
In the previous work of the WPT system using the sheet-like medium, a mesh pattern as
shown in Fig. 4.1 (a) has been used for the sheet surface pattern. As a matter of fact,
a sufficient reactance cannot be realized at 13.56 MHz for the mesh structure. To solve
this problem, we propose a high-inductive surface pattern as shown in Fig. 4.1 (b). By
using this structure, the efficiency calculated from (3.24) becomes over 80% where the
transmission distance is 100-m and the operating frequency is 13.56MHz.

4.1.1 Concept

In order to realize higher inductance than the mesh pattern, we propose a surface pattern
of a zigzag structure shown in Fig. 4.1(b). The current flowing through the surface
conductor and the magnetic field generated around the conductor are shown in Fig. 4.1(c)
(d).

In the case of the mesh pattern, the directions of the currents flowing through the
adjacent conductors are the same. The magnetic fields generated by them cancel out each
other. On the other hand, in the zigzag pattern, the magnetic fields strengthen because
the direction of the current is different. Thus, stronger inductivity than mesh sheet can
be realized.



4.1 High-Inductive Surface Conductor Pattern 21

Figure4.1: Surface conductor pattern and the magnetic field formed around the conduc-
tor. (a) mesh pattern, (b) ZigZag pattern, (c) the magnetic fields generated by adjacent
conductors cancel each other, (d) The magnetic fields generated by adjacent conductors
strengthen each other.

4.1.2 Design basis of sheet

The two design parameters in the zigzag sheet are the following: one is the width of
the zigzag pattern wzig, the other one is the sheet thickness h. The surface inductance
is determined by the ratio of wzig to pzig. However, if wzig is increased, the necessary
conductors per unit length in the x-direction are lengthened. Thus, surface resistance
increase. In the zigzag sheet, (2.18) is modified as

R0 ≈
wzig

pzig

ρS

dS
, (4.1)

In order to strengthen the magnetic field efficiently, a width of conductor line wline and
the spacing between conductors pline should be the same value. When pline is larger than
h and wline, the magnetic field does not strengthen in a sparse area as shown in Fig. 4.2
(b). When h is larger than wline, and pline, the magnetic field is concentrated above and
below the surface as shown in Fig. 4.2 (c). Interference to the guided mode in the sheet
decreases. Thus, h, wline and pline are set to the same value.
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Figure4.2: Magnetic field generated around the conductor. (a) When h, wline, and pline

have the same value, the magnetic field is most efficiently strengthened. (b) When pline is
larger than h and wline, the magnetic field does not strengthen in a sparse area. (c) When
h is larger than wline, and pline, the magnetic field is concentrated above and below the
surface.

4.2 Full-Wave Simulation
This section presents an evaluation of the power transmission efficiency by various param-
eters. The maximum achievable efficiency can be evaluated.

The simulation model is shown in Fig. 4.3. The wavelengths in the sheet are calcu-
lated thorough 3D full-wave simulation using CST Microwave Studio. The sheet surface
reactance is calculated by substituting the wavelength into (2.19).
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Figure4.3: Simulation model of zigzag pattern. The ±y boundary conditions are the
magnet wall. Various wzig and thickness are simulated to estimate the maximum efficiency.

Table4.1: Sheet Parameter

Symbol Value Unit Description
ϵS 2.0ϵ0 F/m Dielectric constant of dielectric in sheet
µS 1.0µ0 H/m Permeability of dielectric in sheet
ϵO 8.85×10−12 F/m Dielectric constant of air (outside space of sheet)
µO 1.26×10−6 H/m Permeability of air (space outside the sheet)
ω 2π f rad/sec Angular frequency of EM wave

Lcp 1 m Length of coupler
dcp 100 m Transmission distance

tan δ 0.0005 Loss tangent
ρS 2.82×10−8 Ω · m electrical resistivity

wzig and the thickness were varied, and efficiency for each frequency in each parameter
was obtained. The other sheet parameters are shown in Table 4.1.

Fig. 4.4 shows the efficiency when varying wzig with a constant thickness. The thickness
is 10-mm. At 13.56 MHz, the efficiency decreases as wzig increase. This is because the
influence of the propagation loss is strongly received as the alpha increases. Also, the
frequency at which the efficiency peaks decreases. The optimum frequency can be reduced
to around 1 MHz.

Fig. 4.5 shows the efficiency when the thickness is varied with 60-mm wzig. As the
thickness decreases, the propagation loss cannot be ignored and the efficiency decreases.
A thickness of 10-mm is required to extend the distance to 100-m using 13.56 MHz. When
wzig is 60-mm and thickness is 10-mm, the efficiency becomes the maximum at 13.56 MHz.
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Figure4.4: Efficiency when varying wzig with 10-mm thickness.

4.2.1 Sheet characteristics summary

The sheet characteristics are summarized in Table. 4.2. The 84% maximum efficiency
satisfies the target value.

4.2.2 EM power leakage ratio

In order to evaluate the safety of the sheet having the parameters of Tables. 4.1 and
4.2, the power leakage ratio was calculated. The power leakage ratio is defined by the
following equation [7].

rleak =
ωϵ0
2

(
γ

1 + γ

)3/2 √
X0/BS , (4.2)

where
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Figure4.5: Efficiency when varying thickness with 60-mm wzig.

Table4.2: Sheet Characteristics

Symbol Value Unit Description
wzig 60 mm Surface resistance
pzig 20 mm Surface resistance
h 10 mm Sheet thickness

R0 0.004798 Ω/m2 Surface resistance
X0 5.7 Ω/m2 Surface reactance
Q0 1585 Dielectric constant of air (outside space of sheet)
Rsx 6.67 Ω · m Characteristics impedance
α 0.000364 Attenuation constant
f 13.56 MHz Operating frequency
η 84 % Estimated maximum efficiency
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Figure4.6: Power density in the xz-plane of the simulation model.

γ ≡ X0BS

(µS ϵS − µ0ϵ0)ω2
(4.3)

BS ≡ ω
ϵS

h
(4.4)

(4.5)

The leakage ratio is determined by the sheet reactance. On the other hand, too large
a reactance increases propagation loss. For this reason, distance constraints and safety
constraints are not contradictory factors.

The calculated power leakage ratio is 0.3%. And the simulated result of the power
density is shown in Fig. 4.6. The highest power density in the sheet is set to 0 dB. The
power density attenuates to -40 dB above 50-mm from the surface.

4.3 Conclusion
This chapter presented high-inductive surface pattern that realizes sufficient reactance at
13.56 MHz ISM band. Based on the equation for calculating the efficiency, the optimum
sheet parameter was determined. As a result, the feasibility of the long distance WPT
system was shown. The estimated maximum efficiency is 84%, which exceeds the target
value.

Actually, the receiving coupler and the impedance matching circuit are not mentioned
in this chapter. In order to realize the maximum efficiency shown in this chapter, a low
loss of receiving coupler is required.
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Chapter 5

Low Power and High Speed Data
Transmission System

5.1 Indoor Wireless Sensor Networks
5.1.1 Low power communication systems

A developing CMOS technology and an increasing variety of low power communication
systems enable battery-driven sensor nodes in wireless sensor networks (WSNs) and the
Internet of Things (IoT). ZigBee and Bluetooth are representative wireless communication
standards used in battery-driven WSN. On the other hand, their energy-per-bit rate
(EBR), which is the energy required per a single bit transfer, is higher than that of
conventional Wi-Fi [21]. EBR determines the maximum amount of information that can
be transferred within their battery life. For example, a ZigBee device driven by an AA-
sized battery, in which roughly 10,000 J of energy is stored, can transmit at most 1 GB
of information [22].

In other words, the EBR and the battery capacity determine the battery life. Suppose a
temperature sensing application that operates at 10-Hz sampling-rate with the 10-bit res-
olution of digital to analog converter (DAC). Its data rate, 100 bps, enables 28,000-hours
operation of ZigBee transmitter with a 10,000-J AA-battery. A sound sensor, operating
at 40-kHz sampling-rate and 10-bit DAC, generates 400-kbps data stream. In this case,
the battery life is reduced to only 7 hours. To extend the battery life, the EBR has to be
reduced.

At the expense of very short communication range up to a few centimeters, Transfer-
Jet [23] can operate at 2‒3 orders of magnitude lower EBR than ZigBee. Although its
remarkably high energy efficiency is attractive, its very short transmission range is not
acceptable in room-scale WSNs. Two-dimensional communication (2DC) can expand the
range of TransferJet.
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Figure5.1: 2DC sheet.

5.1.2 Two-dimensional communication sheet

2DC is a short-range communication scheme using a sheet-like waveguide shown in Fig. 5.1
[7]. The 2DC sheet guides electromagnetic waves and generates evanescent (non-radiative)
field above its surface. It enables low emission and wide frequency range communication
between transceivers laid on the sheet surface. The system can be constructed as “an
extremely low power radio station (ELPRS)”, which is defined as a radio station that
generates an electric field intensity less than 35�/m at 3 m distant from the radio equip-
ment [24]. While the requirement on the intensity of the radiated electromagnetic field is
satisfied, the frequency range that an ELPRS occupies is not restricted.

5.1.3 2DC tile system

A 2DC tile system is shown in Fig. 5.2. Two-dimensional area (floor) can be covered
with multiple parallel 1-D chains or with a long meander chain of 2DC tiles [25]. To keep
the available signal power almost constant across the entire tile system, an amplifier is
embedded in each base layer and compensates the signal loss.

Each waveguide sheet is electromagnetically isolated from the other sheets, i.e., the
guided modes of them do not interact with each other. This means that the transmitted
signal reverberates inside the 50-cm square waveguide sheet. The reverberation in such a
lossy small area results in a small delay spread about 8‒10 ns [26]. The delay spread of
ordinary indoor wireless communication, where radio signals reverberate in a room-scale
three-dimensional space, is 100-150 ns on an average and generally varies an order of
magnitude due to scattering and absorption by objects/people in the environment. The
symbol rate of ZigBee and Bluetooth is less than 1 Mbps. Its symbol duration is greater
than 1 �s which is 7‒10 times longer than the average delay spread. On the other hands,
since the signal propagation paths in tiles are electromagnetically almost isolated from
the outside space, the delay spread is little affected by objects/people in the room.
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Figure5.2: 2DC tile system installed on the floor of a room.

5.1.4 A low power and high speed data transmission system based on 2DC

To figure out the motivation of high-speed and low power transmission in the 2DC envi-
ronment, related technologies are compared in Fig. 5.3, in terms of the energy-per-bit rate
(EBR), which is the ratio of the power consumption to the transmission rate, transmis-
sion rate, and communication range. Those data are based on evaluation of commercially
available modules [23][27]. Related technologies mapped in the figure are: ZigBee, Blue-
tooth, WiFi (IEEE 802.11b), Passive Wi-Fi [27] and TransferJet [23]. The experimental
result shown in 5.2.2 is also shown as the specification of 2DC.

Fig. 5.3 shows that transmission system based on 2DC technology can reduce EBR by
reducing the power consumption of analog radio frequency (RF) components as well as
TransferJet and Passive Wi-Fi, while achieving a room-scale communication range.

The major factors of power consumption are classified into the following two compo-
nents: the analog RF component to generate RF signal transmitted from the antenna and
the digital component to process baseband signals. The EBR can be drastically reduced
as the analog RF power consumption is reduced. As the evidence, the EBR of TransferJet
and Passive Wi-Fi are at least 1‒2 orders of magnitude lower than other schemes in the
dashed box shown in Fig. 5.3.

By connecting 2DC tiles side by side, the communication range is extended to a room-
scale.

2DC tile system enables signal transmission/reception by all the devices laid on the
floor, and even on any furniture covered with 2DC sheets. The devices can communicate
with the low emission power density of ‒41.3 dBm/MHz [28]. This is significantly lower
than the antenna power of conventional ZigBee devices, which is 0‒+20 dBm in 2-MHz
channel bandwidth. Hence, the EBR can be reduced in 2DC.



5.2 Preliminary Experiment of Energy Efficient Signal Transmission 31

Figure5.3: Evaluation of representative communication standards in terms of (a) EBR
versus communication-range, and (b) EBR versus transmission-rate.

5.2 Preliminary Experiment of Energy Efficient Signal
Transmission

In this section, we report on a preliminary experiment of energy efficient signal transmis-
sion using TransferJet devices on a two-dimensional communication (2DC) system, as a
feasibility study of a low-EBR room-scale communication system. It achieved a data rate
higher than 70 Mbps with an EBR of 1.7 nJ/bit on a 50-cm square 2DC sheet. The EBR
is significantly lower than that of ZigBee. We also explain the feasibility of a room-scale
communication system at a higher data rate with such a low EBR of the mobile nodes
based on 2DC technology.

5.2.1 Concept of energy-efficient signal transmission on 2DC

While the symbol duration is longer than the average delay spread, signal can be trans-
ferred with acceptable inter-symbol interference (ISI). Thus, the devices can transmit
signal at high symbol rate, which enables high data transmission rate with a single or a
few carriers. The digital logic component of single-carrier transceivers can be much sim-
plified compared with a modulation circuit for orthogonal frequency-division multiplexing
(OFDM) [29].

To avoid significant ISI, the symbol duration should generally be about 10 times greater
than the delay spread of a channel. In a waveguide sheet with an 8‒10-ns delay spread, a
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100-ns symbol duration signal, which corresponds to 10-MHz symbol rate, can be trans-
ferred without significant ISI. Assuming complementary code keying (CCK) with 8 bit
per symbol, 80 Mbps will be enabled.

As a result, the transceiver which optimizes the symbol rate for room-scale 2DC en-
vironments can communicate with low emission power density of -41.3 dBm/MHz while
providing 80 Mbps transmission rate. Its communication range is at most 17 meter.

5.2.2 Experimental results

In this subsection, we present experiments to demonstrate the feasibility of low emission
and high transmission rate 2DC. We measured the transmission rate of a single-carrier
high-symbol-rate 2DC system, by using a commercially available TransfeJet adapter,
SANWA SUPPLY ADR-TJMUBK.

TransferJet is one of extremely low power radio stations (ELPRSs). Its symbol rate of
280 MHz, which corresponds to a symbol duration of 3.57 ns, will undergo significant ISI
in a 50-cm square sheet.

Fig. 5.4(a) shows the measurement environment. One of two TransferJet adapters,
attached to a PC, was connected to the feeding point of 2DC sheet with a coaxial cable.
The other one, attached to another tablet PC, is connected to a proximity coupler laid
on the sheet. To connect the coaxial cables, an SMA connector was soldered on each
TransferJet circuit board.

We measured the transmission rate at three different coupler positions. The delay
spread of the 2DC channel, from the feeding point fixed on a sheet edge to the proximity
coupler, depends on the coupler position, because a standing wave is generated due to
the open-edges of the sheet [26]. The delay spread was measured with a vector network
analyzer (VNA) at each coupler position. While keeping the coupler position unchanged,
VNA ports were connected to the feeding point and the coupler, instead of the TransferJet
devices. VNA measured a scattering parameter (S -parameter) from the feeding point to
the coupler in the frequency domain. It was converted into the time-domain impulse
response by the inverse Fourier transform [26].

5.2.3 Discussion about experimental results

The three measurement results are shown in the transmission-rate versus delay-spread
plot, Fig. 5.4(b). The EBR also shown in the same graph was calculated from its trans-
mission rate and power consumption of 118 mW, that was published in [22]. At a coupler
position where the delay spread was 3.9 ns, the transmission rate achieved 71.1 Mbps and
the corresponding EBR was 1.7 nJ/bit. This result is also plotted in Fig. 5.3. The trans-
mission rate slower than the original TransferJet is due to the bit error more frequently
caused by a significant ISI. By optimizing the symbol duration, the transmission rate will
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(a)

(b)

Figure5.4: Transmission rate and EBR were evaluated on a 2DC sheet by using a pair of
TransferJet adapters. (a) The measurement environment and (b) measured results.
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be maximized at any arbitrary coupler position on the entire 2DC area.

5.3 PHY Layer Design for Energy-Efficient Data
Transmission

The ensuing subject of interest would be the theoretical limit of EBR for the optimal
physical layer (PHY) parame-ters selected for a 2DC environment, considering the delay
spread and signal-to-noise ratio (SNR) for a typical 2DC sheet. In this section, we present
a method to determine the optimum PHY parameters to minimize the EBR. Using the
determined parameters, the numerical simulation shows that a transmission rate of 36
Mbps is achieved with a power consumption of 24 mW. EBR is 0.66 nJ/bit. This trans-
mission rate was supported by the experiments. These results present the feasibility of
energy-efficient communication in 2DC.

5.3.1 Propagation in 2DC

As mentioned above, 2DC environment enables the use of UWB in the range of 3.1 to
10.6 GHz. Moreover, the influence of ISI is less than ordinary room-scale (50‒150 m2)
OTA communication environment. The bit error caused by ISI is increased by increasing
the ratio of root-mean-square (RMS) delay spread to symbol duration time S DT . The
RMS delay spread στ of a 50-cm square sheet is approximately 8‒10 ns whereas the RMS
delay spread of room-scale OTA environment is approximately 100‒150 ns [26]. Therefore,
high-speed communication with high symbol rate S R (=1⁄S DT ) can be realized in 2DC
environments. Moreover, it can reduce the power consumption of a digital signal processor
because it does not require the high calculation cost of secondary modulation loading such
as orthogonal frequency-division multiplexing.

In general, the RMS delay spread is scaled up by in-creasing the size of the communi-
cation environment. However, the RMS delay spread of the 2DC tile system is not scaled
up by increasing the number of tiles. The RMS delay spread is maintained at approx-
imately 10 ns [26] since each tile is electromagnetically independent. Thus, high-speed
low-radiation communication can be achieved even for terminals that are either several
meters away from each other or on a single tile.

5.3.2 PHY design minimizing EBR

This section presents a method for determining PHY parameters that minimize EBR.
Specifically, Eb and S R, which minimize EBR, are determined by solving the trade-off
problem between transmission data rate and power consumption. Further, Eb denotes the
received energy per bit.

The EBR is expressed as follows.
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REBR =
W
T

(5.1)

where REBR denotes the value of EBR, W denotes the power consumption, and T denotes
the transmission data rate.

In this thesis, the theoretical limit of transmission rate (channel capacity C) is evaluated
based on the entropy [30] as

C = H(Y) − H(Y |X) (5.2)

where X and Y denote the transmitted and received codes, respectively, and H(Y)
denotes the information bits received from the information source per second. Thus,
H(Y) is expressed as follows.

H(Y) = kS R, (5.3)

where k denotes the value of bits per symbols. The lost entropy H(Y�X) in a communi-
cation path with the bit error rate (BER) expressed as follows.

H(Y |X) = kS R(1 − ρ)(− log2(1 − ρ)) + ρ(− log2(ρ)), (5.4)

Notably, C determines the upper bound of the number of bits that can be transmitted
per second, which also includes the error correction code and the number of bits used for
the frame. In this study, we focus on the effect of PHY parameters. The influence of an
upper layer such as the media access control (MAC) layer is not considered here.

Subsequently, we describe the derivation of the BER. In general, there are some factors
influencing BER. If the BER caused by independent factors is sufficiently smaller than 1,
BER is obtained as their sum. Further ρ and ρS N , which is the BER caused by SNR, are
defined as

ρ = ρS N + ρIS I , (5.5)

where

ρS N =
1

2
erfc(

√
k

Eb

N0
), (5.6)

where ρIS I is the BER caused by ISI and N0 donates the thermal noise power in a
bandwidth of 1 Hz. Further, ρS N has different representation methods depending on the
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modulation system. We assume binary phase-shift keying (BPSK) modulation in this
study.

An equivalent transmission path (ETP) model [31] described a propagation environment
by using two waves a leading wave and a delayed wave. A key parameter that determines
ρIS I is the RMS delay spread στ in the Rayleigh fading environment. The ETP model
can significantly simplify the description of a propagation channel, while it conserves the
essential parameter στ.

The variable r is defined as the ratio of amplitude of the leading wave to that of the
delayed wave. Further, ϕ is a phase difference between the leading wave and delayed
wave. The delay time of the delayed wave is denoted as ∆τ. The value of ρIS I when the
aforementioned variables assume a certain value is expressed as

P0{r, ϕ;∆τ(στ)} for  στ/S DT < 0.5 the probability density function of the aforemen-
tioned variables is expressed as

fR{r, ϕ} =
1

π

r
(r2 + 1)2

, (5.7)

where ϕ follows a uniform distribution in the Rayleigh fading. In general, assuming
Rayleigh fading, fR is independent of στ.

We define f ′R{r;στ} as follows.

f ′R{r, στ} =
∫ 2

0

π fR{r, ϕ;στ}dϕ =
2r

(r2 + 1)2
. (5.8)

The variable ∆τ is expressed as follows.

∆τ = 2στ. (5.9)

Further, ρIS I is obtained as the product of P0 and fR. Based on the above discussion,
ρIS I is expressed as follows.

ρIS I(στ) =

∫ ∞

0

f ′R{r;στ}
(∫ 2

0

πP0{r, ϕ,∆τ(στ)}dϕ
)

dr. (5.10)

In (5.10), P0 is obtained by using simulation software, which calculates the BER of a
communication system. P0 calculated in the r- ϕ plane is called the BER map [31]. BER
map must be calculated according to each ∆τ, which differs for every στ. An approximate
equation by using only one BER map is proposed in [32] to decrease the calculation load
in creating many BER maps. It uses the shape correlation between ∆τ and the BER map.

Further, P0{x, ϕ;∆τmap} denotes a BER map in the approximate equation of 5.9, ∆τmap

denotes ∆τ in a BER map, x is the logarithmic expression of r, and x and ϕ are discrete
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values with the step widths of ∆x and ∆ϕ, respectively. If (∆τmap)⁄S DT <0.5, the value
of ∆τmap can be set arbitrarily. Moreover, (∆τmap)⁄S DT =0.2 is recommended [33] and we
followed it. The range of x and ϕ is assumed until P0 is sufficiently close to 0. We set the
range of x from −7.5 to 7.5 with ∆x=0.25. Furthermore, the range of ϕ is set from 90 to
270 with ∆ϕ Based on the above discussion, ρIS I is expressed as follows.

ρIS I(στ) ≈ η2∆x∆ϕ
∑

x

gR(ηx)

∑
ϕ

P0{x, ϕ;∆τmap}
 , (5.11)

η =
2στ

∆τmap
, (5.12)

gR(ηx) =
1

b
exp

( x
b

)
f ′R

{
exp

( x
b

)
;στ

}
, (5.13)

(5.14)

where

b ≡ 20 log10 e. (5.15)

The power consumption is the sum of the RF component WRF and digital component
WDS P expressed as follows.

W = WRF + WDS P (5.16)

Further, WRF of the transmitter is defined as

WRF =
kS REb

Lb
, (5.17)

where LB is the propagation loss between the transmitter and receiver. It is the ratio
of the received signal power to the transmitted signal power.

While UWB enables the use of wideband, its restriction on power density is −41.3
dBm/MHz, which is less than one ten thousandth that of Wi-Fi. Thus, spread spectrum
is necessary to ensure SNR. The bandwidth diffused by pseudorandom noise (PN) code
is equal to the chip rate CR, which is the clock frequency of the PN code. WDS P is
proportionate to the clock frequency of a circuit [34].

The clock frequency of a circuit should be low to reduce WDS P. However, in order to
realize a desired chip rate, a proportionate clock frequency is necessary. WDS P, which is
proportional to CR, is expressed as follows.

WDS P = αCR, (5.18)

where α denotes a constant of proportionality determined by the characteristics of the
circuit.
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Figure5.5: Flow diagram of prototype system in GNU Radio.

5.3.3 Prototype Communication System

A prototype communication system is created by using GNU Radio [35], which is the
development environment of software-defined radio (SDR). The flow diagram of a pro-
totype system in GNU Radio is shown in Fig. 5.5. Moreover, the specifications of this
system are given in Table 5.1. A 50-cm square 2DC tile is assumed as the communication
environment. Owing to the multi-reflection at the edge of the waveguide sheet, a standing
wave is generated. Thus, the attenuation from the transmitter to receiver is dependent
on the position. In this study, we adopted −30 dB as its representative value.

A digital signal processing method of prototype system resembles that of the TransferJet
system. These systems realize high-speed communication at a high symbol rate with single
carrier without requiring the high calculation cost of secondary modulation loading. Thus,
the value of α is determined from the data sheet of TransferJet [23]. Notably, the prototype
does not equalize the received signal to measure ρIS I without a digital correction.

5.3.4 Calculated Result and Evaluation

This subsection aims to calculate EBR at each value of Eb⁄N0 and στ⁄S DT based on the
prototype communication system mentioned in the above subsection and the equations
mentioned in Section 5.3.2. A trade-off will be described with the calculation results.

The calculated values of REBR at each value of Eb⁄N0 and στ⁄S DT are shown in Fig. 5.6.
It shows two trade-off factors: one between ρIS I and the transmission rate determined by
S R (=1⁄S DT ) and the other between ρS N and WRF .

In Fig. 5.6, the relationship between στ⁄S DT and REBR at Eb⁄N0 =14 demonstrates the
first trade-off. The transmission rate increases by increasing S R. Thus, REBR decreases
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Table5.1: Specifications of prototype system

The parameters of communication environment
στ 10 ns
LB 1�10−3

N0 -174 dBm/MHz
The parameter of communication system
k 1
CR 50 MHz
α 3.6�10−10 J/Hz

Figure5.6: Calculated values of REBR at each value of Eb⁄N0 and στ⁄S DT .

until στ⁄S DT =0.35. However, REBR starts to increase at στ⁄S DT =0.35 because ρIS I and
WRF increase in S R.

The relationship between Eb⁄N0 and REBR at στ⁄S DT =0.35 demonstrates the second
trade-off. The transmission rate increases by increasing Eb. Further, ρIS I becomes lower
than 10−8 at Eb⁄N0 =14. REBR starts to increase at Eb⁄N0 =14 because WRF increases in
Eb.
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Figure5.7: Experimental setup.

The power consumption is 24 mW and the transmission rate is 36 Mbps. These values
are calculated using Eb and S R when REBR is minimized in Fig. 5.6. EBR is 0.66 nJ/bit.
Moreover, the transmission rate in this study does not consider the influence of the layer
above the PHY. Thus, the actual transmission rate will be lower than the calculated re-
sults. However, even if the actual transmission rate is assumed to be half of the calculated
value, the EBR is lower than the result reported in [36]. This indicates the usefulness of
the proposed optimum PHY parameter detection method.

5.4 Experiment
This section presents the validity of the theoretical equations shown in section 5.3.1. In
particular, we experimentally confirm the relationship between στ⁄S DT and ρIS I . The
transmission rate is calculated based on ρIS I . The experimental result presents the feasi-
bility of energy-efficient data transmission in 2DC environments.

5.4.1 Experimental setup

We measured ρIS I for each value of SR in two different experimental setups of στ (=20,40
ns) as shown in Fig. 5.7. Notably, the experimental setup is distinct from the actual
usage case since proximity coupling is not used.

A prototype communication system with the function shown in Fig. 5.5 is implemented
by using SDR terminal (Ettus Research, USRP N210) and GNU Radio. However, in the
m-PSK modulation/demodulation shown in Fig. 5.5, 8-PSK is used in this experiment
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whereas BPSK is assumed in the Section 5.3.2. The acceptable error vector magnitude
of BPSK is the largest in m-PSK. Further, ρIS I of BPSK does not change significantly in
the range of measurable SR whereas 8-PSK changes drastically. Thus, 8-PSK is suitable
to confirm the validity of the theoretical equations.

In the setup where ρIS I is 20 ns, one of the ports of the divider is connected to the
Tx-Port1. The other one is terminated whereas it is connected to the Tx-Port2 through
a 16 m coaxial cable when ρIS I is 40 ns.

In the experiment, an 8 MB data file was transferred from Tx-Port to Rx-Port of USRP.
The BER was calculated based on the transmitted/received data. The BER is determined
from the average of BER obtained at each window of window function processing.

Accordingly, 6,400 BER values were obtained from 8 MB (64 Mbit) transmitted/re-
ceived data files by using the window function (window and step length were 10,000 bits).
The average of 6,400 BERs is defined as ρIS I at each S R. Note that this experiment aims
to measure ρIS I . The transmitted signal power density was sufficiently large to reduce
ρS N .

5.4.2 Experimental results

The experimental results are shown in Fig. 5.8. The increase in transmission rate slows
down after S R of 7 MHz when the RMS delay spread is 20 ns. The transmission rate starts
to decrease at S R of 6 MHz when the RMS delay spread is 40 ns. These experimental
results and calculated results are generally consistent with each other. This indicates that
high-speed communication with high S R is feasible in a 2DC tile environment that has an
RMS delay spread of 8‒10 ns.

Assuming that Eb⁄N0 is 15 dB, στ is 40 ns, k is 3, and the other parameters follow Table
5.1, the power consumption W when S R is 6 MHz can be calculated as 21 mW from 5.16,
5.17, and 5.18. EBR is 1.17 nJ/bit. It is higher than the simulated result (0.66 nJ/bit)
obtained in Section 5.3.4 and lower than the result (1.7 nJ/bit) obtained in the previous
work.

5.5 Conclusion
This chapter presented the technical outline of the room size 2DC and the proximity con-
nector for easily connecting each tile. Next, the propagation model in the room size 2DC
was shown, and the feasibility of high-speed and power-saving wireless communication was
shown. By utilizing the communication environment that can ensure SN ratio that can
communicate even with weak radio waves and has lower RMS delay spread than space
communication, it is possible to perform wireless communication more than 100 times
higher efficiency than general indoor wireless communication Become.
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Figure5.8: Experimental result.

After confirming feasibility with commercially available weak wireless terminals, we
proposed a method for determining optimal physical layer parameters. We actually im-
plemented the communication protocol at the software terminal and carried out the ex-
periment. In the experiment, the same result as the simulation result was obtained.
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Chapter 6

Battery-Less Body Sensor Networks

6.1 Body Sensor Networks
Body Sensor Networks (BSNs) [37], which gathers data from worn sensor nodes to a host
device, is a promising technology for health care [38], fitness [39], and so on. Popular BSN
sensor devices are mostly watches, glasses, accessory types. A clothing type device has a
function not found in accessories type devices such as acquiring biological information of
the whole body.

One-to-one wiring to sensor devices on clothes are at high risk of wire breakage. When
battery-driven wireless devices are distributed and arranged on clothes, battery replace-
ment of each device impairs practicality. A two-dimensional transmission path called
CTEF enables to wired connection with each device distributed on the clothing without
one-to-one wiring.

6.1.1 Conductive-thread-embroidered fabric: CTEF

Fig. 6.1 shows the structure of the CTEF and tack-type connector [40][41]. The CTEF
shown in Fig. 6.1 (a) is a transmission path, with a two-dimensional spread by sewing
conductive threads on both sides of a cloth-like insulator. Fig. 6.1 (b) shows the cross-
sectional view when a needle is pierced from the front side of the CTEF and fixed with a
metallic clutch on the back side. In the tack-type connector, a metallic needle is fixed and
conducted by soldering it to the surface of the double-sided copper clad board (the upper
side of Fig. 6.1 (b)). The conductive threads on the front and back sides conduct with the
backside of the board and the front side of the clutch when penetrating and fixing. If the
backside conductive thread is grounded, the board surface can be designed as a ground.

It should be noted that the front-side conductive thread should not be in contact with
the needle in order to prevent short circuit. The copper pattern on the bottom side of the
board is also electrically isolated from the needle.
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(a)

(b)

Figure6.1: (a) A conductive-thread-embroidered fabric. (b) Cross-sectional view when a
tack connector is penetrated and fixed to a sheet．

6.1.2 BSN powerd by multiple power generation element

Energy Harvesting (EH) is a promising technology for wearable and Internet-of-Things
(IoT) devices [42] [43] [44]. One power generation element in one device is common in
conventional EH systems, while the use of multiple elements is rare [45]. While the sensor
chip shown in Fig. 6.2 can be driven by one power generation element (PGE), the host
device that collects data frequently from sensors cannot be, because it consumes signifi-
cantly more power than one sensor chip. The energy generated in a small area/volume of
the host device from its surrounding environment is insufficient to drive it. However, the
host device may be driven by the entire body’s energy, collected from multiple PGEs dis-
tributed across the clothing. However, the wiring to each PGE raises an implementation
problem.
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Figure6.2: Concept of power aggregation system by using wearable two-dimensional com-
munication sheet and tack connector.

6.1.3 BSN powerd by NFC-coupled smartphone in the pocket

A batteryless sensor node can reduce the burden on the wearer because there is no trouble
of charging and replacing batteries.

A wired BSNs can eliminate the battery of the sensor nodes. The CTEF can construct
it without one-to-one wiring. In the wired connection BSNs, the sensor nodes can trans-
mit/receive the data/power to/from a host device [40][41]. However, the host device still
needs batteries for multiple sensor nodes and the host device itself.

We propose a batteryless host device. The proposed host device can transmit/receive
the data/power to/from a smartphone in the pocket via a Near-Field-Communication
(NFC) [46]. Fig. 6.3 shows the overview of the proposed batteryless BSNs.

In Fig. 6.3 , multiple batteryless sensor nodes are connected to the CTEF via a pin
& socket connector without one-to-one wiring. The same is true for a batteryless host
device connected in the pocket. The power source of the host device and the sensor nodes
is obtained by harvesting the NFC radio waves emitted from a smartphone in the pocket.

NFC can remove the battery of the host device. The power consumption of an NFC
transponder is about 10 mW [47]. Energy harvesting (EH) using NFC radio waves (NFC-
EH) can acquire 40-50 mW as experimentally demonstrated in 6.3.2.
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Figure6.3: Concept of power aggregation system by using wearable two-dimensional com-
munication sheet and tack connector.

6.2 Power Aggregation from Multiple Energy Harvesting
Device

In this section, we propose a power aggregation scheme from multiple PGEs to the stor-
age terminal without one-to-one wiring by using conductive-thread-embroidered fabric
(CTEF) and tack-type connector [40] [41]. Penetration fixing and contact conduction
are simultaneously realized at arbitrary positions on the CTEF, as shown in Fig. 6.2.
Following are the advantages of our proposal: 1) the amount of power generation can be
increased with the number of PGEs, 2) each PGE can be placed at an arbitrary position,
and 3) a multi-source EH system can be realized.

In this scheme, the number of PGEs can be adjusted according to the required amount of
electricity by simply attaching more PGEs. Free arrangement allows practical installation,
such as using PGEs as buttons. Multi-source EH systems increase the types of available
energy sources. Moreover, the diversity of EH sources will decrease the fluctuation of
generated power due to any changes in environmental conditions.

When PGEs with different output voltages are directly connected in parallel, the output
current of the high-voltage PGE flows not only to the storage terminal, but also to the
low-voltage PGE, leading to energy loss.

For example, assuming that one of the two solar cells connected in parallel is under
shade, which causes the output to lower drastically, the solar cell under shade functions
as a diode [48] [49]. Most of the output current of the other solar cell flows to the ground
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Figure6.4: Maximum value selection circuit.

via the solar cell under shade. In other words, reverse current prevention is necessary for
efficient power aggregation.

6.2.1 Power aggregation circuit

In this section, we present a circuit diagram, which aggregates power from multiple PGEs
via a CTEF. We also confirm its validity by circuit simulation. The aggregation efficiency
is evaluated as the ratio of the charge speed of the storage terminal to the total power
generation speed of each PGE. For example, when the total output of the PGEs is 100
mW, with the charging speed of the power storage terminal being 80 mW, the aggregation
efficiency is 80%.

As described in above subsection, when the PGEs with different output voltages are
directly connected in parallel, the current flows back to the element, decreasing the aggre-
gation efficiency. The diode can stop the reverse current. However, it causes the following
problems.

When the two voltage sources V1,V2 are connected in parallel to the load RL via the
diodes D1,D2, this circuit becomes the maximum value selection circuit, as shown in Fig.
6.4. Assuming V1>V2, D2 experiences a high-impedance state due to the reverse bias,
causing the electrical path from V2 to RL to break. Thus, even when a large number of
PGEs are connected to the CTEF via diodes, only one maximum voltage PGE can be
connected to the storage terminal.

The power aggregation circuit proposed in this paper is shown in Fig. 6.5. This circuit
has the following two functions: 1) The output of each PGE is temporarily stored in the
capacitor Cn (n=1,2,…,N); and 2) the temporarily stored energy is transferred to the super
capacitor COUT . The first one is referred to as the temporary power storage function, while
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Figure6.5: Schematic diagram of power aggregation circuit.

the other one is referred to as the power aggregation function.
In the temporary power storage function (the switch is turned to B side ), each PGE

is electrically disconnected from the CTEF. No current flows from other PGEs. In the
current aggregation function (switch position A), energy moves from Cn to the coil L1.
After the switch is moved to the B side again, energy flows from L1 to COUT .

When capacitors (C1,C2) with different voltages are directly connected, some energy is
lost by wire resistance through an impulsive current. This is apparent from the following
equations.

Ustart =
Q2

1_start

2C1
, (6.1)

Uend =
Q2

1_end

2C1
+

Q2
2_end

2C2
, (6.2)

=
1
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+
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2C2
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)2
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=
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2 ∗ (C1 + C2)
, (6.4)
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where Ustart denotes the total energy of C1 and C2 when C2 is empty. Q1_start denotes
the charge of C1 at that time. Uend denotes the total energy of C1 and C2, when the
voltage of both capacitors becomes constant. Q1−end, Q2−end denote the charges of C1,C2

at that time. Ustart > Uend indicates the energy loss. If a coil and switch are used between
capacitors, Ustart=Uend can be realized, unless switching losses are taken into account.

6.2.2 Circuit simulation

In this subsection, we show the aggregation efficiency of the circuit shown in Fig. 6.5 by
circuit simulation with LT SPICE [50]. The number of PGEs and the distribution of each
PGE output are changed in the simulation. The PGE is assumed to be a commercially
available small solar cell (Sphelar Power Corporation, KSP-F12-12S1P-W1-X [51]). The
solar cell is modeled with a current source In, generated by light, and a diode current Idn

[48] [49]. Iout_n, which is the output current of the solar cell, is expressed as:

Iout_n = In − Idn, (6.5)

where

Idn = Io

{
exp qVout_n

nkT
− 1

}
, (6.6)

where Io is the reverse saturation current and n denotes the diode performance index.
Io and n depend on the type of solar cell. k is the Boltzmann constant, T is the absolute
temperature, q is the elementary charge, and Vout_n is the operating voltage.

The aggregation efficiency is the ratio of the charge speed of the storage terminal to
the total power generation speed of each PGE. The charge speed is calculated using the
capacity and the time derivative of the instantaneous voltage across COUT . The total power
generation speed is calculated using the maximum solar cell output and the number of
connected solar cells.

For the control of the switch, we assumed the use of commercially available energy
harvest power supply IC (Linear Technology Corporation, LTC3588-1 [52]). The SPICE
library, provided by Linear Technology, is used for modeling.

Other parameters used in the simulation are shown in Table 6.1. The values of In, Io

and n were determined with reference to the assumed solar cell data sheet [51]. The I-V
curve of the solar cell model with the parameters in Table 6.1 is shown in Fig. 6.6. The
operating current, at an operating voltage of 6 V, is 2.21 mA. The maximum output is
13.3 mW. This value is used in calculating the total power generation speed.

The SPICE simulation model is shown in Fig. 6.7. The simulation results of the
aggregation efficiency for each number of solar cells are shown in Fig. 6.8. When the
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Table6.1: Circuit parameters in SPICE simulation.

In 2.4 mA
Io 1�10−13 A
n 11.5

Cn 47 µ F
L1 10 µ H

COUT 4700 µ F
RL 250 k Ω

Figure6.6: I-V curve of solar cell simulation model.

number of solar cells is one, the charging speed is 8.3 mW, which is 62.5% of the maximum
output of the solar cell. The switching loss and the operating voltage of the solar cell are
believed to be the cause of efficiency reduction. The operating voltage is in the range of
3.9−5.1 V, while the maximum output is obtained at 6 V.

When the number of connected devices increases from 1 to 10, the aggregation efficiency
increases from 62.5% to 67.5%. Efficiency is not reduced by increasing the number of
devices in this system. Instead, it is advantageous to use several terminals. However, the
timing of switching at each device is synchronized in this simulation.

The aggregation efficiency for each dispersion value of output current is shown in Fig.
6.9. The number of connected devices is fixed at 10. The dispersion is adjusted by
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Figure6.7: SPICE simulation model.

changing In between 0 and 2.4 mA. When the dispersion increases from 0 mA to 1.45 mA,
the aggregation efficiency decreases by 12.3%.

The efficiency is reduced by directly connecting capacitors (Cn) with different voltages
via the CTEF. As shown by Eq.6.1 and Eq.6.4, energy loss occurs when capacitors with
different voltages are directly connected. Since the power generation speed of each PGE
is different, the switching timing varies depending on the device. Thus, the opportunity
to directly connect the capacitors with different voltages increases.

6.2.3 Experiment

In this section, we measure and evaluate the charging speed and aggregation efficiency
based on the number of devices, by using the prototype EH device. The measurement
setup is shown in Fig. 6.10. The prototype EH device is composed of a tack-type connec-
tor, a solar cell, and a switch control IC, as shown in Fig. 6.11.
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Figure6.8: Aggregation efficiency for each number of solar cells.

Figure6.9: Aggregation efficiency for each dispersion value of output current.
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(a)

(b)

Figure6.10: Simulated results.
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Figure6.11: Aggregation efficiency for each dispersion value of output current.

Figure6.12: Aggregation efficiency for each dispersion value of output current.



6.3 Body Sensor Networks Powered by an NFC-Coupled Smartphone in the Pocket 55

Each EH device is connected to the CTEF with a tack-type connector. The oscilloscope
measures the voltage of the super capacitor every 100 ms. When the switch is pushed,
the super capacitor begins to charge. Voltages at five points from the start of charge time
to the end time are measured.

The average of the charge speed thus obtained is shown in Fig. 6.12. The aggregation
efficiency is also plotted, which is calculated from the average charge speed and the total
output power of solar cells. An LED light source of 750 lumens is installed at about 20
cm above the solar cell. The output power of the solar cell varies between 0.6 and 0.7
mW, depending on the position.

The aggregation efficiency begins to show a downward trend when the number of EH
devices is 7. As in the simulation result shown in Fig. 6.9, variation in the switching time
of the EH devices reduces the efficiency. The charging speed peaks when the number of
EH devices is 9. In order to use a larger number of EH devices and increase the charging
speed, the energy loss indicated by Eq.6.1 and Eq.6.4 should be prevented. The use of
diodes or the synchronization of the switching time at each EH device is an effective
solution.

6.3 Body Sensor Networks Powered by an NFC-Coupled
Smartphone in the Pocket

In this section, a body sensor networks powered by an NFC-coupled smartphone in the
pocket shown in Fig. 6.3 will be described.

NFC-EH requires maintaining antennas within several centimeters to obtain enough
power for the host device and sensor nodes. Therefore, the users need to check the
direction of a smartphone for positioning of the antennas when putting it in the pocket.
And the pocket must be the same size as smartphone to prevent misalignment.

To solve this problem, we propose a host device that can expand the range of NFC-EH
by using multiple NFC antennas. Covering the inside of the pocket with multiple NFC
antennas does not need the positioning or fixing the smartphone.

6.3.1 Circuit diagram of NFC-coupled host device

we developed a prototype of a NFC-coupled host device that can expand the range of the
NFC-EH by increasing the number of NFC antennas. A system model of the host device
was shown in Fig. 6.13. We focus the NFC-EH system (red dotted line in Fig. 6.13).
The communication system (black line in Fig. 6.13) is still in the concept stage. An I2C
communication technology via the CTEF was proposed in [53].

A preliminary experiment was conducted to confirm the range of NFC-EH with one
antenna. The received peak-to-peak voltage was measured.



56 Chapter 6 Battery-Less Body Sensor Networks

Figure6.13: Schematic diagram of measurement setup.

Figure6.14: Preliminary experimental setup.

The experimental setup was shown in Fig. 6.14. The center of the receiving antenna
was set as the measure-ment origin. And it fixed to the acrylic stage. The transmitting
antenna fixed to the 3-axis stage via an acrylic jig was moved in the y and the z -direction
shown in Fig. 6.14.

Fig. 6.15 shows that the received peak-to-peak voltage is halved or less every time the
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Figure6.15: Received peak-to-peak voltage when moving vertically (x = y = 0).

Figure6.16: Received peak-to-peak voltage when moving horizontally (y = 0, z = 1).

distance of z-axis becomes 2 cm apart. Fig. 6.16 shows that the received peak-to-peak
voltage sharply decreases with misalignment of antenna width (40 mm) or more.

Next step, the receiving NFC antenna was expanded to two. The experiment was
continued by arranging it as shown in Fig. 6.17. The two NFC antennas are connected
with the normal polarity and the reverse polarity in series. Fig. 6.18 shows the received
peak-to-peak voltage when the transmitting antenna is moved in the y direction.
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Figure6.17: Experimental setup.

Figure6.18: Received voltage waveform. The transmitter was moved in the y direction
with x = 0 cm, z = 1 cm.

The received voltage waveform of each antenna is different in phase and voltage. The
energy loss occurs by canceling each other. The result of normal polarity connection shows
that a null point occurs when y-axis is 0.

When the one receiving antenna is connected with the opposite polarity, the null point
does not occur at the same point. On the other hand, the peak-to-peak voltage of the
reverse polarity is lower than the normal polarity when y-axis is from -6 cm to -2 cm or
from 2 cm to 6 cm.

To avoid this problem, we use the power aggregation circuit proposed in Section 6.2.
The circuit diagram of the proposed host device is shown in Fig. 6.19(a).
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Figure6.19: (a) Circuit diagram of the host device. (b) Prototyped host device.

Notably, the CTEF in the pocket used to connect the antenna is electrically independent
of the CTEF of other areas.

The prototyped host device is shown in Fig. 6.19 (b). Each antenna is connected to a
pin & socket connector on which a temporary storage capacitor C1 and switch control IC
(LTC3588-1, linear technology [52]) are mounted.

For the communication part, a commercially available development board (NTAG I2C
plus Explorer kit, NXP [54]) was used. NTAG I2C converts the NFC signal into an I2C
signal and acquires various sensor in-formation on the board via I2C.

6.3.2 Exprtiment

In this section, we evaluate the extension of NFC-EH possible range using multiple an-
tennas and power aggregation circuit. The experimental environment is shown in Fig.
6.20. The measurement origin is the center of the antenna for communication and EH. A
charging speed and communication range were measured.

The charging speed Wcharge is expressed as

Wcharge =
Estorage(tend) − Estorage(tstart)

tend − tstart
, (6.7)

where

Wstorage(t) =
1

2
CoutV2

storage(t), (6.8)

Estorage(t) denotes the energy charged in Cout. And Vstorage denotes the voltage of Cout.
tstart and tend denote the charging start and end time.

While the slide switch of the storage terminal is turned on, the charge of Cout immedi-
ately flows to ground through RL. Thus, the time when the switch is turned off is defined
as the charging start time. And the time when the rise of Vstorage stops is defined as the
charging end time. Vstorage is measured by the oscilloscope.
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Figure6.20: Experimental setup.

The results of charging speed are shown in the Fig. 6.21. As no antennas were added
in the x-axis and z-axis directions, similar results were obtained in the two cases. In the
y-axis direction, the distance that can charge 20 mW or more extended from 4 cm to
12 cm. Since the outputs of the adjacent antennas are added, the charging speed has
increased more than in the case of one antenna at the boundary between the antennas
near y = ±2 cm

The communication range is defined as the distance until the communication between
transmitter and the NTAG Explorer kit is interrupted. It was 2 cm each in the x, y, z
direction. While the proposed method extends the range of NFC-EH, the communication
range remains un-changed.

6.3.3 Prototyping of entire system

Fig. 6.22 shows a prototype of a host device combining power generation function and NFC
function. Sensor data can be read by using NFC tag reading application of smartphone.
Each sensor communicates with the host device with I2C protocol. In the prototype
system, the CTEF is not used, and the sensor and the host device are individually wired. A
system that performs I2C communication with each terminal connected to the conductive
cloth has already been proposed. By integrating with this, battery-less BSN with CTEF
and I2C protocol can be realized.
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Figure6.21: Experimental setup.



62 Chapter 6 Battery-Less Body Sensor Networks

Figure6.22: prototype of a host device combining power generation function and NFC
function.

6.3.4 Discussion

We proposed a BSNs scheme which use the NFC-coupled smartphone in the pocket as
the power source of a host device and multiple sensor nodes. These devices are wired
without one-to-one wiring by using pin & socket type connector and a conductive thread
embroidered fabric. The host device and the smartphone are coupled via NFC radio within
the pocket. Energy harvesting using NFC radio requires the maintaining NFC antennas
within several centimeters. The batteryless host device, which has the power aggregation
circuit and multiple NFC antennas, solved the above problem. Positioning and fixing of
the smartphone is not required on the area where the multiple antennas are arranged in
the pocket.

6.4 Conclusion
In this chapter, we propose two scheme of realizing BSN without batteries. One is that
of aggregating electric power generated by multiple EH terminals. The other one is that
of recovering electric waves from smart phones in the pocket and generating electricity.

CTEF can realize simple connection without one-to-one wiring. On the other hand, all
the elements have constraints to be connected in parallel. we proposed a power aggregation
circuit as a scheme for efficiently aggregating electric power from parallelly connected
power generation elements with different output voltages.

In a system that collects electric power from smartphones in pockets, we applied the
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power aggregation circuit to expand the scope of NFC-EH. Experimental results shows
that sufficient power generation is possible regardless of the position of the smartphone
in the pocket.
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Chapter 7

Conclusion

This thesis presented theoretical analysis, design example, and the feasibility of long-
distance WPT system using the sheet-like medium.

In Part I, works on the WPT system were presented.
In Chapter 2, sheet parameters, which is necessary for the discussion in Chapter 3,

were obtained with EM field analysis of sheet-like medium. The surface reactance is a
key parameter to determine the guided mode. The propagation loss and evanescent field
decrease as the reactance decrease.

In Chapter 3, the sheet-like medium and the receiving coupler are represented by an
equivalent circuit. The trade-off relationship between the propagation loss and the effi-
ciency when the coupler extracts power from the sheet was described. It was suggested
that a sheet surface pattern with high inductivity is required for long distance transmis-
sion.

In Chapter 4, a high-inductive surface sheet was proposed. It can realize sufficient reac-
tance at13.56 MHz ISM band. The surface microscopic magnetic field was strengthened
due to the zigzag conductor pattern. The estimated maximum efficiency is 84% when the
transmission distance is 100-m.

In Part II, energy-efficient wireless communication and battery-less body sensor network
using sheet-like medium were presented.

In Chapter 5, we presented the feasibility of high-speed and power-saving wireless com-
munication. By using the method for determining optimal physical layer parameters,
more than 100 times higher efficiency than general indoor wireless communication can be
achieved. We actually implemented the communication protocol at the software terminal
and carried out the experiment.

In Chapter 6, we proposed two scheme of realizing battery-less body sensor networks.
One is that of aggregating electric power generated by multiple energy harvesting termi-
nals. The other one is that of harvesting the radio transmitted from the smartphones in
the pocket. we proposed a power aggregation circuit as a scheme for efficiently aggregating
electric power from parallelly connected power generation elements with different output
voltages.
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Thus, this work demonstrated the feasibility of the long-distance and high efficient
power supply interface. Power supply interface which covers all routes can accelerate the
electrification of moving object.
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