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ABSTRACT

Currently, communication systems using radio frequency (RF) are the mainstream of functional devices. In
the case of wireless communication devices such as mobile phones, tablet PCs, and medical devices, they
can transmit an electrical signal from one device to another without a wire connection. However, this tech-
nology is not suitable for the power transmission due to limitations such as low power efficiency and noise
caused by interference from outside objects. Furthermore, the path loss is more severe when RF technology
is applied to power transmission between an implanted human sensory system and external interfaces to
transfer power, since 80 % of the human body is composed of water molecules. To overcome these limita-
tions, this study focuses on magnetic induction (MI) system, which uses magnetic coupling of a pair of coils
to transmit signals and power between devices. For magnetic fields, the path loss of water or other liquid
media is smaller than that of RF waves. So far, most research results related with magnetic induction system
have shown power transmission using macro-size coil structures. However, medical implant devices have the
limit of the physical dimensions which requires the coil structure as small as possible. Unfortunately, a mi-
cro-size antenna can have poor transmittance efficiency due to its size effect. Therefore, micro-size antennas
with advanced structures should be investigated to overcome these challenges. This paper describes the coil
designs and the characteristics of power transmission between a transmitter (Tx) and a receiver (Rx). To en-
hance the magnetic inductance, a three dimensional magnetic core consisted of ZnO nano wires coated by a
nickel (Ni) layer is added to the center of antenna structure. ZnO nano wires easily supply a large effective
surface area with a vertical structural effect to the magnetic core structure, which induces a higher magnetic
inductance with a ferro-magnetic material Ni. The magnetic induction coil with the magnetic core shows a

high inductance value, a low reflection power and a strong power transmission.

Keywords: Magnetic Induction, Magnetic core, Nano wire
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I. INTRODUCTION

1.1 Motivation

Currently, the power transmission system in human implanted devices is the
mainstream [1]. Electrical devices such as an artificial cochlear, an artificial retina or med-
ical sensors, these electrical devices need a power system to supply stable energy
[2][3][4]. For a long time, engineers have developed power systems which include a bat-
tery and wire connection between the inside and the outside. In the case of these two main
systems, there are limitations. One issue is the charging problem. It is necessary to plug
implanted devices into an outlet in order to charge them. This plug-in electrical circuit
makes unnecessary power consumption, constraints of space and a complicated design.
The other limitation is environment. Generally, batteries are made from a chemical pro-
cesses that contains acidic or alkaline chemicals, heavy metals, lithium and cadmium.
Those extreme toxins can cause severe damage to the human implanted devices [1]. Also,
a laparotomy is required to change the battery. Wire connections and batteries are incon-
venient and hazardous, whereas wireless power transmission is more suitable.

This wireless power transmission technique is the transmission of the power
source from transmitter (Tx) to receiver (Rx) without any wire power cables and can be
supplied continuously from external energy source. It is more comfortable, safer and uses
less space than wired power systems. Figure 1.1.1 shows the field of wireless applications
[5]. The method of a wireless power transmission is divided into three mechanisms which
are magnetic induction (MI), magnetic resonance (MR) and radio frequency (RF). An in-

dustry robot, radio frequency identification (RFID) and electric toothbrush are on Ml



method. A vacuum, television (TV), mobile phone, and implanted devices are on the MR

or Ml field. The space solar light power and sensor are on the radio frequency (RF) area.

A MI MR RF
Electric Car
Over 1 kW | Industry Vacuum
Robot
Space Solar
g 100W TV light power
E Moenitor
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g Sow Laptop
Mobile
10w pho“’
RFID
Electric
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>
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Distance (km)

Fig 1.1.1 The field of wireless applications [5]

The human implanted devices located on the boundary between magnetic induction (MI)
and magnetic resonance (MR). The cover range is around 1 m and the operated power is
under 10 Watt (W). This means that the human implanted devices need to research both

MI and MR mechanism to optimize wireless power transmission.

1.2 History of Power Transmission
The quality of life has been improved by inventing electric power. The hu-
man can work at night like in the daytime. Also, a washing machine, vacuum cleaner and
communication machines have been used since the electric power was invented. However,

the human live under various cables such as power cables, telephone cables, internet ca-



bles and antenna cables. These cables can be seen around our life and cause inconvenient
problems for example a wasting space and a material consumption. To overcome these
inconvenient problems, various methods have been researched for a long time.

Andre Marie Ampere who was a French physicist and mathematician devel-
oped Ampere’s law in the early 19th century [6]. This law shows that a time varying elec-
trical current produces a time varying magnetic field and is a good predictor of the exist-
ence of propagating electromagnetic waves. After presenting Ampere’s law, Michael Far-
aday, who was an English scientist, contributed the fields of electromagnetic induction
[6]. In 1831, he developed Faraday’s law of induction describing the electromagnetic
force induced in a conductor by a time varying magnetic flux. These two theories are the
fundamental mechanisms to support wireless power transmission. Nikola Tesla who was
20th century inventor conceived various induction machines such as fans, pumps, air-
conditioning systems, electric vehicles and electric railway systems [6][7]. In his
achievements, wireless power transmission with radiative and tunable characteristics has
been focused on by a large number of engineers and scientists due to its low efficiency

and radiative loss due to its omnidirectional nature.

V X E= 0B
T ot
V XH = +aD
=] ot
V:-D=p
V-B=0 (1) [6]
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Fig 1.2.1 The mechanism of Faraday’s and Ampere’s law

Equation 1 is presented in Maxwell’s equations [6]. The first is Faraday’s
law. This expression includes ‘E’ and ‘B’ which are an electric field and magnetic flux
density. When being varying magnetic fields around a conducting wire, time varying elec-
tric fields are flowed in the conducting wire. This is a power source to operate electric de-
vices. Second equation shows Ampere’s law. There are ‘H’, ‘J’ and ‘D’, each quantities
are magnetic field intensity, an electric current density and electric flux density. When ap-
plying time varying current in a conducting wire, time varying magnetic field propagated
in a channel around the conducting wire. Figure 1.2.1 shows the mechanism of faraday’s
and Ampere’s law. One of the latest wireless power transmissions was MIT’s wireless
power transfer which was published in the year 2007 and was titled “Wireless Power
Transfer via Strongly Coupled Magnetic Resonances.” [8] The concept behind their re-
search is two self-resonant coils located in the channel. One coil (the source coil) is cou-

pled inductively to an oscillating circuit; the other (the device coil) is coupled inductively



to a resistive load. Self-resonant coils rely on the interplay between distributed inductance

and distributed capacitance to achieve resonance.

1.3 Background principles of wireless power transmission
1.3.1 Radio frequency (RF) system

A radio frequency (RF) system mainly propagates electromagnetic waves
in a channel in Fig 1.3.1. The mechanism uses the electromagnetic waves from transmitter
(Tx), the rectenna consisting of an antenna and a rectifier that receives the electromagnetic
waves. The system then transfers the electromagnetic waves into a power source to oper-
ate electric devices [9][10][11]. This technique is useful to miniature sensors such as tem-
perature and humidity sensors that require low power consumption. Mobile communica-
tion is a representative application. RF systems make it possible to transfer several dozens
of kilowatts (kw) dozens to the Rx over several dozens of kilometers (km). This technique
has been studied for space solar power system (SSPS) or as an alternative of a power
transmission tower. The national aeronautics and space administration (NASA), in 1970,
has already succeeded in transmitting 30 kilowatts power to a receiver (Rx) over a dis-
tance of approximately 1.4 km. However, in this RF system, most propagated electromag-
netic waves are lost during the transmission process in the channel and are harmful to hu-
man health because the RF radiates energy from both magnetic waves and electric waves
in the channel. In addition, in order to satisfy the regulation of electromagnetic waves, the
maximum power limitation is about 1 kw. This small amount is insufficient to charge

portable electrical devices.
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Fig 1.3.1 The mechanism of Radio Frequency (RF) method

1.3.2 Magnetic induction (MI) system

The Magnetic induction (M) technique has already has used by commer-
cial motors and transformer since 1800 [9][12]. The main working principle involves a Tx
antenna and Rx antenna coupled by magnetic flux through both coils. Specifically, the
time varying current in the Tx coil generates a magnetic field which induces voltage in the
Rx coil in Fig 1.3.2. This induced voltage can be a power source to operate electrical de-
vices. Recently, this MI technique has been applied to electric toothbrushes, radio fre-
quency identification (RFID), cell phone battery chargers and electric automobiles. While
the efficiency of power transmission is over 90%, but this MI technique has a limited
working area of just several millimeters (mm). Also, if both the Tx coil and the Rx coil are
not aligned exactly, the efficiency of power transmission is poor. In addition, the M1 tech-
nigue needs both the coils to be aligned horizontally to get high efficiency power trans-
mission. So, this power transmission is closer to a wire connection. However, there is a
strong point that MI method is accepted by an international standardization. It is not harm-

ful to a human body.



Magnetic field

A [y

T 7| Induced AC current
Supplied AC current /

(o /’ Rx coil
~

LY

h Y

A Y

\

Fig 1.3.2 The mechanism of magnetic induction (MI) method

1.3.3 Magnetic resonance (MR) system.

The magnetic resonance (MR) system was devised by a Massachusetts
Institute of Technology (MIT) research team in 2007 [8]. This MR technique was created
based on the concept of a tuning fork. Once one tuning fork is stricken among various
turning forks with different natural frequencies, the other turning fork with the same na-
ture frequency vibrates. This physical phenomenon is called to resonance. Like this fun-
damental theory, in the MR system the Rx is designed by a certain frequency and receives
power from a magnetic field generated by a Tx with the same resonant frequency. The
coils are made of an electrically conducting wire of a total length of ‘I’ and a cross section
radius of ‘a’ wound into a helix of ‘n’ turns, radius ‘r’, and height ‘h’. They succeeded in
demonstrating the ability of magnetically coupled coils to transfer power wirelessly over a

short distance.
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Fig 1.3.3 The mechanism of magnetic resonance (MR) method [8]
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Fig 1.3.4 Comparison of experimental and theoretical values for K [8]

Figure 1.3.4 shows the mechanism of magnetic resonance (MR) method.

The Single loop has 25 cm in radius that is a role as driving circuit supplied by a sine



wave with frequency 9.9 MHz. This single loop couples inductively to the source coil and
transfer entire wireless power. The load coil has a light bulb. This light bulb is turned on
when wireless power arrives at the load coil through device coil. The source and device
coil are aligned coaxially. The parameter ‘K’ presents a coupling coefficient between the
source coil and device coil. When the distance increase between the source coil and the
device coil, the coupling coefficient decrease exponentially in Fig 1.3.4. This means that
the coupling coefficient is related to how many the source coil transfer magnetic fluxes to
the device coil. They successfully powered a 60 W light bulb wirelessly over a distance
2.4 m with 40% efficiency between the magnetic coils. Owing to this characteristic of MR
systems, it is possible to transfer power over greater distances than Ml systems. The effi-
ciency of MR systems is higher than MI systems because the magnetic fluxes that are not
guided to the Rx coil disappear and, return to the Tx coil. Also, this technique is harmless
to the human body because MR systems use magnetic waves rather than electromagnetic

waves propagated by RF systems which can be absorbed by the human body.

1.4 Theory of magnetic field

To get the high efficiency of power transmission using magnetic wave, it
needs to generate strong magnetic field. Magnetic field is formed by a number of magnet-
ic lines of force. In the case of the solenoid type that is one of general structures to make
the magnetic field, the magnetic field is formed in the center of the solenoid. A part of the
solenoid wire generates the magnetic lines of force like loop when the wire is supplied by
time varying current. Due to the solenoid structure, the magnetic lines generated by con-
ducting wires are gathered in the center of the solenoid in Fig 1. 4. This mechanism is pre-

sented as the follow: [13]



del = Bl = u,in

B = uoi7 (1)[13]

Where ‘u,’ is the magnetic constant, ‘i’ is the current, ‘n’ is the number of turns, ‘I’ is the
length of solenoid, and ‘B’ is the magnetic flux density. This model is valid in the air.
With having strong magnetic field, it needs to increase with the number of turns per unit
length and time varying current. To get both the number of turns per unit and time varying
current, the solenoid coil is formed as a big coil because the time varying current is related
to the resistance that the thick conducting wire’s resistance is low. Also, the number of

turns can be wound as possible in the big area.

Fig 1.4.1 The cross sectional view of magnetic field created by a solenoid [13]

1.5 Antenna structure for power transmission
1.5.1 Coil design
Antenna models for power transmission have been studied to optimize a
magnetic design. In order to activate magnetic waves, the coil design must be optimized.

Because of this reason, the coil shapes have been studied to maximize magnetic fields [5].

-10 -



Antenna designs include several shapes such as circular, square, rectangular and particular

shapes including a splitting of the available area into electrically parallel connected seg-

ments and a double layer with a same coil shape at each layer in Fig 1.5.1.

< __~

Circular Square
Rectangular Segment
Double

Fig 1.5.1 Various types of a coil

square
rectangular

314.2

circular
square
rectangular

Area (cm?)
3N
[y®]
o0
S

circular
square
1256.6 rec?angular
segmented
0 0.05 0.1 0.15 0.2 0.25
k

Fig 1.5.2 Comparison of the results of the 3D FE simulations for magnetic coupling k [5]
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When comparing single layers over double layers, a given same size,
square and rectangular shapes show approximately the same magnetic coupling ‘k’. Circu-
lar shapes have higher magnetic coupling ‘k’ than square and rectangular shapes with the
same area in Fig 1.5.2 [5]. The circular model curved lines at the edge. The curved lines
reduce the conflict of flowing time varying current. On the contrary, square and rectangu-
lar shapes have right angles at each corner. This means that coils with angular parts make
it difficult to flow time varying current well. Due to this reason, the magnetic field is
weaker than circular shapes. In the case of particular shapes with segmented coils, the
parallel connected model is insufficient to maximize the strong magnetic flux rather than
another layer model. However, the double layer is different. A double layer coil better op-
timizes the magnetic field compared with a layer coil of the same diameter [1]. The outer
diameter is 5 mm, the inner diameter is 1.25 mm, and the coil thickness is 10 um. The
width and spacing have 15 um and 20 um. Thought the diameters of both are the same, the
number of winding is approximately double in Table I [1]. The inductance value of the
double layer has 45 uH, this values is higher than the single layer (12uH) about 4 times.
Also, a self-resonance frequency point of the double (6.5 MHz) is lower than the single
layer’s self- resonance frequency point (127 MHz) due to the value of inductance. In the
case of a quality factor (Q) at 2.64 MHz, the double layer has 5.9 compared with the sin-
gle layer with 3. Q-factor is to describe a characteristic of resonator’s bandwidth relative
to its center frequency. High Q-factor indicates a lower rate of energy loss relative to the
stored energy of the resonator. So, the double layer’s energy loss is lower than the single
layer. Due to these reasons of an inductance value and Q-factor, the voltage gain of the
double layer is higher than the single layer about 3.5 times. Therefore, with an increase in

the layer of the coil, more and stronger magnetic fields are formed.
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TABLE I. Comparision of Single and Double layers [1]

Single layer Double layer
Inductance (uH) 12 45
Q-factor at 2.64 MHz 3.0 5.9
Self- resonance (MHz) 127 6.5
Voltage gain 0.051 0.18

1.5.2 Magnetic Core (MC) structure.

Larger coil structures can generate magnetic field more easily than small-
er ones. The efficiency of a coil structure decreases steeply as its diameter decreases be-
cause of a narrow magnetic field. In the case of micro-scales, the working area from the
magnetic field is incredibly small. This small working area is a hot issue in micro-size re-
search. Some research groups have attempted to improve the size effect. As mentioned in
the coil design, the double layer is one of the alternatives [1][14][15], but this idea is not
suitable for the micro-size coil structures due to a complex fabrication process and spacing
limitations. Instead of this design idea, a ferrite layer has been used in small-sized coil
structures [1][16][17]. The ferrite layer is located under the coil structure. The ferrite layer
reflects magnetic fluxes in downward direction. The effect of the ferrite layer was simu-
lated [1]. When the ferrite with a relative permeability (u,, = 200) is used under the flat
spiral coil, the inductance increase is 80 % at the distance of 10 um, and 64% at the dis-
tance of 100 um compared with no ferrite. Also, the ferrite with a high relative permeabil-

ity (u,, =500) has higher inductance values compared with the ferrite with a relative per-
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meability (u,, =200) over whole ranges of distance between a coil layer and a ferrite sub-
strate. Figure 1.5.3 indicates the design of a coil with the ferrite layer and without the fer-
rite layer. The ferrite layer is located on the conductive layer for example Si (silicon) lay-
er. This is a basic structure of fabricating a single coil with ferrite layer to increase with

inductance values.

{;ﬁdm Coil
Inner Diameter >
Spacing
[ PT layer ]
Conductive layer
@
Quiter Diameter

s, Thickness or height

!
| R

Conductive layer

M

(b)

Fig 1.5.3 Parameters of a single layer on the ferrite layer and no ferrite layer. (a) Single layer
without the ferrite layer. (b) Single layer with the ferrite layer [1]

In this study, we created a magnetic core (MC) structure in the center of
the coil structure. Normally, MC structure has been used in a transformer to send an elec-
trical energy from the primary coil to the secondary coil [18][19]. The electrical energy

from the primary coil is transformed into magnetic fluxes. These magnetic energies flow
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to the MC structure. Eventually, the magnetic fluxes are changed into electrical energy in
the secondary coil. Our MC structure is based on this characteristic of transformer’s mag-
netic core. If a material is under a magnetic field, the magnetic property of this material is
changed. This process is called magnetization. The magnetic flux density caused by a coil
structure is related to a channel of a relative magnetic permeability (u,-) in Fig 1.5.4. An
MC with a high relative magnetic permeability (u,) is easy to guide magnetic field strong-
ly. For example, nickel (Ni) has a relative magnetic permeability of about ‘80° which
means that an MC consisting of nickel (Ni) has strong magnetic flux density, especially
compared to air, which has a relative magnetic permeability of about ‘1’ [20]. Therefore,
the higher time varying current to the coil, the more that the magnetic flux density will

increase by using an MC with high relative magnetic permeability.

H(B)
H(B) A

Magnetic Core

A Air B (tesla)

Magnetic Core

——
B (Nickel)
: Air

Number of turns

f\lﬂf\(\

v

Number of turns

(@) (b)

Fig 1.5.4 The influence of magnetic core (MC) in the coil. (a) The difference of a magnetic
field strength (H) when using a magnetic core (MC) and air. (b) Magnetic flux density (B) curve:
Nickel (Ni) and Air [20]
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Il. EXPERIMENT DETAILS

2.1 Fabrication of the basic coil

To validate the electrical characteristics of M1l and MR systems, a basic flat
spiral structures with an outer diameter of about several millimeter and various winding
turns is needed. Most micro-size coil structures were fabricated on Si-SiO2 substrate. But
this Si-SiO2 substrate has a limitation that makes the parasitic capacitance between coil
and Si layer. The parasitic capacitances reduce the electrical characteristic of an induct-
ance value of the flat spiral coils. In the case of a thin SiO2 layer, it makes higher capaci-
tance than a thicker SiO2 layer. We used a glass substrate to reduce the parasitic capaci-

tances.

Do : 10 mm Do : 1 mm
Turn : 40 n Turn :1n
Do : 5§ mm Do : 1 mm
Turn : 20 n Turn :2 n
Design of 4 inch wafer
(a) (b)

Fig 2.1.1 The design of 4 inch wafer for various coils. (a) The location of each coils: 10 mm, 5
mm, and 1 mm. (b) The coils with various outer diameter (10 mm, 5 mm, and 1mm) and turns (40
n,20n,2n,1n)
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Before the fabrication process, the conditions with various diameters and
turns were designed by using the My CAD program on a photolithography mask in Fig
2.1.1. The turns are changed from 1 n to 40 n until the turns are maximized. The outer di-
ameter also changed from 1 mm to 10 mm. There are 3 kinds of the outer diameter: 10
mm, 5 mm, and 1mm. The design of a coil with the outer diameter (10 mm) has 9 kinds of
turns: 1 n,2n,3n,5n,10n, 15n, 20 n, 30 n, and 40 n. Another design of a coil with the
outer diameter (5 mm) has 7 kinds of turns: 1n,2 n, 3 n,5n, 10 n, 15 n, and 20 n. The last
design of a coil with (1 mm) has 2 kinds of turns: 1 n and 2 n. This coil designed is a
source of a photo mask for a photolithography. The photo mask was made by a sodalime
and chrome. The parameter of the photo mask is that are size (126.6 mm x 126.6 mm),
thickness (2.3 t), and specification (10 < + 0.5 um).

The photoresist (ZXR-601) was coated on a glass substrate to a thickness of

about 2 um. The revolution per minute (rpm) is about 1000. The lower rpm makes thicker

thickness. To be solid state, the coated substrate was baked on a hot plated about 100 °C

for 2 minutes. Next step was to exposure ultraviolet ray (UV) using the photo-make for
2.5 second. This step is important because it needs to consider a thickness of a photoresist.
A short exposure time cannot bind a chain of a photoresist in the deep place. After ultravi-
olet ray (UV) photolithography, the coil layer with the Ti (50 nm) / Au (500 nm) was
formed by using a sputtering technique. The Ti (50 nm) layer enhances the adhesion be-
tween the glass and the Au layer. After sputtering the Ti / Au layer, unwanted photoresist
parts were removed by using a lift-off technique in Fig 2.1.2. The outer diameter (D,)s of
the coil structures were changed from 10 mm to 500 um. Their parameters were fixed at a
thickness of (t = 500 nm), a width of (w = 80 um). The spacing between turns was (s = 20

um).
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Fig 2.1.2 The Process of photolithography and growing ZnO nano wires — Ni layer
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2.2 Designing a magnetic core (MC) structure

The magnetic core (MC) structure consisted of ZnO nano wires and a Ni lay-
er. The ZnO nano wires served as frame to coat the Ni layer. The 50 nm ZnO seed layer
was deposited by using the sputtering system and a photolithography process on the center
of a basic flat spiral coil pattern in Fig 2.1.2. After the lift-off process of the ZnO seed
layer, we used the hydrothermal process which is possible to grow uniformly ZnO nano
wires on the substrate [21][22][23]. The sample was suspended upside down direction us-
ing plastic tools and was then dipped in a glass bottle filled with 20 mM solution which

was mixed by hexamethylenetetramine and zinc nitrate hexahydrate.

(CH2)6N4 + 6H,0 > 4NH3 + 6HCHO
NHs + H,0 < NH3-H,0
NH3-H,0 < NH;" + OH"

Zn?* + 20H" — Zn(OH),

Zn(OH), — ZnO + H,0 (2) [24]

The nutrient solution was composed of a 1:1 ration of zinc nitrate hexahydrate and hexa-
methylenetetramine (HMTA). Zinc nitrate salt provides Zn2+ ions required for building
up ZnO nanowires. Water molecules in the solution provide O2- ions. The glass bottle
was heated in a vacuum oven at 70°C for 48 hours in Fig 2.1.3. The grown ZnO nano
wires were rinsed with an IPA solution to clean the surface of the sample. Then the Ni
layer was coated on the vertical ZnO wires by photolithography, the sputtering and the

lift-off process in Fig 2.2.1.
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Fig 2.2.1 The Process of growing ZnO nano wires

2.3 Experiment Condition

The inductance, the series resistance, and the self-resonant frequency of vari-
ous antenna structures were measured by using an impedance analyzer and a network ana-
lyzer (Agilent technology E5061B). The frequency range was found to be from 100 kHz
to 30 MHz. The inner connection pad was connected to a test fixture (Agilent technology
16047E) by using a wire bonding technique where the thickness of the aluminum wire
was about 1 mil (25 um) in Fig 2.3.1 (a). To measure the power transmission efficiency in
the air and the water, the antenna structures were divided into two main parts in Fig 2.3.1
(b)(c). One was the Tx designed by the flat spir al coil with the inductance value about L
~ 12.33 uH in the macro scale. The other was the Rx that was also designed by the flat

spiral coil with the MC and without the MC structure.
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Fig 2.3.1 The experiment condition (a): Wire bonding between the inner pad and outer connec-
tion pad (b) Power transmission setting in the air (c) Power transmission setting in the water
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I11. RESULTS AND DISCUSSION

3.1 Results of micro size antennas for the magnetic induction

After using the process of the photolithography and lift-off, the images of
micro size antennas were taken in Fig 3.1.1. Figure 3.1.1 (a), (b) shows the optical micro
images with same width (80 um), thickness (500 nm) and spacing (20 um). The inside of
pad is connected to the left bottom of the pad by using a wire bonding. The diameter of a
wire bonding is about 25 um, so the pad is designed to be bigger than a size of width. Fig-
ure 3.1.1 (c), (d) indicate the scanning electron microscope (SEM) images for 10 mm 20 n
(outer diameter = 10 mm and turn = 20 n) and 1 mm 1 n. Figure 3.1.2 (a), (b) present the
spacing between widths and the thickness. The length of spacing is fixed on 20 um. The
thickness is checked to use a micro ruler. The goal of thickness is 500 nm to use the sput-
tering system, so the thickness of Au is quite exact. Figure 3.1.2 (c) shows the thickness of
a coil. The thickness was measured by using a surface profiler, the red area indicates a
bottom of a coil and the green indicates a sputtered area of the coil. The difference of the
green and the red is the thickness of the coil about 5124 A (512 nm). The edge of both
sides of the green are has sharp needles that is higher than a flat green area. This reason
comes from the process of the photolithography and the lift-off. This unwanted edge ef-
fect can be seen in Fig 3.1.2 (a). The thick lines of the edge on the width can make an im-
pedance to be higher due to imperfect shapes. To overcome this problem, it needs to fabri-
cate another process such as an electro plating skill. However, the photolithography and
the life-off process are easier and not to waste time of designing coil patterns. So, in this

study, we used the process of the photolithography and the life-off.
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.5 mm

(b)

(c) (d)

Fig 3.1.1 Optical images and scanning electron microscope (SEM) images (a) Optical image
for 5 mm 20 n (outer diameter = 5 mm and turn = 20 n). (b) Optical image for 1 mm 2 n (outer
diameter = 1 mm and turn = 2 n). (a) The center of SEM image for 10 mm 20 n (outer diameter =
10 mm and turn = 25 n). (d) SEM image for 1 mm 1 n (outer diameter = 1 mm and turn = 1 n)
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Fig 3.1.2 The SEM images of a boundary between a width and spacing (a) SEM image for the
spacing between widths. (b) SEM image for thickness of a coil (c) The thickness of a coil by

measuring a surface profiler
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3.2 Electrical characteristic of basic coils
3.2.1 Theoretical values of an inductance
Before measuring the electrical characteristic of basic coils, the theoreti-
cal inductance and DC resistance values were calculated by using the expressions for a

basic single layer spiral inductor and a basic electrical DC resistance [25].

(3) [25]

n |~

One expression of basic DC resistance needs three parameters: the length of the spiral coil
(I- m), the spiral coil cross section (S - m?) and the electrical resistance of the spiral coil
(o- ohm. m). We used Au material to fabricate the spiral coil shape. Au has an electrical
resistance about 2.4 -10°® [ohm. m] and the length of a spiral coil depended on the outer
diameter length. The cross sectional area is same to 4.0-10™* [m?]. The electrical DC re-
sistances are calculated from 1mm 1turn (outer diameter = 1mm and winding = 1n) to
10mm 40 turns (outer diameter = 10mm and winding = 40) in and are shown in Table I1.
The length of the spiral coil is related to DC the resistance. Increasing with the length of
the spiral coil where the value of cross section and the electrical resistance are same, the
DC resistance increases. In the case of 10 mm 40turns, the DC resistance (451.0 Q) is
higher than other cases because the resistance is proportional to the length of the spiral
coil. On the contrary, the 1 mm 1turn has the lowest DC resistance (1.2 Q) among whole
models of a spiral coil. The other expression of an inductance value is described as fol-
lows: [14][25][26]

#'nz'davg'cl

L=t (in(2)+ G p + G D) (4)[25)
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TABLE Il. DC resistance of the theoretical and I-V characterization system

Parameters
Type
Outer Diameter (Imm) Turn (n) Resistance (£2)
1 mm 1 1.200
: 10 75.00
Theoretical 5
20 112.8
20 302.2
10 mm
40 451.0
1 mm 1 6.241
I-V Characterization 10 155.5
Smm
system 55 s
20 378.7
10 mm
40 840 4

The parameters are a material permeability (), a number of turns (n), an average diameter
(davg), coefficients (C, ~ C4) and coil fill ratio (). The coefficients (C; ~ Cy) are related to
the shape of the flat spiral coil. We chose circle parameters as ‘1.00’, 2.46°, ‘1.00” and
“0.20° for C; to C, respectively. The material permeability (x) of Au is about 1.256-10
[H/m]. The coil fill ratio (p) and average diameter (dayg) depend on the outer diameter and
the inner diameter. The calculated results are shown in Table I11. With increasing diameter
and turn, the inductance value increases slightly. In the case of 10 mm 40 turns (outer di-
ameter = 10 mm and turn = 40 n), the inductance value is about 8.407 uH. This value is
higher than another inductance value. When the parameters (coefficients, a material per-
meability, thickness, width, and spacing) are fixed, the inductance value is dependent on
the turns and an outer diameter. From these results, the turn and the diameter of a flat spi-

ral coil are important factors to enhance the inductance value.
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TABLE I11. The theoretical and measured inducatance values

Parameters
Type
Outer Diameter (mm) Turn (n) Inductance (H)
1 mm 1 1.752n
Theoretical 5 10 0.577u
20 1.05%u
20 4.61%u
10 mm
40 8.407u
1 mm 1 11.51n
Measured 10 1.025u
S mm
20 1.761u
20 5.505u
10 mm
40 9. 764u

3.2.2 Measurement values of resistances and inductances

The electrical DC resistance values of flat spiral coils employing Au thin
film of about 500 nm structure were measured by using a Probe station and I-V character-
ization (KEITHLEY 4200-SCS semiconductor characterization system). The voltages
were swept from -5V to +5V with a step voltage of 0.01V. Table Il shows the measured
electrical DC resistances. As can be seen from results, 10 mm 40 turns (outer diameter =
10 mm and turns = 40 n) has a higher series resistance than the other coils at about 849.4
ohm. On the contrary, the resistance of 1 mm 1 turn of about 6.241 ohm is the lowest re-
sistance value among the other coils. 10 mm 10 turns has approximately 141 times of the

resistance. This is due to an outer diameter and turns. The more the turns and outer diame-
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ter increase, the more electrical DC resistance increases. Comparing theoretical DC re-
sistance values with measured DC resistance values, there are some differences. In the
case of Imm 1turn (outer diameter = 1 mm and turn = 1n), the difference of DC resistance
is 5.041Q between the theoretical value and the measured value. With increasing the outer
diameter (1 mm to 10 mm) and the turn (1n to 40 n), the difference of DC resistance in-
creases with 398.4 Q. The reason is that the theoretical value was calculated by using a
perfect electrical resistance (Au). However, the electrical resistance of fabricated coils was
different. The real measurement of a sheet resistance is about 0.17196 [ohm / Cm?], so the
real electrical is 8.598- 10 [ohm. m]. This real electrical resistance is higher than the the-
oretical electrical resistance value (2.4 -10® [ohm. m]) about 3.58 times. It came from the
process conditions which the fabricated coil was deposited by the sputtering system. This
sputtering system does not form the perfect Au structure due to its mechanical process. It
makes the bulk type of Au structure with different electrical resistance of Au. Therefore,
the theoretical resistances and the real resistances have deviations of the DC resistance.
The inductance values of flat spiral coils employing the Au thin film
structure were measured by using an impedance analyzer from 100 kHz to 30 MHz for the
size effects. Table I1l shows the measured inductance values for various antenna diame-
ters, with a width of (80 um), a thickness of (500 nm) and the turn (1 ~40 n). The induct-
ance values dropped sharply from 9.764uH to 11.51nH depending on the outer diameter.
Figure 3.2.1 shows the inductance values with various diameters (1 mm ~
10 mm) and turns (1 n ~ 40 n). In the case of 1 mm (outer diameter) the inductance values
are lower than any other cases. With the same turn (1 n), the 10 mm (outer diameter) is a
high inductance value about 140 uH and other cases with same turn (10 n and 20 n) show

same results. Therefore, the inductance values are dependent on turns and a size of an out-
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er diameter. Comparing theoretical inductance values with measured inductance values,
the difference of the inductance is smaller in the case of 10 mm (outer diameter = 10 mm).
With decreasing the outer diameter, the difference between theoretical and measured in-
ductance increases. One of reasons is the wire bonding. To measure the inductance value,
a coil needs to connect the impedance analyzer kit. A length of a wire bonding makes the
inductance to increase in the case of a small size of coils. The other reason is the Au mate-
rial permeability. The theoretical Au material permeability is the perfect condition. How-
ever, the measure Au material permeability is different compared with the theoretical val-

ue due to the bulk structure. These two reasons make the gab of inductance values.
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1 L 1 L 1
0 10 20 30 40

Number of winding (n)
Fig 3.2.1 The inductance values of coils with various diameters (1 mm ~ 10 mm) and turns (1
n~40n)
3.2.3 Measurement values of a self-resonant frequency
These inductances are related to a self-resonant frequency [27][28]. To
check the self-resonant frequency, we performed an experiment to measure self-resonant

frequencies according to different inductances in Fig 3.2.2. The frequency range was
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swept from 300 kHz to 3 GHz. Figure 3.2.2 (a) shows the each self-resonant frequency
over increasing with outer diameters (1 mm ~ 10 mm) and turns (1 n ~ 40 n). In the case
of 10 mm (outer diameter), the self-resonant frequency values with 40 turns is lower than
another turn. Also, in the case of a same turns (20 n), self-resonant frequency value with
10 mm (outer diameter) is lower than 5 mm (outer diameter) case. To be specifically, the
self-resonance frequency of the coils is changed from 2.6 GHz to 1.6 GHz with increasing
the coil diameter in Fig. 3.2.2 (¢). The frequencies correspond to 11.53 cm and 18.73 cm
of the wavelength respectively in a near field. It means if the coils are used as magnetic
inductance antennas, the 10 mm coil can receive or give a better power transmission for a
longer distance with a high inductance than the 1 mm coil, since the magnetic inductance

generally shows high efficiency of the transmission under the near field size.
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Fig 3.2.2 The electrical characteristics of basic flat spiral antennas (b) Inductance values of
basic flat spiral antennas with various outer diameters (1 mm = green, 5 mm = red and 10 mm =
blue) and the same turn (1 n) over sweeping the frequency from 100 kHz to 30 MHz. (c) S11 pa-
rameters (dB) of basic spiral antennas over sweeping the frequency from 300 kHz to 3 GHz
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3.3 Electrical characteristics of magnetic core (MC) coil
A flat spiral coil with a small outer diameter and turn has a low inductance and
high resonance frequency due to the limitation of the size effect. To overcome this size
effect, the core structure formed by a ferro-magnetic material is suggested in the center of
a coil pattern. Normally, if the ferro-magnetic material is located under the coil pattern,
the inductance value can be enhanced by inducing a higher magnetic flux in the center
[15]. The magnetic flux density (B-field) is dependent on the core material permeability

which is related to the quantity of the magnetic moment.

B = u, u, H [weber / m?] Or [T (teslar)] (5) [20]

Where, u, is the core material magnetic relative permeability, u, is the
magnetic constant, and H is the magnetic field. In this study, a micrometer size of the MC
is formed inside the sprial coil structure to enhance the magnetic field (Fig 3.3.1 (a), (b)).
The MC made by the ferro-magnetic material can help to focus the magnetic field in the
center of the flat spiral coil and to reduce the loss of magnetic fields escaping from the
center. To enhance the focusing effect with directionality, a vertical three dimensional
(3D) structure can be added. If we choose nano wires as the 3D structure, the increasing
effective area is also expected, so that the enhancement can be maximized. Here, ZnO

nano wires are used for the 3D core structure, since ZnO nano wires can be grown below

100°C with good structural properties. The low process temperature does not damage the

coil structure or the glass substrate. By controlling the preferred orientation of the seed
layer for ZnO nanowires, the ZnO nano wires are grown vertically as shown in Fig 3.3.1

(c). The measurement of X-ray diffraction (XRD) and photo-luminescence (PL) spectrum
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are the preferred orientation of nano wires [29][30]. Figure 3.3.2 (a), (b) show that nano
wire is formed as a single crystal. An SEM image of the MC structure with ZnO nano

wires coated by the Ni layer is shown in Fig 3.3.1 (d).

Nilayer

(©) (d)

Fig 3.3.1 The flat spiral antenna structure with the magnetic core (MC) consisting of ZnO nano
wires and the Ni layer (a) The 3D schematic diagram of the suggested structure. (b) Optical micro-
scope image of the structure (c) Scanning electron microscope (SEM) image of ZnO nano wires
grown by a hydrothermal method (d) The cross section SEM image of ZnO nano wires after sput-
tering the Ni thin film
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Fig 3.3.2 The data of ZnO nano wires in XRD and PL (a) XRD peaks of ZnO nano wires on
glass substrate (b) PL analysis of ZnO nano wires on the glass substrate
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Fig 3.3.3 Electrical characteristics of 1 mm 1 turn antenna structure with the MC and without
the MC (a) Inductance values of 1 mm 1 turn with the MC (red) and without the MC (green) : 13.9
nH with the MC and 11.5 nH without the MC at 1 MHz (b) The S11 parameters with the MC and
without the MC. The self-resonant frequency point decreases from 2.6 to 2.4 GHz when the 1mm
antenna has the MC
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Figure 3.3.3 shows the electro-magnetic characteristics of the MI antenna with
the MC structure. Even though the M1 antenna with the MC structure is occupied with the
same space (Do = 1 mm), the structure has high inductance due to the core effect. For the
frequency dependence, the antenna structure with the MC can reduce the reflection power
measuring S11 parameter (dB) from -22 dB to -30 dB by lowering the resonance frequen-

cy (Fig 3.3.3 (b)).
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Fig 3.3.4 The inductance values under an outer diameter (1 mm) with MC and without MC

A flat spiral coil with an outer diameter (1 mm), it is insufficient to apply to a
human implanted system because the flat spiral coil like a role of an antenna, it takes up
much space about 70% in a human implanted device. Getting a flat spiral coil with a small
size of an area is important. Figure 3.3.4 shows flat spiral coils with MC under a diameter
(1 mm). The turn (1 n), width (80 um) and thickness (500 nm) are same over whole coils.
The outer diameters were changed from 500 um to 1 mm. In the case of coils with MC,

the inductance values are higher than without MC. The coil with an outer diameter of 500

-36 -



um has a better inductance value (6.46 nH) than 600 um (5.85 nH) with MC at 10 MHz.
Therefore, to use MC on the center of a coil is a one solution to overcome the size prob-

lem.

3.4 Power transmission
3.4.1 In the Air

The goal of designing a coil with a high inductance value is to get a high ef-
ficiency of a power transmission. To verify a power transmission using MI antenna with
MC or non-MC, the experiment was processed in channels of the air and water. For the
Tx antenna, the macro size coil with 12.33uH was set with the function generator (Agilent
technology 33250A), and digital phosphor oscilloscope (Tektronix DPO3034) at 2 MHz.
We supplied £10V AC bias to the Tx, and then measured voltage (peak to peak) to the

difference of the Rx with changing the distances between the Tx and the Rx in Fig 3.4.1.
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Fig 3.4.1 The power transmission in the air
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In the air, the voltage of the MI antenna (D, = 1 cm) with the MC (800 um)
is higher than that without the MC at 1 cm; with MC (64 mV) and without MC (57mV).
All coils with MC have high voltages compared with coils without MC over whole rang-
es. This difference comes from the MC effect. The MC is easy to guide the magnetic
fluxes and to couple directly with the Rx coil. This interaction between the MC structure
and the Rx coil makes a better effect because the induced magnetic fluxes generate the
time varying current which is a source of operating electrical devices. Reducing the size
of outer diameter, checked voltage values are reduced. In the comparison, the Imm coil
with MC has the high voltage (64 mV) than 500 coil without MC (38 mV) about 1.7

times.

3.4.2 In the Water

The condition of water is important in this experiment, because the human
body is consisted of water about 80 % [31]. The coils were set to outer diameter (D, =
1mm) and having MC or not. In the water, the voltage of the MI antenna with the MC was
measured about 63 mV at 1 cm in Fig 3.4.2. The checked voltages with MC or non-MC in
the water or air are similar to each other. This result means that the MI system is not quite
affected to channel conditions, it is possible to transfer power to a human body. Although
the MI antenna structure with the MC shows the improvement of the efficiency of the
power transmission in the air and the water, the efficiency of the medium is quite low.
Some reasons which are a setting frequency, a direct measurement without an electrical
matching, and a large distance compared to the antenna size can make the low efficiency

result.

-38-



: 3 3 j —o— Air_Without MC
60.0m| >N S . —e— Air_With MC :
- ; - —#— Water_Without MC
—~ 50.0m}| N - —*— Water_With MC

o 1 2 3 4 5 6 7 8 9
Distance (cm)

Fig 3.4.2 The power transmission in the water

3.4.3 The effect of matching a resonant frequency and impedance

With generating strong magnetic flux at Tx, Rx can easily receive the
magnetic flux and converts magnetic fluxes to electric source. So, the resonant frequency
and impedance matching are critical factors for the wireless transmission. Normally, the
resonant frequency is related to an inductance and capacitance value [32]. Tuning the ca-
pacitance and inductance value, it can possible to set a specific frequency for power
transmission. It induces the better power transmission efficiency because the power
transmission system fixed by a resonant frequency point make the strong coupling be-
tween Tx and Rx without interferences of another noises. Also, the impedance matching
is required to set a specific resistance value at Tx. When Function generator (Agilent
33250A) gives the magnetic antenna AC power source, it can be possible to make path
loss during flowing AC current between the power source to a magnetic antenna. To re-
duce the path loss, the impedance is matched between power source and the magnetic an-

tenna. In the case of a power transmission field, the 33 ohm is usually used due to good
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characteristics of power transmission. In the case of a distortion, the 75 ohm is usually
used. These two characteristics of a power transmission and a distortion are essential in
our experiment, so we set the impedance with 50 ohm between the power source and the
magnetic antenna.

Figure 3.4.3 shows the difference of efficiency power transmissions be-
tween matching resonant frequency and impedance or not. We used another Tx antenna
(inductane =~ 228 uH, type = solenoid, and turn = 46 n). And we connected the capacitor
(26.3 pF) and resistor (40.7 Q) in the series model at Tx to match resonant frequency
(2MHz) and impedance (50 Q). The voltage was measured at Rx with 1mm 1turn with
MC. The red line presents the matching resonant frequency with 2 MHz and impedance
with 50 ohm. The green line is not matched of a resonant frequency and impedance. The
voltages are only measured at the red line. On the other hand, the non-matching resonant
frequency and impedance (green line) is poor at power transmission over whole distances.
From this experiment, the matching resonant frequency and impedance are important in

the power transmission.
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Fig 3.4.3 The matching effect of a resonant frequency and impedance
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3.4.4 The effect of the power transmission over changing frequencies
In the wireless power transmission using magnetic waves, the selection of
a frequency is a main issue. To find the best frequency for our study, we examined the
tests over changing resonant frequencies at Tx. Figure 3.4.4 shows the measured voltages
at Rx. The resonant frequencies were 1 MHz (100pF), 1.45 MHz (50pF), and 2 MHz

(26.3pF) in a series model at Tx. Also, each Tx condition was matched at 50 ohm.

1000m ———
g s e de - - 4 - - —e— IMHZ
80.0mb 1.45MHz
— T T 2MHZ
2 60.0mp "SR N SO
o a
&
T A0.0M b
(=)} i
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S 20.0m [ R T S o N
0.0F j

Distance (cm)

Fig 3.4.4 The effect of the power transmission over changing frequencies

The best result is checked at 1MHz (89 mV), the distance between Tx and Rx is 1 cm. The
poor result is checked at 2 MHz (32 mV). With increasing with resonant frequencies, the
measure voltages are reduced. From 3 cm of the distance, the voltages (resonant frequency
= 2 MHz) are not checked. Over whole ranges of the distance between Tx and Rx, the red
line (1MHz) presents better efficiency of power transmission compared with the green
(1.45 MHz) and black (2 MHz). This effect of power transmission over changing frequen-

cies is probably related to a wave length and skin effect [28][33].
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Tx with 1MHz (resonant frequency) has 300 m of a wave length. This
wave length is longer than 1.45 MHz (206 m) and 2 MHz (150 m). We guessed that the
low resonant frequency is strongly coupled between Tx and Rx at a long distance. On the
contrary, the high resonant frequency is loosely coupled between Tx and Rx at a long dis-
tance. This is one reason why the voltages (1 MHz) are higher than other conditions (1.45
MHz and 2 MHz).

The other reason is probably the skin effect. The skin effect makes Tx re-
sistance to increase due to an eddy current. By increasing with alternating current, the ed-
dy current increases arising from a changing magnetic field in the Tx conductor. It cancels
the current flow in the center of the conductor came from power source. This tendency is
certainly shown at a high frequency domain. So, the resistance of 1 MHz in the Tx is low-
er than the other frequencies (1.45 MHz and 2 MHz). The low resistance induces the
strong alternating current in the Tx and it makes strong magnetic field in the channel. This
is the other reason why the Tx with 1 MHz is better efficiency of power transmission

compared with 1.45 MHz and 2 MHz.

3.4.5 Matching a resonant frequency at Rx
Previous experiments were processed under matching a resonant frequency
at Tx. These were insufficient to enhance power transmission between Tx and Rx. So, it
needs tuning conditions at Rx (1 mm 1 turn with MC). Rx antenna has low inductance
value about 13 nH. To match a resonant frequency, Rx is connected to a capacitor with a
high capacitance value in series model. Figure 3.3.4 shows the efficiency of matching
resonant frequency at Rx. The conditions of Tx were same to 3.4.3 experiment. Only the

resonance frequency was changed into 1.45 MHz. To match same resonant frequency
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(1.45 MHz) both Tx and Rx, the capacitor with 1uF was connected at Rx in series model.

The voltages were checked at Rx.
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Fig 3.4.5 The matching effect of a resonant frequency at Rx

The red line and green show the efficiency of matching resonant frequency
or not at Rx. The measured voltages of red line (matching resonant frequency at Rx) are
higher than green line (not matching resonant frequency at Rx) over whole distance areas.
Even the distances at 6 cm and 7 cm, the voltages (green line) were not checked. Match-
ing resonant frequency both Tx and RX, it can enhance the magnetic coupling and it

makes a better efficiency of power transmission.

-43 -



IV. CONCLUSION

We have studied the magnetic induction (MI) antenna structure for the power and
the communication signal transmission to implanted devices inside the human body. To
enhance the magnetic inductance, a three dimensional magnetic core was added to the flat
spiral coil antenna structure, which was consisted of ZnO nano wires coated by the nickel
(Ni) layer. ZnO nano wires supply easily a large effective surface area with a vertical struc-
tural effect to the magnetic core (MC) structure, which inducesa higher magnetic fluxes
with the ferro-magnetic material Ni. In the case of the MI antenna with MC, the inductance
value (13.9 nH) is higher than without MC (11.5 nH) at 1 MHz. Reducing the outer diame-
ter under 1 mm, the inductance values are higher than without MC cases. Considering the
power transmission, the MI antenna with the MC showed a similar efficiency of power
transmission at the water compared with the air medium. For the water medium and match-
ing resonant frequency (2 MHz) only at Tx, the test used by 1 mm antenna with the MC
structure (800 um) shows the inductance value (64 mV) is the higher than without MC (57
mV) at 1 cm. Over increasing with distances from 1 cm to 8 cm, the measured voltages re-
duce both the coil with MC and the coil without MC. However, the coil with MC has high
voltages over whole distances comparing with the coil without MC. The matching a reso-
nant frequency and impedance between Tx and Rx are also important for wireless power
transmission. When the Tx and Rx match a resonant frequency (1.45 MHz) and impedance
(50Q2), the checked voltage is 91 mV at 1 cm. It is higher than not matching resonant fre-
qguency at Rx (64 mV). Therefore, this study shows a probability of the substitution to a

traditional wire connection for the implanted systems.
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