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Abstract

Micro-, submicro- and nano-related industries have been growing rapidly in recent
years. The technologies of precise measurements thus become increasingly more
demanding. Since encoders are:the key component in precise control systems,
developing a high-resolution and small-sized encoder is essential to enable the
systems more competitive in performance and price;

Encoders can be classified into optical and magnetic types. The optical type uses
the light reflection or transmission as the" detection signals. The magnetic type
utilizes magnetic south and north poles as the sensing sources. A magnetic encoder
comprises a magnetic sensor and a multi-pole magnetic component with a fine
magnetic pole pitch. A smaller magnetic pole pitch yields a higher resolution in
applications.  Using traditional methods, a multi-pole magnetic component
magnetized with a fine magnetic pole pitch of less than 1mm is very difficult to
achieve. Moreover, it requires a precise mechanical processing and a complicated
magnetization system.

In order to overcome the limitation of 1mm in fabricating the magnetic pole pitch,
an innovative method by using the printed circuit board (PCB) technology was
employed. A specia wire circuit pattern was designed and fabricated on the PCB
with a periodic structure. According to Ampere s Law, an aternate and regular

magnetic field distribution is induced after applying a current to the wire circuit.



Thus, a multi-pole magnetic component with afine magnetic pole pitch is obtained.
Additionally, a precise magnetic field measuring system was designed and set up
to measure the field distribution in the fine magnetic pole pitch. A high-sensitivity
Hall-effect probe with a fine sensing area of 165 165mm was used and therefore it is
capable of determining the field distribution with a fine magnetic pole pitch of less
than 1mm. Various multi-pole magnetic components with different magnetic pole
pitches of 300mm, 350mm and 400nmm were accomplished. The field distributions
were measured at the detection spacing of 200nmm and 300nmm above the surface of the
wire circuit. The explicit boundaries between magnetic poles are found, indicating
the fine magnetic pole pitches are 300mm, 350mm and 400nm, respectively.
Correspondingly, the resolution of magnetic encoders can be markedly improved by a
factor of 3.33 (Imm/300mm). Moreover, the field formulae for computing the field
distribution in the fine magnetic pole:pitch. have been also derived. These field
solutions are expressed in terms'of, finite sums of. elementary functions and easily
implemented in any programming environments. As a comparison, the calculated
values of magnetic flux density in the z directron agree with the measurement data.

A dual-layered wire circuit structure was used to improve the field strength.
After measurements, a gain factor of 1.37 was obtained in the field enhancement.
Furthermore, various wire widths of 190nmm and 235mm were used to investigate the
field optimization and the corresponding optimal magnetic pole pitches are 465mm
and 495mm. Such an optimal design has larger strength and steeper variation in the
field distribution.  Both of them are useful to the signal detection and processing.
PCB manufacturing technology has been demonstrated to effectively fabricate a
multi-pole magnetic component with a fine magnetic pole pitch to be less than Imm.
This innovative method provides a simple process without using the complicated
technologies such as machining technique, magnetizing head and magnetization
machine. Additionally, it is also a cost-effective method to enable mass production
easily. Different pole numbers and pitch sizes can be aso easily fabricated on the

PCB through this flexible approach.
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Chapter 1  Introduction

Chapter 1

I ntroduction

The principles and configurations of different optical and magnetic encoders are
presented. A review of magnetic encoders related technologies are also reported and
some critical issues with respect to the improvement of performance are considered as
well. Findly, the motivation, objective and organization of this dissertation are

discussed.

1.1 Overview of encoders

Micro-, submicro- and nana-rel ated industri es have been growing rapidly in recent
years. The technologies of preCise measurements thus become increasingly more
demanding. Since encoders are the key component in precise control systems,
developing a high-resolution and small-sized encoder is essential to enable the
systems more competitive in performance and price. Encoders can be classified into
optical and magnetic types. Both of them are widely used to detect the position,
angle or speed in precise control systems. They are playing an important role in
Information Application (IA) products, in automatic manufacturing for various
industries, etc. Consequently, encoders can be frequently found in different places
such as lathes for the precise machining, printers for the precise printing and optical
disc drives for the precise reading, etc.

The performance of magnetic encoders is now comparable to that of optical types.

They are rigid with a simple structure to offer a reliable operation in adverse
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environments with large vibration, high temperature, dense moisture or dust. Since
encoders are only an auxiliary element in a system, they do not much attract the
mainstream academic and industrial attentions. Only a few scholars and researchers
had been interested in and devoted to the research of this important key component

[1-19]. Both of optical and magnetic encoders will be introduced in the following

sections.
- High reflection L |Lowreflection
Optical sensor
Linear optical encoder
Optical grating element —=| |<— Optical grating pitch
@
Optical sensor U 2D optical encoder Rotary optical encoder

' . Optlcal sensor
.Highreflection l ’@

L |Lowreflection
- High reflection Low reflection

o) ©

Fig. 1-1. Configurations of (a) alinear, (b) 2D and (c) rotary optical encoders.

1.2 Optical encoder

An optical encoder comprises an optical sensor and an optical grating element
with a fine grating pitch. A smaller pitch size yields a higher resolution in
applications. Figure 1-1 shows the configurations of various linear, 2D and rotary
optical encoders, respectively. The high (H) and low (L) reflection signals can be

detected by using the optical sensor when the light reflects from or transmits through
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the optical grating element. Consequently, the precise position, angle or speed can
be obtained by counting the number of high and low reflection signals.

An example of an optical encoder used in the inkjet printer for controlling the
precise position in printing is illustrated in Fig. 1-2. The similar high and low
reflection signals are detected when the light passes through the optical grating
element. After counting the number of high and low reflection signals, the precise

position can be found. Accordingly, the documents can be printed out accurately.

| ' r
i
I-
sy " AT e

Fig. 1-2. (a) An optical encodé:;.'iu printer. (b) Ehlarged photo of the
optical grating element. "'*-::‘:I o

1.3 Magnetic encoder

A magnetic encoder consists of a magnetic sensor and a multi-pole magnetic
component with a fine magnetic pole pitch. Figure 1-3 indicates the configurations
of various linear, 2D and rotary magnetic encoders, respectively. The resolution of
magnetic encoders can be markedly improved by narrowing the magnetic pole pitch.
Different field distributions of magnetic south (S) and north (N) poles are
distinguished from the magnetic sensor. Correspondingly, the precise position, angle
or speed can be acquired after counting the number of magnetic poles.

An example of a magnetic encoder employed in the lens module for controlling
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the precise focusing when taking photographs is shown in Fig. 1-4. The precise

position in focusing can be decided after accumulating the number of magnetic poles.

- South pole N | North pole
Linear magnetic encoder

IIIIIIIIN

Mult-pole magnetic component —=| |<<— Magnetic pole pitch
@

Magnetic sensor Rotary magnetic encoder
Bl 2D Magnetic

encoder .
. South pole ‘ .Magnetlc sensor

N North‘ pole. . South pole N | North pole
®) ; "ﬂ ; g ©
Fig. 1-3. Configurations of (a) almear (b) 2D and (c) rotary magnetic encoders.

Magnetic sensor

Lensmodule

Fig. 1-4. (a) A magnetic encoder employed in the lens module. (b) Enlarged photo
of the multi-pole magnetic component.

1.4 A review of magnetic encodersrelated technologies

Several methods have been used to fabricate a multi-pole magnetic component

with a fine magnetic pole pitch for use in magnetic encoders. However, a costly and
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complicated magnetization system including a precise magnetizing head (or fixture)
and a magnetization machine is required [1-14]. During the magnetization process,
an unmagnetized magnetic component is placed on the top of a magnetizing head.
The magnetizing coils are wound and fixed on the magnetizing head with a multi-pole
configuration. The terminals of magnetizing coils are connected to a magnetization
machine, which can provide a large magnetizing current. A large magnetic field is
induced instantaneously to magnetize the magnetic component into a multi-pole
structure after applying a large current to the magnetizing coils. Thus, a multi-pole
magnetic component can be obtained. Different methods for fabricating various

types of multi-pole magnetic components are discussed as follows.

1.4.1 Linear types of multi-pole magnetic components

The linear types of a magnetizing head-and-a multi-pole magnetic component on a
magnetic sheet [20] are illustrated ‘in Fig. 1-5." The grooves in the magnetizing head
are designed for winding the magnetizing coils to form an alternate magnetic field
distribution. The spacing between any two adjacent grooves is defined as the gap.
The sum of groove width and gap is defined as the magnetic pole pitch, which is
limited by machining techniques. The minimum magnetic pole pitch can be
achieved only around 1mm through this approach. Additionaly, the waveform of
the magnetizing current should be modified to fit the material characteristic of the
magnetic component to attain the optimal condition for magnetization.

Before magnetization, the magnetic moments inside the magnetic material are in a
random state. The net magnetic moment is zero and therefore no magnetic field
exists in the magnetic component. However, the magnetic moments will move to the

same direction after magnetization. Consequently, the net magnetic moment is not
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zero and the magnetic field is thus generated in the magnetic component, as shown in

Fig. 1-6.

Current input
Current output

7w 8%

O Bending angle

Magnetic sheet

AT

> —

Groove width

> N F
Gap

Minimum magnetic pole pitch ~1mm

(b) Linear type of a multi-pole magnetic component

(8) Magnedangn e :
Fig. 1-5. Linear types of a magnetizing head and (b) a multi-pole magnetic
component on a magntiec sheet.

LN North pole S: South pole
/ = = = —=
N >s = = =
/ e > i = = =
@ Beforemagnetlzatlon e, (b) After magnetization

Fig. 1-6. Magnetic moments exist 'inside the magnetic material (a) before
magnetization and (b) after magnetization.

During the magnetization process, the magnetic sheet is placed on the top of the
magnetizing head. According to Ampereé s law, an alternate magnetic field
distribution is induced instantaneously after applying a current to the current input on
the head. Accordingly, a linear type of multi-pole magnetic component is obtained
[21]. The magnetizing head is made of a permaloy, which has a very high
permeability that can concentrate the magnetic flux to enhance the magnetic field for
magnetization. However, the insulating layer of magnetizing coils is easy to damage
at the large bending angle in grooves and this often leads to a short circuit.

Moreover, the large magnetization energy needs to disperse in a few seconds and
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therefore the magnetizing coils are broken frequently during the magnetization
process. Thisapproach isthus very dangerous.

A method proposed by Y. Kikuchi et al. who used a linear pulse motor (LPM)
mover in a magnetic encoder [22]. The LPM mover is made of carbon steel with a
tooth structure as a multi-pole magnetic component. A bias magnet is hired to
generate different magnetic resistance and a MR element is employed to detect the
resistance in the tooth structure, as shown in Fig. 1-7. After counting the number of

output pulses from MR element, the exact displacement is obtained.

LPM : Linear Pulse Motor Bias magnet
| (Sm-Ca)

IE

..:;:..E"' Bias gu[:r, Oy,

b Detecting gap, 8,

structure

Fig. 1-7. A LPM mover used in the magnetic encoder with a tooth structure as a
multi-pole magnetic component.

Although the tooth pitch in the LPM mover (multi-pole magnetic component) can
be narrowed to around 0.8mm without using the costly and complicated
magnetization system, the uniformity of LPM mover structure is not easy to control
and fabricate by using conventional machining tools. Moreover, the bias gap o ,
and detecting gap & 4 should be aso carefully adjusted to obtain the maximum
variation in the magnetic resistance for measurements. Additionally, a well design
and alignment among the bias magnet, MR element and LPM mover are required as

well. Furthermore, the output voltage from MR element is varied with the bias gap
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0 , and tooth pitch 1 significantly, as illustrated in Fig. 1-8. All above-mentioned

problems are difficult to handle in applications through this approach.

15

=

E

510

g

=]

=)

= .5

= &, = 3.1 mm

< 0 1 1 1
0.8 1.6 24 32 4.0

Tooth pitch, ©[mm)]
Fig. 1-8. Output voltage varied with the biasgap o , and tooth pitch T .

1.4.2 Rotary types of multi-pole magnetic components

Except linear types, the rotary: types of multi-polé magnetic components are also
widely used in precise control systems, as shown in Fig. 1-9 [20]. The components
are magnetized in the axial and radial directions for various applications. Figure 1-
10 demonstrates a rotary type of magnetizing fixture (or head) is employed to

magneti ze the magnetic component into an eight-pole structure in the axial direction.

(@) Axial direction (b) Radial direction
Fig. 1-9. Rotary types of multi-pole magnetic components (a) in the axial and (b) in
the radial directions for various applications.
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(b)

Fixture base
» / S current|
|2 + Current input
2+
e 5
Bending angle of grooves
4 Magnetic component & &P
/ Different directions of magnetic fields

Groove

/ - Current output -+ Current input Magnetizing
- — Current output fixture

V Piece

Fixture base

@ \_JJ/ ©

Fig. 1-10. (a) Schematic view of the magnetizing fixture in the axia direction. (b)
Configuration of the winding pattern.in the-magnetizing fixture. (c) Photos of the
fixture base and magnetizing fixture.

Both of fixture bases (12 and 12') are-also-madeof a permalloy, which has a very
high permesability that can concentrate the magnetic flux to enhance the magnetic field
for magnetization [23-24]. The surfaces of fixtures are divided into eight equal
pieces (16~30 and 16 ~30 ) through the line-cutting process. The magnetizing coils
(15 and 34) are wound into the grooves. An aternate multi-pole magnetic field
distribution is formed from using an appropriate layout of magnetizing coils, as
illustrated in Fig. 1-10 (b). Both terminals of current input (36) and output (38) are
connected to a magnetization machine. A large magnetic field is induced
instantaneoudly after the magnetization machine releases a large magnetizing current.
The magnetic component (40) is then magnetized into an eight-pole structure.

Unfortunately, the same problem aso occurs in this rotary type of magnetizing
fixture, as discussed in the linear type. The insulating layer of magnetizing coils can

not withstand the stress and finally results in break. Consequently, a short circuit
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happens between the bases of magnetizing fixtures. Since both bases are made of a
permalloy, the magnetizing coils and fixtures are often exploded during the
magnetization process. The risk of explosion can not be avoided because the large
magnetic field is required for reversing the magnetic moments inside the magnetic
material. The sum of groove width and piece size is defined as the magnetic pole
pitch, which is aso limited by machining techniques. Accordingly, it is not easy to

have a fine magnetic pole pitch of less than 1mm through this approach.

Air gap

Plastic Ferrite
Permanent Magnet
Whaeel

Leakage gap

Magnetizing Head
( Permaliay)

Mapgnetizing Colls

1 Mechanizm to Contral
e - —e- the Air Gap

@ ' ‘ ®
Fig. 1-11. (@) Configuration and (b) photo of a unique magnetizing head.

In order to overcome the limitation of 1mm in fabricating the fine magnetic pole
pitch, a single-pulse magnetization method, which resembles the magnetic recording
technology, was introduced [25]. Figure 1-11 (a) shows the magnetizing coils are
wound and fixed on a unique magnetizing head. A leakage gap exists in the head to
leak out the magnetic flux to record magnetic pole pairs (i.e. N and S pole) onto the
surface of the plastic ferrite permanent magnet wheel (magnetic component). The
magnetic pole pitch of less than 1mm can be achieved by using this method. Before
magnetization, the magnetic component is mounted on a base that is usualy

supported and rotated through a high-precision spindle motor, as shown in Fig. 1-11

10
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(b). The precise position control of the spindle motor is highly required; otherwise,
an asymmetric magnetic field distribution will appear on the multi-pole magnetic
component after magnetization. The asymmetric magnetic field distribution is not
useful to the subsequent processing of signals.

After magnetization, a multi-pole magnetic drum (magnetic component) with a
fine magnetizing pitch | is obtained, as shown in Fig. 1-12. A precise MR element
is employed to determine the field distribution generated from the multi-pole
magnetic drum.

Directlon of 1 : Magnetizing
Ratation Piltch

o

Magnetarasisiive
SensorMRA Element}

Sarva Motor

@
Fig. 1-12. (@) Schematic view and (b) photo of a multi-pole magnetic drum
(magnetic component) with afine magnetizing pitch | mounted on the base.

A precise multi-pole magnetization system comprises a magnetizing head and a
magnetization machine, as shown in Fig. 1-13 (a). The red mark in Fig. 1-13 (b)
represents the unit of the magnetizing head, as discussed in Figs. 1-11(a) and 1-12(a).
The blue area indicates the unit of the magnetization machine, asillustrated in Fig. 1-
13 (b). The field distributions of multi-pole magnetic components are detected by
using a Gauss meter with a precise Hall-effect probe. The precise position of the
spindle motor is controlled through the nP controller. The magnetic pole pairs are

recorded intermittently onto the surface of the magnetic component through the pulse

11



Chapter 1  Introduction

width modulation (PWM) generation circuit and drive circuit. All tasks are carefully

handled by the personal computer.

Precise multi-pole magnetization system PWM : PulseWidth M odulation
|
REAR €
g Generafion
controller | Cireutt B < Ig'

parscnal computer

S|

Fig. 1-13. (a) Photo and (b) séh&em"ﬁl view ¢ n:',a- precise multi-pole magnetization
system including a magnetizing head*aﬁd-qzmﬁnetlzatlon machine.

During the magnetization process, the magnetic component will often collide with
the head if its radial run-out is too large and thus results in damages on both of them.
Consequently, the dimension of the magnetic component must be fabricated uniformly
with a small radia run-out. Moreover, the leakage gap in the head and the air gap
between the head and magnetic component must be properly adjusted to obtain the
desired magnetic pole pitch. As the magnetic pole pitch gets smaller, both of
leakage and air gaps need to be narrowed aswell. These are key factors to affect the
size of the magnetic pole pitch in magnetization.

Furthermore, the waveform of the magnetizing current from the magnetization

system is required to modify to fit the magnetic material property of the magnetic

12
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component. In addition to the tiny radial run-out and material homogeneity, the
magnetic component must be mounted on a spindle motor under a precise position
control.  All requirements for magnetization can be achieved only through the
precise multi-pole magnetization system.

Despite the fact that the single-pulse magnetization method can narrow the
magnetic pole pitch to be less than 1mm, the fabrication process is very difficult and
complicated. Additionally, the precise machining technique, magnetizing head and
magnetization machine are aso necessary. Consequently, the single-pulse
magnetization method is costly in fabricating a multi-pole magnetic component with a

fine magnetic pole pitch.

143 Summary

Severa methods have been discussed--to fabricate a multi-pole magnetic
component with a fine magnetic pole pitch. .For practical applications, some critical
issues are required for narrowing the magnetic pole pitch as mentioned as the

following :

B Precise machining
To fabricate the magnetic component with a small radia run-out for

magnetization.

B Magnetizing head (fixture)

To magnetize the magnetic component into a multi-pole structure with a fine

magnetic pole pitch.

13
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B Magnetization machine
To supply and modify the magnetizing current to fit the material characteristic of

the magnetic component.

15 Moaotivation and objective of thisdissertation

A wide magnetic pole pitch isinsufficient for high-resolution control applications.
Traditionally, a magnetizing head, which is used to magnetize the magnetic
component into a multi-pole structure, is fabricated through the line-cutting process.
Since the process is highly depended upon the precision of machining tools, it is
difficult to have a fine magnetic pole pitch of less than 1Imm. The single-pulse
magnetization method, which resembles the magnetic recording technology, is aso
mentioned to fabricate a multi-pole magnetic compenent. Finally, the limitation of
1mm in the magnetic pole pitch isiovercome by using this costly and complicated
method.

In view of foregoing problems in narrowing the magnetic pole pitch, the precise
magnetizing head and magnetization machine are required. Additionally, the precise
machining techniques are essential to produce the magnetic component with a small
radial-runout for magnetization. In order to overcome the different technical
barriers, creating an innovative method with a simple process to fabricate a multi-
pole magnetic component with a fine magnetic pole pitch of less than 1mm is the
motivation of this dissertation.

PCB manufacturing technology has been applied to many products and gained a
great success at various industrial applications. More and more electric devices can
be placed on a substrate and the corresponding wire circuit density is thus higher and

higher than before. According to electromagnetism, applying a current to along and

14
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straight wire will induce an annular magnetic field around the wire. The magnetic
flux density is proportiona to the current input, but inversely proportional to the
distance[26]. Consequently, an aternate and regular magnetic field distribution can
be obtained from designing a special wire circuit pattern with an appropriate layout.
Thus, a multi-pole magnetic component can be accomplished by forming the special
wire circuit pattern on the PCB. The objective of this dissertation is to fabricate a
multi-pole magnetic component with a fine magnetic pole pitch by using the PCB
manufacturing technology.

At present, the minimum wire width and the gap between any two adjacent wires
on the circuit can be achieved are about 3mils (~75nm, 1mil = 25.4nm) through the
PCB manufacturing technology. Correspondingly, it is highly possible to have a fine
magnetic pole pitch of less than Imm. The first.goal of thisthesisis to design and
fabricate a special wire circuit pattern having .a multi-pole structure with a fine
magnetic pole pitch of less than-lmmon the PCB.

Since the induced magnetic fields among the wire circuits are very small, the field
distributions in the fine magnetic pole pitch are not easy to detect. Accordingly, the
second goal of this thesis is to develop a high-precision magnetic field measuring
system to determine the field distributions in the fine magnetic pole pitch. It
combines a precise Gauss meter, a Hall-effect probe, a probe holder, a PCB sample
holder, an X-Y micro-stage, and an X-Y-Z micro-stage. All of them are mounted on

an optical table to prevent vibrations.

1.6 Organization of thisdissertation

This dissertation is organized as the following : An introduction is reported in

Chapter 1. Design and fabrication of a multi-pole magnetic component with a fine

15
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magnetic pole pitch by using the PCB manufacturing technology are discussed in
Chapter 2. Both of linear and rotary types of wire circuit patterns are presented to
form different multi-pole magnetic components on the PCB. In Chapter 3, the field
formulae for computing the magnetic flux density distribution in the fine magnetic
pole pitch are derived through the theoretical analysis. In Chapter 4, a precise
magnetic field measuring system is designed and set up to determine the field
distributions induced from the wire circuits. In Chapter 5, the field enhancement
using a dual-layered wire circuit structure is studied to improve the field strength for
measurements. The field optimization in the fine magnetic pole pitch is also
investigated. Moreover, the field variations along different measuring routes are
analyzed in Chapter 6. Finally, the conclusions with a summary of main results and
areas for future works in this dissertation are presented in Chapter 7. All programs
for computing the field distribution in the.fine. magnetic pole pitch are given in

Appendix.
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Chapter 2

Design and fabrication

An innovative method by using the printed circuit board (PCB) manufacturing
technology is employed to fabricate a multi-pole magnetic component with a fine
magnetic pole pitch of less than Imm. Neither the precise machining technique or
the magnetizing head and magnetization machine is required. This innovative
method is not only a simple but also a cost-effective method to enable mass
production easily. Additionaly, different pole numbers and pitch sizes can be aso

easily achieved by modifying an appropriate wire circuit pattern on the PCB.

2.1 Introduction

Several technologies have been described to fabricate a multi-pole magnetic
component with a fine magnetic pole pitch in Chapter 1. However, the costly and
complicated machining technique, magnetizing head and magnetization machine are
required. Unfortunately, these techniques are difficult to be held smultaneoudly.
PCB manufacturing technology has been widely used and gained a great success in
many products for various industrial applications. More and more electric devices
can be placed on a substrate. Consequently, the wire circuit density is thus higher
and higher than before. Since the wire circuit fabricated on the PCB is made of
copper, it can be treated as composed of many straight wires that are located at
different positions on the substrate.

According to electromagnetism [27], an annular magnetic field is induced around
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a long and straight wire after applying a steady current, as shown in Fig. 2-1. The

magnetic flux density B inside the wireis given by

B i pr . roe
dl =ml > Bxpr=m| > B=ml—5f, 2-1
m pr napdz m 2002 (2-1)

wherer isthe distance, d is the radius of the wire, | isthe current input, f isthe unit

vector in cylindrical coordinates and g is the permesability of free space. Outside

the wire, the magnetic flux density B is proportional to the current input | but

inversely proportional to the distancer, and it is

epd =ml > Bxpr =l B:Z—f. (2-2)
pr
Current | Magnetic flux density B
e Radiusd |
A B :&
max - 2pd
Distancer
—
O d Distancer

Fig. 2-1. Magnetic flux density distribution in along and straight wire.

A linear wire circuit pattern with a periodic structure is designed asin Fig. 2-2 (a).
This periodic structure provides a loop alowing the current to flow in the opposite
directions for inducing different magnetic fields among the wire circuit.
Correspondingly, an aternate and regular magnetic flux density distribution is
generated when a steady current is applied to the wire circuit, as shown in Fig. 2-2 (b).
Thus, alinear type of multi-pole magnetic component with a uniform pole profile is

accomplished. Various plus and minus marks denote the induced magnetic field

18
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along different z directions.

Magnetic field directions © Up © Down Magnetic flux density distribution

C_&_ D _d_D S NN N
0 O 6 0 o o .

(@ (b) Magnetic pole pitch

Fig. 2-2. (@) Linear wire circuit pattern with a periodic structure. (b) The magnetic
flux density distribution induced from the linear wire circuit pattern.

Annular wire circuit pattern is proposed and illustrated in Fig. 2-3 (@) to produce
different magnetic fields in the radial direction. An annular multi-pole magnetic
field distribution is obtained after applying a steady current to the annular wire circuit,
as shown in Fig. 2-3 (b). Consequently, a: rotary type of multi-pole magnetic
component with a uniform pole profile-is achieved. It is seen that the different
multi-pole magnetic components with a‘uniform field distribution can be acquired
without magnetization. Both of linear and annular'wire circuit patterns can be easily

fabricated on the PCB for different applications.

@ Up e Down Magnetic flux density distribution

o
@
S
®
o

®

Current |

Q
]
@ Poq0e® (b) ?gpa®

Fig. 2-3. (a) Annular wire circuit pattern with a multi-pole configuration in the
radia direction. (b) The magnetic flux density distribution induced from the annular
wire circuit pattern.
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Currently, the minimum wire width and the gap between any two adjacent wires
on the circuit can be achieved about 3mils (~75nm, 1mil = 25.4nm) through the PCB
manufacturing technology. Accordingly, it is highly possible and feasible to
fabricate a multi-pole magnetic component with a fine magnetic pole pitch of less
than Imm. A comparison among different methods in fabricating a multi-pole

magnetic component with a fine magnetic pole pitch is summarized on Table 2-1.

Table2-1 Comparison among different methods

Basic requirements | Precise |Magnetizing| Magnetization | Minimum | Cost
Methods machining head machine pole pitch
Conventional Yes Yes Yes Imm | High
magnetization
Single-pulse Yes Yes Yes 100mm| Very
magneti zation high
PCB manufacturing No No No ~150mm | Low
technology

Obvioudly, all precise machining:technigue;; magnetizing head and magnetization
machine are necessary in conventional-and single-pulse magnetization methods. The
manufacturing cost is thus very high and the minimum pitch sizes are around 1mm
and 100mm, respectively. However, the innovative method of PCB manufacturing
technology provides a simple process to fabricate a multi-pole magnetic component
with a fine magnetic pole pitch, neither the precise machining technique nor the
magnetizing head and magnetization machine is required. The magnetic pole pitch
can be minimized to around 150mm. Although this pitch size is dightly larger than
100mm produced by using the single-pulse magnetization method, it has been
significantly reduced to be smaller than 1mm.

From above discussions, PCB manufacturing technology is not only a simple but
also a feasible and convenient method to fabricate a multi-pole magnetic component

with a fine magnetic pole pitch. Consequently, PCB manufacturing technology is
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hired to narrow the magnetic pole pitch to be less than 1mm for this dissertation work.
The detailed design and fabrication process will be discussed in the following

sections.

2.2 Design

A specia wire circuit pattern was designed as in Fig. 2-4. All dimensions of
wire segments on the circuit should be taken into account to obtain a desired pitch
size. The spacing between any two adjacent wires is defined as the gap G. The
sum of wire width T1 and gap G is defined as the magnetic pole pitch. A straight
wire d on both sides is designed to connect to the current source. Various wire
segments of a and b are related.by L=a+b. “The segment a is equal to b at the

condition along the bisection line

Bisection line

)a

C o
PointB d Area C Tl d PointA

L m = [P ..

Enlarging area C

G
Wirewidth = T1 and Gap =G Magnetic pole pitch=T1+ G

Fig. 2-4. Special wire circuit pattern designed for fabricating a multi-pole magnetic
component with a fine magnetic pole pitch.

The schematic view of the cross section on the special wire circuit pattern along
the bisection line is illustrated in Fig. 2-5 (a), indicating the wire thickness is T2.
According to Ampere’ s law, an aternate and regular magnetic field distribution is

induced after applying a steady current to the wire circuit, as shown in Fig. 2-3 (b).
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Thus, a multi-pole magnetic component with a fine magnetic pole pitch is obtained.
Additionally, different pole numbers and pitch sizes can be also easily achieved by

designing an appropriate wire circuit pattern.

@ QV\ﬁrethickness T2 Copper wire
.............................. Enjun 5 E ) I:/ ﬂ xR
> e | l=— Wirewidth T1

Magneticiflux density distribution

Magnetic pole pitch

Fig. 2-5. (@) Schematic view of the cross section on the specia wire circuit pattern
along the bisection line. (b) The magnetic flux density distribution generated from the
special wire circuit pattern.

Copper wire

Wire thickness T2 on Layer 1
Insulayinglayertxv y I/
YO O I:I\|/ Layer 1
mDmD 1 — ]'F Layer 2

Gap G Wirewidth T1
Wire thickness T2 on Layer 2

Fig. 2-6. Schematic view of the cross section on a dual-layered wire circuit structure
along the bisection line.

A dual-layered wire circuit structure is considered to enhance the field strength in
the fine magnetic pole pitch. Figure 2-6 shows the schematic view of the cross
section on a dual-layered wire circuit structure along the bisection line. The
geometrical structures of single-layered and dual-layered wire circuits are depicted in
Fig. 2-7. An insulating layer t is inserted between two layers in the dual-layered

wire circuit structure to prevent a short circuit. Both of Layer 1 and Layer 2 induce
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the magnetic fields simultaneously after applying a steady current to the wire circuit.
The total magnetic field is the sum of Layer 1 and Layer 2. Consequently, the field
strength can be effectively enhanced using the dual-layered wire circuit structure.
The large field strength in the wire circuit is useful to the signal detection. The
details can be found in Chapter 5. Both of single-layered and dual-layered wire

circcuit structures can be easily realized through the PCB manufacturing technology.

Layer 2
Wire width T1
Wire thickness T2
Layer 1
}
Tl 7 Insulating layer t

(@) Single-layered structure (b)-Dual-layered structure

Fig. 2-7. Geometrical structures of*(a) single-layered and (b) dual-layered wire
circuits.

2.3 Fabrication

2.3.1 Drawing

First, the special wire circuit pattern with an appropriate layout must be designed
and drawn by using drawing software such as AutoCAD, SolidWorks or Pro/E, etc.
[28-30]. Here, AutoCAD is employed to do this job. In this step, the wire width,
gap and corresponding position must be drawn and arranged accurately to acquire the
desired pitch size and pole number.

Various gaps of 150mm and 200nmm with awire width of 100mm are used to design
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different magnetic pole pitches of 250nm and 300mm on nine-pole magnetic
components, as shown in Figs. 2-8 (a) and (b). The drawings of nine-pole magnetic
components also have different fine magnetic pole pitches of 250nm and 300nm by
using another wire width of 125mm with various gaps of 125mm and 175nm, as
illustrated in Figs. 2-8 (¢) and (d). Four holes located at corners are designed to fix
the sample in measurements. Both of Point A and Point B are drawn for connecting

to the current source.

Hole Hole Hole Hole

O gap =150 um O O gap =125 um

Point B I Point A Point B I Point A
® ® ® 9

Hole 9 poles Hole Hole  9poles Hole

O wire width = 100 um O O wire width = 125 um O

pole pitch =250 um
@ (©)

pole pitch =250 um

Hole Hole Hole Hole

O gap =200 um O O gap =175um

Point B I Point:A Point B I Point A
@ o ® ®

Hole  9poles Hole Hole  9poles Hole

O wire width = 100 um O O wire width = 125 um

pole pitch =300 um
(b) (d)

Fig. 2-8. Various drawings of nine-pole magnetic components with different fine
magnetic pole pitches of (a) 250mm by using a wire width of 100mm and a gap of
150mm, (b) 300mm by using a wire width of 100nm and a gap of 200mm, (c) 250mm
by using awire width of 125nmm and a gap of 125nmm, and (d) 300mm by using a wire
width of 125nmm and a gap of 175mm.

pole pitch =300 um

The circuit layout software such as OrCAD, Protel or PowerPCB, etc. can be used
for the unit transformation to meet the specific requirement of PCB manufacturing
process[31-33]. Here, PowerPCB is selected to proceed the assigned task. Severdl

standard file formats are acceptable for fabricating the wire circuit and the most
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common is Gerber file format. The wire circuit patterns can be easily transferred to

the substrate through using Gerber files.

2.3.2 Wirecircuit manufacturing process

Before starting the process, a mask with the special wire circuit pattern must be
prepared by using Gerber files. The mask is like a film used in conventional
cameras. Nine-pole and nineteen-pole wire circuit masks are demonstrated in Figs.

2-9 (a) and (b), respectively.

(d  Nine-polewire circuit mask (b)  Nineteen-pole wire circuit mask

Fig. 2-9 (@) Nine-pole and (b) nineteen-pole wire circuit masks.

The flow charts of wire circuit manufacturing process in fabricating the multi-pole
magnetic component with a fine magnetic pole pitch is illustrated in Fig. 2-10 [34].
In the step (a), a copper film with a standard thickness is adhered to the surface of the
substrate. The surface of the copper film is very flat and its thickness can be
increased through an electroplating process. Usually the substrate material is made
of glass epoxy (FR4) which has good electric and heat insulation. The surface of the
copper film should be cleaned up to be free from dusts. A photoresist layer is then
applied to the surface of the copper film in the step (b).

The subsequent procedures are heating and curing the photoresist layer on the
substrate.  There are two kinds of photoresist, which are positive and negative. The

positive photoresist will dissolve after light exposure and the negative photoresist will

25



Chapter 2 Design and fabrication

not. Here, the positive photoresist is selected to transfer the wire circuit pattern.
The most popular method of coating the photoresist used in the process is so-called
“Dry Film’. Using a hot roll laminator, the Dry Film can be laminated on the
substrate and easily automated. Moreover, the Dry Film lamination is not sensitive

to the cleanness, so this process is now popular for the fine wire manufacturing.

® RN Pyl
Substrate
a
(b) Applying a photoresist Photoresist
a
() Placingamask ———m mw w1 Mask
a
(d) Exposng W W W ]
{1
© . S
'y
! S ——
1
O
ﬂ Wire circuit
(h) Result

Fig. 2-10. Flow charts of wire circuit manufacturing process. () The surface of the
copper film is cleaned up to be free from dusts. (b) A photoresist layer is applied to
the surface of the copper film. (c) A pre-prepared mask is placed on the top of the
photoresist layer. (d) The UV light is employed to proceed the light exposure process.
(e) The non-exposed area is removed through a developing process. (f) The copper
film at the exposed area is removed by chemical reaction using an etching solvent. (g)
The residual photoresist on the surface of the wire circuit is stripped. (h) The wire
circuit is accomplished on the substrate.
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Subsequent steps of (c) and (d), a pre-prepared mask is placed on the top of the
photoresist layer to proceed the light exposure process by using ultraviolet (UV) light.
The special wire circuit pattern on the mask is transferred to the substrate after UV
light exposure. The wire circuit pattern is then formed from removing the
photoresist at the non-exposed area through the developing process (€). In the
etching process (f), the copper film at the exposed area is removed by chemical
reaction using an etching solvent such as ferric chloride, alkaline ammonia, cupric
chloride, etc. The specia wire circuit pattern is thus appeared on the substrate.
Further steps of (g) and (h), the residual photoresist is stripped using a solvent so that
areal wire circuit is accomplished on asubstrate. A very thin thickness of gold (Au)

is coated on the surface of copper wiresto prevent oxidation.

Fig. 2-11. A nine-pole magnetic component fabricated on the PCB with a fine
magnetic pole pitch of 350nmm by using awire width of 175mm and a gap of 175mm.

A nine-pole magnetic component with a fine magnetic pole pitch of 350nm
fabricated on the PCB by using a wire width of 175nm and a gap of 175mm is
demonstrated in Fig. 2-11. Four holes located at corners are drilled in order to fix
the sample for measurements. Two small holes inside Point A and Pont B are drilled

as well to connect to the current source. All holes and shapes of wire circuit samples
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are made through using CNC (computer numerical control) machine. Figure 2-12
shows another example of 29-pole magnetic component with a fine magnetic pole

pitch of 500mm by using awire width of 225nm and a gap of 275mm.

Fig. 2-12. A 29-pole magnetic component fabricated on the PCB with a fine
magnetic pole pitch of 500mm by using 'dth of 225nm and a gap of 275nm.

!{;y.‘:-': LA 4

24 Summary

PCB manufacturing technology f. heen de onsxrated to effectively narrow the
magnetic pole pitch to be less than Imm. This innovative method provides a simple
process to fabricate the multi-pole magnetic component without using the complicated
machining technique, magnetizing head and magnetization machine. It is aso a
cost-effective method to enable mass production easily. Additionally, different pole
numbers and pitch sizes can be aso easily fabricated on the PCB through this flexible

approach.
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Chapter 3

Theoretical analysis

Several methods are applicable to compute the induced magnetic field in the fine
magnetic pole pitch fabricated on the PCB due to the current input. The field
distribution of a straight wire with afinite length can be easily acquired by using Biot-
Savart law. The integral of magnetic flux density is evaluated numerically by
discretizing the volume into a mesh of elements. The wire circuit fabricated on the
PCB can be treated as composed of many straight wires with a finite length that are
located at different positions on the substrate. : Consequently, the total magnetic flux
density induced from the wire circuit:/can. be obtained after accumulating the
contribution of each straight wire. All-obtained field formulae in this chapter are

derived from a basic assumption of a uniform current density through the wire circuit.

3.1 Longand straight wire

An element dl in along and straight wire carrying a steady current | is shown in

Fig. 3-1. According to Biot-Savart law, the magnetic flux density at the point P is

4B = jg dl suzanA _ T; dl C(;)sa fA’ (3-1)
r r

where ny is the permesability of free space and f is the unit vector in cylindrical

coordinates. The relative orientations of current | and magnetic flux density B
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satify the right-hand screw rule. Here

- . da _r’da
| =rtana, i =rcosa, dl = ———=——. (3-2)
cos“a i

Thus, from Eq. (3-1)

(3-3)

Lines of the magnetic flux density B are circles lying in a plane perpendicular to

the straight wire and centered onit. The magnitude of magnetic flux density B falls

off as 1/r [36].

d

AN
r
Fig. 3-1. Long and straight wire carrying a steady current |, the element dl

contributesa dB at the point P.

3.2 Straight wirewith afinitelength L

3.2.1 Point P located outside the straight wire

Anelement dZ in astraight wire with afinite length L carring asteady current | is
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illustrated in Fig. 3-2. Wire segments of a and b are related by L=at+b, and the

diameter of the straight wireisd.

AN
a fA
L
Y
A o =
b r P (r,0,0)
y y R=4r?2 +2?2

Fig. 3-2. A straight wire with a finite length L carrying a steady current I, the
element dZ contributesa dB at the point P located outside the straight wire.

At the point P, the magneticflux density .dB isgiven by

45 =M dl FAQfA_ m! dl “Ri

f 3-4
o g (3-4)
and here

R=+r2+72, d =dz3, R=rf- 22 d R=rdzf. (3-5)

The distance r isassumed r >> d. A specia integration formula [37] is used to

caculate Eq. (3-4) and it is

S
O\/(xziaz)% a* x

+
2

X (3-6)
+a?

31



Chapter 3 Theoretical analysis

Thus, from Eq. (3-4) to Eq. (3-6)

-mla b (37)

a=b=L/2
N
A
f
a
L V Bisection line
Ao

P.(r;0,0)

R =/r?:47'2

Fig. 3-3. A straight wire with-a finite Tength- L carrying a steady current I, the
element dZ contributes a dB at the point P located along the bisection line of the
straight wire.

3.2.2 Paint P loacted along the bisection line of the straight wire

The magnetic flux denisty at the point P located along the bisection line (a=b=L/2)

of the straight wire in Fig. 3-3 can be calculated by Eq. (3-7) and given by

_ml a b ~_ml % ~ ]
( + )i ( ). (3-8)
4or “Ja?+r? ApP+r2’ 2o \/(%)ZHZ
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Fig. 3-4. A dtraight wire with a finite length L carrying a steady current |, the
element dZ contributes a dB at the point P located at the upper position of the

straight wire.

3.2.3 Point P located at the upper position:of the straight wire

The magnetic flux density -a the point-P-located at the upper position of the

straight wire in Fig. 3-4 can be obtained.and here

R=.r2+(h- 2)?, d =dZ% R=ri+(h- 2) (3-9)
di* R=dz2" [rf +(h- 2)Z] = rdzf . (3-10)
Thus, from Eq. (3-4)
~_ml ¢ rdz ~_ml L -rd(h-2) ,
B= f = f
® O [an- 2y O [t ene 2
:rfal-zr h-z | f-m,h ___hL (3-11)
4o |(h- Z')2+r2\0 4r “hPr? J(h- L2 +r?
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r>>d

(r,0,2)

\ (h+2)
=

! dB
A

Fig. 3-5. A dtraight wire with a finite length L carrying a steady current |, the
element dZ contributes a dB at the point P located at the lower position of the
straight wire.

3.2.4 Point P located at the lower position of the straight wire

The magnetic flux density at the point P located at the lower position (h=-h) of

the straight wirein Fig. 3-5 can:be aguired by Eq. (3-11) and given by

5= ml rdz fA:naI L rd(h+7) f
® 0 e h @0 ey

L
h+z fA:naI h+L ] h )fA_ (3-12)
4p r (h+2Z)*+r?| 4pr \/(h+L)2+r2 Jh? +r2

3.3 Two-dimensional analysis

Eq. (3-1) to Eq. (3-12) are derived from a hypothesis of the distance r >> d, and
therefore the diameter d of the straight wire can be neglected in calculation.
Howerver, the diameter d should be taken into account when r »d. The cross

section of a straight wire fabricated on the PCB is not circular but rectangular, which
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can be divided into a mesh of indexed elements, as shown in Fig. 3-6. These

elements are equal in area containing the same amount of current density i.

ml
A
f
a
L
P (r,0,0)
b

!I! ! { Rnl = \/ I’nlz + le

=, = (r- 1%t1)

= ,=(r-2%tl)

= , = (r- 3%1l)

= ry = (r- nlXtl)

Fig. 3-6. Mesh of a straight wire with afinite'length L carrying a steady current |
and thewirewidth T1»r . Thedistance r,, decreasesslightly with asmall t1.

Here only the wirewidth Tl istaken into accountand T1»r. Eachelementisa
straight wire with afinite length L.  Consequently, the induced magnetic flux density
can be calculated by EqQ. (3-7). The integral of magnetic flux density is evaluated
numerically by discretizing the surface into a mesh of indexed elements. After

summing the contribution of each element, the total magnetic flux density B

produced by the straight wire at the point P is obtained and given by

B:81 rrai( a

b -
a + ) (nl=1~ml), (3-13)
n1=1 AP0y \/az +r° \/bz +r °
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where nl is an interger, ml is the “mesh’ parameter that characterizes the

discretization of wire width T1. Wire segments of a and b are related by L=a+bh.

Paramters of current density i and distance r,, are given by

o . T1
| = n_'ﬂ_’ rnl = (I‘ - nl tl), tl:ﬁ (3'14)
T1 & Current Input |
X
|
y 1
= - X
T1 T2 / - Z,=(z-1%12)
T2 z,=(z-2%12)
Rutne Znp
z r z; = (z- 3*%12)
cusm Zn2 = (z-Nn2%1t2)
a X 0 P Z 7, & Znp "
B BZ I:enl,nZ = rnl2 + anz
z/ rE(r- 1% t1) t1
r, = (r-2%t1) H:t2
b . f=J11
. rg=(r- 3*tl) mil
T2
="t = (r- nl Xtl) t2=—
L=a+b z m2

(@) (b)

Fig. 3-7. (@) Mesh and (b) corresponding postions of all elements of a straight wire
with awire width T1»rand a wire thickness T2» r carrying a steady current 1.
Thedistancesof r, and z,, decreasedightly with asmall t1 and t2, respectively.

34 Threedimensional analyss

The wire thickness T2 also needs to be taken into account in calculation when
T2»r, asillustrated in Fig. 3-7 (8). Theintegral of magnetic flux density in Eq. (3-
7) can be evaluated numericaly by discretizing the volume into a mesh of indexed
elements. The corresponding positions of all elements are indicated in Fig. 3-7 (b).

After summing the contribution of each element, the total magnetic flux density B
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produced by the straight wire at the point P in the z direction is given by

mL m2 i
Br=d a8 ((—2—+—L ) sng, (3-15)
ni=1 n2:14pRr1Ln2 \/az + Rnl‘nzz \/bz + an,nz2

where nl1 and n2 are intergers, mlL and m2 are “ mesh’ parameters that characterize the
discretization of wire width T1 and wire thickness T2, and q is the angular offset of

the X-axis. Wire segments of a and b are adso related by L=a+b. Paramters of

current density i, distance R, and sinq are

. | .
i = Rune =41’ + 2,2 an=%n , (3-16)

milxm2’ 1n2

and here
, T1
r,=(r-nl"t1, tlzﬁ, (3-17)
, T2
an = (Z- n2 t2), t2:—2, (nl:l—«rnl’ n2:1~m2). (3'18)
m.

3.5 Fied analyss

The wire circuit designed in Fig. 2-4 was redrawn as in Fig. 3-8 (a) in order to
analyze the field distribution in the fine magnetic pole pitch. Thered arrows indicate
the current flow in the wire circuit. Various plus and minus marks denote the
induced magnetic field along different z directions. Both of wire width T1 and wire

thickness T2 are taken into account simultaneously. The wire segment w is related
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by w=2" T1+G.
Central pol Y
L=asb L, Leftsde rEPYe  pight side
W=2XT1+G = = = W |= =G X
I I I

=
Wirethickness
P TRl

rod(wer

(T1+G) (T1+G)

r+1(T1+G) i (w-r)+1(T1+G)

r+2(T1+G) (W-r)+2(T1+G)
r+3(T1+G) (W-r)+3(T1+G)
r+(n-1)(T1+G) (Wer)#(n-1)(T1+G)
Areal Area?2
Area 8 Aread Area 5 Area 6

Pz N [ HHEE

®

Fig. 3-8. (a) Geometrical structure, current loop and induced field direction of the
wire circuit. (b) Corresponding positions of each segment and six areas indicated with
different colorsfor study separately.

Each wire segment can be treated as a straight wire with a finite length carring a
steady current 1. Consequently, the magnetic flux density can be calculated by Eq.
(3-15). After accumulating the contribution of each wire segment, the total magnetic
flux density at the point P in the wire circuit can be obtained. All corresponding
positions of wire segments and six areas with different colorsillustrated in Fig. 3-8 (b)
are used to derive the formulae for calculating the field distribution. Details of

deriving process for each area are discussed in the following sections.
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351 At Area 1 [T

According to Eq. (3-4) and Eqg. (3-15), the induced magnetic flux density in the z

direction of B,,, a Area 1 isgiven by

(n=1~m), (3-19)

b . . n-
W) sing, " (-)™
Al

where n, n1 and n2 are intergers, mlL and m2 are “mesh’” parameters that characterize
the discretization of wire width T and wire thickness T2, m is the number of wire
segmentsat Area 1, and q,, IS the angular.offset.- Paramters of current density i,

distance R, and sing, are

= ml|>m2’ Ra =4/ rA12 + ZA12’ singy,, = rA/Al’ (3-20)

and here

T1 T2

ry,=(r-n" th)+(n-)(T1+G), t1=—, z,, =z-n2  t2, t2= 3-21
a = ( )+ (n- D( ) g pow (3-21)

3.5.2 At Area 2 [T

According to Eg. (3-4) and Eqg. (3-15), the induced magnetic flux density in the z

direction of B,,, a Area 2 is given by

39



Chapter 3 Theoretical analysis

B y oo I‘Tai (
Ta aa
e n=l n2=1 n1:14pRA2 a2+RA22
b ' o . el
) sindy,” (D™ (n=1~m), (3-22)

+
A b + RAz2

where n, n1 and n2 are intergers, ml and m2 are “ mesh’ parameters that characterize
the discretization of wire width T1 and wire thickness T2, m is the number of wire

segments at Area 2, and q,, is the angular offset. Paramters of distance R,, and

sinq,, are
Ry =+ rA22 + ZA22 , SiNQy, = "z R (3-23)
A2
and here
, T1
ro =[(W-r1)-nl" tl]+(n- D(T1+G), t1=—, (3-24)
(3-25)

T2
Zy,=2-N2° 12, t2=—, w=(2" T1+G).
A2 o ( )

353 Atthetop sideof Area 3 2222

According to Eg. (3-11) and Eg. (3-15), the induced magnetic flux density in the z

direction of B, at thetop side of Area 3isgiven by

Nag

g g og rrai,(
2 2

B =@ A QA
e n=3 n2=1 ni=1 HORaz N + Rpg

40



Chapter 3 Theoretical analysis

R hAgt;zWR 5)" Sind, ” (+1) (N=357..m), (3-26)
A3t'W + A3t

where n, n1 and n2 are intergers, ml and m2 are “ mesh’ parameters that characterize
the discretization of wire width T1 and wire thickness T2, m is the number of wire

segments at Area 3 on the top side, and q,, IS the angular offset. Paramters of

distance R,; and sinq,, are

— ; _r
Ry —\)rAstz +Zpy” ) SOy = A% : (3-27)

A3t

and here
T1 T2
Mo =(T1l+a)- N1" t1, tl=—, Z =2- N2°12, t2=—, 3-28
ax = ( ) 1 b o (3-28)
hy =r +(n- D(TL+G) (n=357..m). (3-29)

3.5.4 At thebottom side of Area 3

According to Eq. (3-12) and Eg. (3-15), the induced magnetic flux density in the z

direction of B,,, a the bottom side of Area 3 isgiven by

PEE M . he

Bav=aA a a
P =2 n2=1 n1=14PRazs 4/ h A3b2 + RA3b2
M- Wy gng, (-1 (n=246..m), (3-30)

2

'\/(hAsb - W)Z + RA3b
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where n, n1 and n2 are intergers, mlL and m2 are “mesh’” parameters that characterize

the discretization of wire width T1 and wire thickness T2, m is the number of wire

segments at Area 3 on the bottom side, and q,, is the angular offset. Paramters

distance R,;, and sing,,, are

— 2 2 ; _r
Rusb =vlam * Zagy » SOy, = A%A%’

and here

T1 T2
Mo =(T1+b)- n1" t1, t1=—, 2z, =z-n2"t2, t2=—
A3b ( ) ml A3b m2

Nyg, =r+(N- H(T1+G) (n=24,6..m).

355 Atthetop sideof Area4 SN

(3-31)

(3-32)

(3-33)

According to Eqg. (3-12) and Eq. (3-15), the induced magnetic flux density in the z

direction of B,,, a thetop side of Area4 isgiven by

§ R mi ., h
B =8 & a (==
n=3n2=1n1~1 4pRA4t m

(3-34)

where n, n1 and n2 are intergers, mlL and m2 are “ mesh’ parameters that characterize

the discretization of wire width T1 and wire thickness T2, m is the number of wire
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segments at Area 4 on the top side, and q,, is the angular offset. Paramters of

distance R,, and sing,, are

: r
Rut = Caa” * Zaat s SNClyg = %Mt , (3-35)

and here
. Tl , T2
e =(Tl+a)- nl" tl, tl:n_ﬂ’ Zyy =Z- N2° 12, tZ:E, (3-36)
hye =(W- 1) +(n- )(T1+G), w=2T1+G, (n=357..m). (3-37)

3.5.6 At thebottom side of Area 4 NN

According to Eqg. (3-11) and Eg. (3-15),-the.induced magnetic flux density in the z

direction of B,,,, at the bottom side of Area 4 is given by

gy B & i, h
BZA4b — a a a na ( 2A4b =
n=2 n2=1 n1=1 HPORagp \/hMb +R

'Adb

) Nagb '2W _ ) SinQu” (-1) (N=2,46..m), (3-38)
'\/ (Nagp = W)™ + Ragy

where n, n1 and n2 are intergers, ml and m2 are “ mesh’ parameters that characterize
the discretization of wire width T1 and wire thickness T2, m is the number of wire
segments at Area 4 on the bottom side, and q,,, is the angular offset. Paramters

distance R,,, and sing,,, are
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. r
Rap =4 rA4b2 + ZA4b2 v SINQpagp = M%Mb , (3-39)

and here
. Tl , T2
Fap = (T1+b)- nl” 1, tl:ﬁa Zpy = Z- N2° 12, tzzﬁ’ (3-40)
hagy =(W- 1) +(n- D(T1+G), w=2"T1+G, (n=24,6..m). (3-41)

35.7 AtArea5

According to Eg. (3-8) and Eqg. (3-15), the induced magnetic flux density in the z

direction of B,,; a Area 5 is given by

%2 8 mi W-r
Bu=a a—2(

+ )’ Sinq , (3-42)
n2=1 ni=1 4PR s —\/(W- r)2 + RA52 -\/I’ 28 RAS2 B

where nl1 and n2 are intergers, mlL and m2 are “ mesh’ parameters that characterize the
discretization of wire width T1 and wire thickness T2, and q,; is the angular offset.

Paramters of distance R,; and sinq,, are

Rus =4/l *Zas'» SiNGs = %5 (3-43)
‘A5
and here
T1 T2
r.=(Tl+a)- n1" tl, t1=—, z,.=z-n2" t2, t2=—. 3-44
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3.5.8 At theleft sideof Area 6 EEHE

According to Eq. (3-12) and Eg. (3-15), the induced magnetic flux density in the z

direction of B, at the left side of Area 6isgiven by

28 m

hA6I

B, = a (
o n2=1 n1=1 PRy 4/h A6,2 + RA6|2
N T (3-45)

'\/(hAel - d)z + RA6|

where nl and n2 are intergers, ml and m2 are “mesh’ parameters that characterize the
discretization of wire width T1 and wire thickness T2, and g, is the angular offset.

Paramters of distance R,y and: sing,q are

[ - r
I:QAGI = rA6I ? + ZA6I 2’ SlnqA6I = A%A& ’ (3-46)

and here
. T1 , T2
Fpe = (T1+Db)- nl” t1, tl:ﬁ, Zpq =2-N2° 12, tZZE, (3-47)
hy =r+(m- 1)(T1+G) +d. (3-48)

359 Attheright sdeof Area6 FEEEEEH

According to Eq. (3-11) and Eg. (3-15), the induced magnetic flux density in the z

direction of B, at theright side of Area 6 isgiven by
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© g m Njer
BzA6r = a a ( 2A6 2
n2=1 n1=1 4pRA6r m

e d ygng,, (-D), (3-49)
(N, - d)2+ Ry, 2

where nl1 and n2 are intergers, mlL and m2 are “ mesh’ parameters that characterize the
discretization of wire width T1 and wire thickness T2, and q,g, IS the angular offset.

Paramters of distance R,, and sing,, are

[ - r
RA6r = rA6r2 + ZA6r2’ S|nC]A6r - A%A&’ (3-50)

and here
T1 T2
e =(T1+b)- n1" t1, tl=%%, z,, =z-N2"t2, t2=—, 3-51
Abr ( ) ml A6 m2 ( )
hy, =(W- r)+(m- )(T1+G) +d. (3-52)

Field formulae for computing the magnetic flux density induced from each areain
the wire circuit have been derived separately. Consequently, the total magnetic flux
density at the point P in the z direction can be easily obtained from summing the

constribution of each area and given by

Butota= Bt Boaot Boaait Boagyt Boaart Boaast Boast Boag+ B - (3-53)

A fine magnetic pole pitch of 300mm was designed by using a wire width T1 of

125mm and agap G of 175nmm. The straight wires of L and d are designed with the
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values of 6mm and 19.4mm, respectively. The wire thickness T2 is 40nm and 1-A
current is applied to the nine-pole magnetic component to induce the magnetic field.
The top view of central pole and corresponding cross section of the wire circuit is
illustrated in Fig. 3-9.

Central pole (Top view)

Bisection line

Distancer

Bk Spacing
= $ Surface

Fig. 3-9. Top view of the central pole on the PCB sample and the corresponding
cross section of the wire circuit.

The calculated field distributions of the central pole along the bisection line
(a=b=L/2) in the z direction are plotted-in-Fig. 3-10. Various red and blue lines
represent the calculated values at the detection spacing of 200nm and 300mm above
the surface of the wire circuit, respectively. The magnetic flux density in the z
direction decreases significantly with an increase of the detection spacing.
Additionally, these field distributions aso indicate that the dimension of magnetic
pole pitch is 300mm.

Another fine magnetic pole pitch of 400nm was designed by using a wire width
T1 of 175mm and agap G of 225nm.  The calculated field distributions of the central
pole along the bisection line in the z direction are plotted in Fig. 3-11. The similar
results are found, as discussed in Fig. 3-10, indicating the fine magnetic pole pitch is
400mm. As for the measurement data, various experiments will be performed in the

next chapter.
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WreWidth T1=125um
Wire Gap G=175um
Wire Thickness T2=40um
- WireLengthL=6nm
Currentt=1Amp
d=19.4nmand 9 Pdes

Magnetic Flux Density Bz (Gauss)
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Fig. 3-10. Calculated field distributions of the central pole along the bisection line
for the magnetic pole pitch of 300nm at the detection spacing of 200mm and 300mm.

- WireWdth T1=175um
Wire Gap G=225um
WIr e Thickness T2=40um
Wire Length L=6nm
Currentt=1Amp
d=194nmand9 Pdes
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Fig. 3-11. Calculated field distributions of the central pole along the bisection line
for the magnetic pole pitch of 400nm at the detection spacing of 200mm and 300mm.

3.6 Summary

Field formulae have been derived for computing the magnetic flux density in the

fine magnetic pole pitch fabricated on the PCB. These field solutions are expressed

in terms of finite sums of elementary functions to enable a parametric study of the
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field distribution relative to the wire width T1, wire thickness T2, gap G, etc.
Moreover, these derived field formulae are easily implemented in any programming

environment to require only afew minutes of running time on a personal computer.
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Chapter 4

Field measurements

A precise magnetic field measuring system was designed and set up to determine
the field distribution in the fine magnetic pole pitch fabricated on the PCB. Vaious
wire widths T1 and gaps G were used to fabricate different magnetic pole pitches of
300mm, 350mm and 400mm on nine-pole magnetic components. The field formulae
derived in Chapter 3 were also employed to calculate the field distribution in the fine
magnetic pole pitch. As a comparison, the calculated values of magnetic flux
density agree with the measurement’ data. ““The magnetic flux density in the z
direction decreases significantly with: an' . increase of the detection spacing.
Additionally, the explicit boundaries between magnetic poles are found, indicating the
fine magnetic pole pitches are”300mm, 350mm:and 400mm. Consequently, the
resolution of magnetic encoders can be markedly improved by a factor of 3.33

(Amm/300mm) if the fine magnetic pole pitch of 300mm is applied.

4.1 Dimensional measurements

Before the field measurements, the dimension of wire circuit fabricated on the
PCB should be checked carefully. Since the etching rate is not easy to handle in the
etching process as in Fig. 2-10 (f), the dimension of wire width T1 and gap G are
difficult to control aswell. Thewirewidth T1 is decreased as the gap G is increased.
Conversely, the wire width T1 is increased as the gap G is decreased.

Correspondingly, the sum of wire width T1 and gap G will keep at the same value of
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T1+G. Although the dlight change in the dimension of wire circuit will not affect the
field measurements extremely, the checking process is also required to improve the
accuracy of measurement data to conform to the calculated values in the field
distribution.

A precise dimension measuring system including an X-Y table, a monitor, a CCD
(charge-coupled device) module, a screen, and a computer was used to check the
dimension of wire circuit, as shown in Fig. 4-1[38]. A PCB sampleis put on the top
of X-Y table and the image can be captured through CCD module. The clear image
of wire circuit is displayed on the monitor after focusing on the PCB sample by
turning Z-knob. After magnifying the image, each copper wire on the PCB sample

can be distinguished and measured easily. A relative original point should be

designated for calculating the di W o

Fig. 4-1. Precise dimension measuring system.

Cursors of Line V and Line H on the monitor will flash once the cross point P

meets the edges of copper wires, as shown in Fig. 4-2. The flash point is then
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selected and therefore all edges of copper wires on the PCB sample can be obtained
by moving cursors. All movements are finely controlled through X-Y table. At the
same time, different position coordinates of selected flash points are displayed on the
screen. All relative distances between different selected flash points can be easily
figured out using corresponding position coordinates. Consequently, all dimensions
of each wire segment on the PCB sample can be obtained by using this precise

dimension measuring system.

Fig. 4-2. (a) Image of wire circuit captured-and displayed on the monitor through
CCD module. (b) Enlarged image of copper wireson the PCB sample.

Except checking the dimension of wire segment, the thickness of copper wires
also needs to be determined for the field calculation. A part of copper wires
including the substrate is cut in order to measure the thickness of copper wires.
Then, the part is fixed by using the acrylic resin and its cross section is polished.
Both of Sde A and Sde B are polished again carefully to be flat, as shown in Fig. 4-3.
Planes on both sides should be controlled in paralel as possible for reducing
measurement errors. Finally, the thickness of copper wires is obtained through a
microscope. After having al dimensions of the wire circuit, the field distribution in
the fine magnetic pole pitch on the PCB sample can be easily calculated by using the

field formulae derived in Chapter 3.
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Fig. 4-3. (@) Sample of part copper wires fixed by using the acrylic resin. (b)
Enlarged images of the thickness of part copper wires fabricated on the PCB sample.

4.2 Magnetic field measuring system

vibrations. The current input and output are connected to a power supply, which can

provide a current to induce the magnetic field among the wire circuit on the PCB
sample. The precise Hall-effect probe is linked with a high-resolution Gauss meter
(ADS HGM 8200) for measuring the small magnetic flux density in the fine magnetic
pole pitch [39]. The voltage outputs on the Gauss meter are connected to a precise
digital multimeter (GW GDM-391) for detecting the induced voltage [40].
Conseguently, the magnitude of magnetic flux density in the fine magnetic pole
pitch can be read out easily. The sensing area of Hall element inside the precise
Hall-effect probe is only 165 165mm¥.  Correspondingly, it is capable of measuring

the field distribution in the fine magnetic pole pitch of less than 1mm. The
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measurement data at any point is the average value over the sensing area of Hall
element while in measurements. Before measurements, the relative positions among
the PCB sample, micro-stages and Hall-effect probe should be carefully adjusted and

aligned to reduce measurement errors.

Connect to Gauss meter
PCB sample holder Optical table
- ‘ .~ X-Y-Z micro-stage

il Hall-effectgorobe
Probe hdider

Current output

2

G il
lPIasticscrevvh

Current input X-Y micro-stage

Fig. 4-4. Precise magnetic field measuring system.

The probe and PCB sample hol ders are made of plastic materials to prevent from
affecting the field measurements. Both of them are fixed by using plastic screws and
the PCB sample is mounted on the sample holder through the same way. The
detection spacing between the surface of PCB sample and Hall-effect probe is finely
adjusted using X-Y-Z micro-stage. The corresponding positions of each copper wire
on the PCB sample are controlled carefully by means of X-Y and X-Y-Z micro-stages.
Consequently, the magnetic flux density at any point above the PCB sample can be
obtained through controlling X-Y and X-Y-Z micro-stages. Different positions will
induce various output voltages that are detected from the precise digital multimeter.
Accordingly, the field distribution in the fine magnetic pole pitch fabricated on the

PCB sample can be determined after linking these various output voltages.
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4.3 Measurement results

Various wire widths T1 and gaps G were used to fabricate different magnetic pole
pitch of 300mm, 350nm and 400mm on nine-pole magnetic components.  All
parameters in this study are listed on Table 4-1. The straight wires of L and d are
designed with the values of 6mm and 19.4mm, respectively. The wire thickness T2
is 40mm and 1-A current is applied to the wire circuit to induce the magnetic field.
The top view and corresponding cross section of the three central poles on nine-pole

magnetic components are illustrated in Fig. 4-5.

Table4-1 Variouswirewidths T1, gaps G, pitch sizes, and ratios of TI/G

Wirewidth T1 (nm) | Gap G (nm)s) Piteh size T1 +G (nm) | Ratioof T1/G
125 175 300 5/7=0.714
150 200 350 6/8=0.750
175 225 400 7/9=0.778

Three central poles (Top view)

Bisection line
0 Distancer
“=h=
rf
e m Surface

Fig. 4-5. Top view of the three centra poles on nine-pole magnetic components and
the corresponding cross section.

The field distributions of the three central poles along the bisection line in the z
direction are plotted in Fig. 4-6. Various circle and square marks denote the

measurement data at the detection spacing of 200nm and 300mm above the surface of
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the wire circuit. The magnetic flux density in the z direction decreases significantly
with an increase of the detection spacing. Additionally, the explicit boundaries
between magnetic poles are found, indicating the fine magnetic pole pitch is 300mm.
Consequently, the resolution of magnetic encoders can be markedly improved by a

factor of 3.33 (Lmm/300mm) if the fine magnetic pole pitch of 300mMm is applied.
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Fig. 4-6. Field distributions at the detection.spacing of 200mm and 300nmm for the
magnetic pole pitch of 300nm (TY/G=5/7).
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Fig. 4-7. Field distributions at the detection spacing of 200nmm and 300mm for the
magnetic pole pitch of 350nm (T1/G=6/8).
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Regarding the pitch sizes of 350nm and 400mm, the similar results are obtained as
in Fig. 4-6, and their field distributions are plotted in Figs. 4-7 and 4-8, respectively.
From observing the measurement data, the results demonstrate that the designed
precise magnetic field measuring system is capable of measuring the field distribution

in the fine magnetic pole pitch fabricated on the PCB.
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Fig. 4-8. Field distributions at the detection.spacing of 200mm and 300nmm for the
magnetic pole pitch of 400nm (TY/G=7/9).

The field distributions of the two central poles along the bisection line with
variousratios of T1/G at the detection spacing of 200nm are combined and plotted in
Fig. 4-9. Various circle, square and cross marks denote the measurement data at
different magnetic pole pitches of 300nm, 350mm and 400mm, respectively. The
field distributions are asymmetric to the zero-level in the z direction and the
accompanied fine offset is caused by the wire circuit loop design in Fig. 2-4, which
has an asymmetric structure for each pole. The similar results are found at the

detection spacing of 300mm, as shown in Fig. 4-10.
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Fig. 4-10. Field distributions with various ratios of T1/G at the detection spacing of
300nm.

The field distributions of the central pole along the bisection line with various
ratios of T1/G at the detection spacing of 200mm are combined and plotted in Fig. 4-
11. The solid lines represent the calculated values obtained from using the derived
field formulae. Various circle, square and cross marks denote the measurement data

at different magnetic pole pitches of 300nm, 350mm and 400nm, respectively. The
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magnetic flux density in the z direction increases with an increasing ratio of T1/G.
That means the magnetic pole pitch of 400nm has larger field strength than others.
The larger strength in the field distribution is useful to the signal detection. As a
comparison, the calculated values of magnetic flux density agree with the
measurement data. Consequently, the derived field formulae for computing the field
distribution in the fine magnetic pole pitch are confirmed through these various

measurements.
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Fig. 4-11. Field distributions of the central pole along the bisection line with various
ratios of T1/G at the detection spacing of 200mm.

Additionally, these measurement results also demonstrate that the designed precise
magnetic field measuring system is capable of determining the field distribution
induced from the wire circuit fabricated on the PCB. Another field distributions of
the central pole along the bisection line with various ratios of T1/G at the detection
gpacing of 300mm are combined and plotted in Fig. 4-12. The similar results are

found asin Fig. 4-11.
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Fig. 4-12. Field distributions of the central pole along the bisection line with various
ratios of T1/G at the detection spacing of 300mm.
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44 Summary

Different magnetic pole pitches af 300nm,.350mm and 400mm were designed and
fabricated on nine-pole magnetic components by using various wire widths T1 and
gaps G. The field distributions ifn'the z direction’have been measured and calculated
by the designed magnetic field measuring system and field formulae derived in
Chapter 3. As a comparison, the calculated values of magnetic flux density agree
with the measurement data. That means both of them are capable of determining the
field distribution induced from the wire circuit fabricated on the PCB. The field
distributions are asymmetric to the zero-level and the accompanied fine offset is
caused by the wire circuit loop design, which has an asymmetric structure for each
pole. The magnetic flux density in the z direction increases with an increasing ratio
of TL/G. Additionally, the explicit boundaries between magnetic poles are found,
indicating the fine magnetic pole pitches are 300mm, 350nm and 400nm.
Consequently, the resolution of magnetic encoders can be markedly improved by a

factor of 3.3 (1mm/300nm) if the fine magnetic pole pitch of 300mm is applied.
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Chapter 5

Field enhancement and optimization

Both of single-layered (SL) and dual layered (DL) wire circuit structures were
used to investigate the field enhancement in the fine magnetic pole pitch. After
measurements, a gain factor of 1.37 was obtained through using DL wire circuit
structure. Additionally, the field optimization was also studied to find the optimal
magnetic pole pitch, which has larger strength and steeper variation in the field
distribution. The larger strength and steeper variation are useful to the signal
detection and processing. As a comparison, the calculated values of magnetic flux
density in the z direction on both SL and DL wire circuit structures agree with the

measurement data.

5.1 Fidd enhancement

5.1.1 Design and experiments

Various experimental measurements with SL wire circuit structure on the PCB
samples have been discussed in Chapter 4.  However, the field strength induced from
the wire circuit is too small to be useful to the signal detection. In this study, the
same wire circuit pattern designed in Fig. 2-4 was fabricated with DL wire circuit
structure to improve the field strength for measurements. Figure 5-1 illustrates the
cross section, induced magnetic field and equivalent circuit of DL wire circuit

structure.  An insulating layer t is inserted between two layers to prevent a short
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circuit. Two layers are connected in parallel at the terminals of Point A and Point B.
After applying a current to DL wire circuit, both of Layer 1 and Layer 2 will induce
the magnetic field simultaneously. The total magnetic field is the sum of Layer 1
and Layer 2. Consequently, the field strength can be effectively improved by using

DL wire circuit structure.

Gap G Wire width T1 Insulating layer t
Wire(thicknefsT’E i 9| lé 9| Ié i
Layer 1
S RO BERBEEY
......... L DTT
I nduced ic field ) .
nduc (Lrg)?grn%m i W're(tl_h;%rn? T

Induced magnetic field
(Layer 2)

Total magnetic field
(Layer 1 + Layer 2)

U eitd]

Magnetic pole pitch
Eqgivalent circuit R1
Point B Point A
R2

Fig. 5-1. Cross section, induced magnetic field and equivalent circuit of DL wire
circuit structure.

A fine magnetic pole pitch of 500mm was designed and fabricated with DL wire
circuit structure by using a wire width T1 of 215nm and agap G of 285mm. The

straight wires of L and d are designed with the values of 6mm and 19.5mm,
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respectively. The wire thickness T2 on Layer 1 is 41mm and 33mm on Layer 2.
The insulating layer t is 70nm between two layers. The corresponding resistance R1
is 173mW and R2 is 254 mW, which were measured through a precise digital
multimeter (Advantest R6450) [41]. According to Kirchhoff s and Ohni's laws,
1.68-A current should be applied to DL wire circuit to keep 1-A current flowing
through Layer 1 and only 0.68-A current flowing through Layer 2. Additionaly, the
same conditions only on Layer 1 was also used to fabricate with SL wire circuit
structure to compare how it differs from DL wire circuit structure in the field

distribution. All parameters on DL wire circuit structure are listed on Table 5-1.

Table5-1 Parameterson DL wire circuit structure

DL wire circuit structure | on Layer 1 | on Layer 2
Parameters
Wirewidth T1 (nm) 215 215
Gap G (nm) 285 285
Magnetic pole pitch ='G + T1 (1) 500 500
Wire thickness T2 (mm) 41 33
Corresponding resistance {mh\) 173 254
Pole number 9 9
Insulating layer t (mm) 70

512 Resaultsand discussons

The top view and corresponding cross section of the three central poles on nine-
pole magnetic components are illustrated as in Fig. 4-5. The field distributions of
the three central poles along the bisection line in the z direction on both SL and DL
wire circuit structures are plotted in Figs. 5-2 and 5-3. Various circle and square
marks denote the measurement data at the detection spacing of 200mm and 300nm
above the surface of the wire circuit. The similar results are found, as discussed in

Figs. 4-6, 4-7 and 4-8.
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Fig. 5-2. Field distributions for the magnetic pole pitch of 500mm a the detection
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Fig. 5-3. Field distributions for the magnetic pole pitch of 500mm at the detection
spacing of 200nmm and 300mm with DL wire circuit structure.

Both field distributions in Figs. 5-2 and 5-3 are combined and re-plotted in Fig. 5-
4 to compare the difference between SL and DL wire circuit structures. The plus
and triangular marks denote the measurement data for SL wire circuit structure. As
for the circle and square marks, they represent the measurement results at DL wire

circuit structure.  The maximum magnetic flux density in the z direction for SL wire
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circuit structure at the detection spacing of 200mm and 300nm are 6.02 Gauss and
3.44 Gauss, respectively. Those for DL wire circuit structure are 8.24 Gauss and
4.72 Gauss, respectively. As a comparison, the maximum magnetic flux density in
the z direction can be effectively enhanced by a factor of 1.37 through using DL wire
circuit structure. The larger field strength in the field distribution is useful to the

signal detection.
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Fig. 5-4. Field distributions for the magnetic pole pitch of 500nm at SL and DL wire
circuit structures.

Regarding the calculated field distributions of the central pole along the bisection
line for SL and DL wire circuit structures, they are plotted in Figs. 5-5 and 5-6,
respectively. The solid lines represent the calculated values obtained from using the
field formulae derived in Chapter 3. Various circle and square marks denote the
measurement data at the detection spacing of 200nm and 300mm. As a comparison,
the calculated values of magnetic flux density in the z direction agree with the
measurement data.  Consequently, the derived field formulae for calculating the field

distribution are confirmed again through these various measurements.
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Calculated Valueand Measurement Data

Magnetic Pole Pitch=500um
Wire Width T1=215um
Wire Length L=6mm

Gap G=285um
d=19.5mm
9 Poles

2B1pP.gf
T

Calcul

Measu

Measu

SL wire circuit structure
Current=1Amp, Wire Thickness T2=41um

ated Value
rement Data, Spacing=200um

rement Data, Spacing=300um

375 500

625

T T T T T
70 875 1000 1125

Distance r (um)

Fig. 5-5. Cadculated values and measurement data of the central pole for the
magnetic pole pitch of 500mmon SL wire circuit structure.
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Fig. 5-6. Caculated values and measurement data of the central pole for the

magnetic pole pitch of 500nmon DL wire circuit structure.

513 Summary

A fine magnetic pole pitch of 500nmm was accomplished on both SL and DL wire

circuit structures. The field strength can be enhanced by a factor of 1.37 through

using DL wire circuit structure. The larger field strength in the field distribution is
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useful to the signal detection. Additionally, the calculated values of magnetic flux
density in the z direction on both SL and DL wire circuit structures agree with the
measurement data. Consequently, the derived field formulae are confirmed again

through various measurements.

5.2 Field optimization

5.2.1 Design and experiments

Field formulae for computing the field distribution in the fine magnetic pole pitch
have been derived in Chapter 3. These field solutions enable a parametric study of
the field distribution relative to the wirewidth. T1:gap G, etc. Consequently, these
field formulae can be used to investigate the field optimization in the fine magnetic
pole pitch. Figure 5-7 demonstrates the field distribution of a straight wire with a
finite length, which was calculated along the bisection line at the detection spacing of
200mm by Eg. (3-15). The magnetic flux density in the z direction varies with the
distancer significantly. The maximum magnetic flux density is found at the distance
of r... Since the straight wires on both left and right sides in the pole structure are
symmetric, the field distributions can be calculated and plotted asin Figs. 5-8 (a) and
(b). The optimal condition in the field distribution is obtained after these two field

distributions are combined at the distance of r ., asin Fig. 5-8 (d).

Consequently, the gap G between theses two straight wires should be designed
with the value of 2" (r. T1). Accordingly, the corresponding optimal magnetic
pole pitch is T1+G=2r .- T1l. The optima magnetic pole pitch in the field

distribution has larger strength than in Fig. 5-8 (¢) and steeper variation than in Fig. 5-
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8 (e) when the gap G is not equal to the value of 2 (1.~ T1).
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Max. Bz
0
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Fig. 5-7. (a) Geometical structure of a straight wire with afinite length. (b) The field
distribution calculated along thebisectionline.at &t the detection spacing of 200nm.

(@)

Optimal

condition l

G<2x(r, -T1) G>2x(r, -T1)

G=2x(r_-T1)
Fig. 5-8. Pole structure and optimal condition in the field distribution.

In this study, the wire thickness T2 is 41nm, wire length L is 6mm, and 1-A
current is applied to the straight wire to induce the magnetic field. Various wire

widths T1 of 190mm and 235nm were used to investigate the field optimization.
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After calculation, the optima magnetic pole pitches are 465mm and 495mm,
respectively. All parameters of wire width T1, distance r,,, gap G and optimal

magnetic pole pitch T1+G are listed on Table 5-2.

Table 5-2 Parameters of wire width T1, distance r,,, gap G and optima magnetic

pole pitch T1+G
Wire width (nm) | Distance (mm) | Gap G (mm) | Optimal magnetic pole pitch (mm)
T1 I mex 2X(F - T1) T1+G=2r,,- T1
190.0 327.5 275 465.0
235.0 365.0 260 495.0

5.2.2 Resaultsand discussons

Various gaps G of 175nmm, 275mmand :375mm with the same wire width T1 of
190nm were used to fabricate differentimagnetic pole pitches of 365nm, 465mm and
565mm on nine-pole magnetic components.  The-top view of centra pole and
corresponding cross section of the wire circuit is‘illustrated as in Fig. 3-9. After
measurements, the field distributions of the central pole along the bisection line at the
detection spacing of 200nm above the surface of the wire circuit are plotted in Fig. 5-
9. The circle, square and cross marks denote the measurement data at the magnetic
pole pitch of 365mm, 465nm and 565mm, respectively.

As a comparison, the optimal magnetic pole pitch of 465mm has larger strength
than the pitch size of 365nm and steeper variation than that of 565mm between Line A
and Line B. Both of larger strength and steeper variation in the field distribution are
useful to the signal detection and processing. The solid lines represent the calculated
values of magnetic flux density in the z direction obtained from using the field

formulae derived in Chapter 3.  The results agree with the measurement data.
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Fig. 5-10. Field distributions of the central pole at different magnetic pole pitches of
395nm, 495mm and 595nm by using the wire width T1 of 235nm.

Another wire width T1 of 235nm with various gaps G of 160nmm, 260nm and
360mm was also used to fabricate different magnetic pole pitches of 395nm, 495mm
and 595nm to investigate the field optimization again. The field distributions of the
central pole along the bisection line in the z direction at the detection spacing of

200mm are plotted in Fig. 5-10. The solid lines represent the calculated values.
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Various circle, square and cross marks denote the measurement data at the magnetic
pole pitch of 395nm, 495mm and 595mm, respectively. The smooth field variation is
also found at the magnetic pole pitch of 595nmm between Line A and Line B, as the
pitch size of 565mm discussed in Fig. 5-9. Consequently, the optimal magnetic pole
pitch of 495mm has larger strength and steeper variation in the field distribution than

others.

523 Summary

The field optimization in the fine magnetic pole pitch of less than 1mm fabricated
on the PCB has been investigated and demonstrated. Different optima magnetic
pole pitches of 465mm and 495mm were obtained by using wire widths T1 of 190nm
and 235mm, respectively. Such an optimal -design-has larger strength and steeper
variation in the field distribution, iwhich-are. useful to the signal detection and
processing. Additionally, the calculated values of magnetic flux density in the z
direction agree with the measurement data.  Consequently, the field formulae derived
in Chapter 3 can be used to investigate the field optimization in the fine magnetic pole

pitch fabricated on the PCB.
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Chapter 6

Field variation analysis

Field measurements, enhancement and optimization in the fine magnetic pole
pitch fabricated on the PCB have been discussed in Chapters 4 and 5. However, the
field distributions in the z direction were only determined along the bisection line on a
nine-pole magnetic component.  Consequently, different multi-pole magnetic
components were designed to analyze the field variation. Additionaly, the field

distributions along different measuring routes were also investigated in this chapter.

6.1 Variation among different multi-pole.magnetic components

A fine magnetic pole pitch of*500nm was designed and fabricated on different 9-
pole, 19-pole and 29-pole magnetic components by using a wire width T1 of 240nm
and agap G of 260mm. The straight wires of L and d are designed with the values of
6mm and 19.5mm, repsectively. The wire thickness T2 is 41mm and 1-A current is
applied to the multi-pole magnetic components to induce the magnetic field. The top
view and corresponding cross section of the three central poles on nine-pole magnetic
components are illustrated asin Fig. 4-5. After measurements, the field distributions
of the three central poles along the bisection line at the detection spacing of 200mm
and 300mm are plotted in Fig. 6-1. Various plus, square, and circle marks denote the
measurement data at the 9-pole, 19-pole and 29-pole magnetic component,
respectively. The magnetic flux denisty in the z direction decreases significantly

with an increase of the detection spacing. The explicit boundaries between magnetic
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poles are found, indicating the fine magnetic pole pitch is 500mm. The field strength
and variation among different multi-pole magnetic components are very close and

tend towards a value when the pole number is increased.
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—_ 4 WireWwidth T1=240um Spacing=200um along the bisection line
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Fig. 6-1. Field distributions aleng the bisectionline. among different 9-pole, 19-pole,
and 29-pole magnetic components with afine magnetic pole pitch of 500nm.

6.2 Variation along different measuring routes

Another fine magnetic pole pitch of 400mm was designed and fabricated on 9-pole
and 19-pole magnetic components by using awire width T1 of 180mm and a gap G of
220mm. As mentioned in Fig. 2-4, various wire segments of a and b are related by
L=a+b. In this study, the field measurements are along not only the bisection line

but also different measuring routes, asillustrated in Fig. 6-2.

b=5mm
b=3mm
b=1mm

Fig. 6-2. Different measuring routes with various wire segments b.
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Additionally, a small current of 0.5-A is applied to 9-pole and 19-pole magnetic
components to induce the magnetic field. The field distributions of the three central
poles in the 9-pole magnetic component along different measuring routes at the
detection spacing of 200mm are plotted in Fig. 6-3. The similar results are found, as

discussed in Fig. 6-1.
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Fig. 6-3. Field distributions along different measuring routes in the 9-pole magnetic
component with a fine magnetic pole pitch of 400mm.

The maximum and minimum magnetic flux density in the z direction increase
significantly with an increase of the wire segment b. This increase is caused by the
contributions of Area 3, Area 4 and Area 5, as described in the section 3.6. Both of
positive and negative field strength are enhanced when the measuring route is close to
Area 3, Area 4 and Area 5. The peak-to-peak values of magnetic flux density only
vary dightly along different measuring routes. The explicit boundaries between
magnetic poles are also found, indicating the fine magnetic pole picth is 400mm even
the measuring route is far from the bisection line. These charateristics are useful to

the subsequent signal detection and processing.
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The similar results in the 19-pole magnetic component are observed in Fig. 6-4.

The maximum, minimum and peak-to-peak values of magnetic flux density at various

wire segments b for 9-pole and 19-pole magnetic components are listed on Table 6-1.
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magnetic component with a finé magnetic pole pitch of 400mm.

Table 6-1

and 19-pole magnetic components

1400

Field distributions: aong 'different. measuring routes in the 19-pole

ious values of magnetic flux density at various wire segments b for 9-pole

For 9-pole magnetic component

Wire segment b (mm) | Maximum value (G) | Minimum value (G) | P-Pvalue (G)
1 2.22 -2.96 5.18
3 2.80 -2.45 5.25
5 3.35 -2.12 5.47
For 19-pole magnetic component
Wire segment b (mm) | Maximum value (G) | Minimum value (G) | P-P value (G)
1 2.03 -2.84 4.87
3 2.35 -2.39 4.74
5 2.69 -1.87 4.56

Asfor the field calculations of the central pole, they are plotted in Figs. 6-5 and 6-

6. The solid lines represent the calculated values obtained from using the derived

field formulae. Various plus, triangle and cross marks denote the measurement data
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along different measuring routes with the wire segment b of 1mm, 3mm and 5mm.
As a comparison, the calculated values of magnetic flux density in the z direction

agree with the measurement data on both 9-pole and 19-pole magnetic components.
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Fig. 6-5. Field distributions of the central pole along different measuring routes in
the z direction for the 9-pole magneti c.component.
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Fig. 6-6. Field distributions of the central pole along different measuring routes in
the z direction for the 19-pole magnetic component.
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6.3 Summary

A fine magnetic pole pitch of 500nm was designed and fabricated on different 9-
pole, 19-pole, and 29-pole magnetic components by using a wire width T1 of 240nm
and agap G of 260mm. The field strength and variation along the bisection line
among different multi-pole magnetic components are very close and tend towards a
value when the pole number is increased.

Another fine magnetic pole pitch of 400mm was designed and fabricated on 9-pole
and 19-pole magnetic components by using awire width T1 of 180mm and a gap G of
220mm. The field distributions were determined along not only the bisection line but
also different measuring routes. Additionally, a small current of 0.5-A is applied to
the multi-pole magnetic components to induce the magnetic field. The maximum
and minimum magnetic flux density in the z-direction increases with an increase of
the wire segment b. The peak-to-pesk-values of magnetic flux density only vary
dightly along different measuring-routes... These characteristics are useful to the
subsequent signal detection and processing. As for the field calculations, the
magnetic flux density in the z direction agree with the measurement data on both 9-

pole and 19-pole magnetic components.
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Chapter 7

Conclusions

In this dissertation, the innovative method by using the printed circuit board (PCB)
manufacturing technology has been demonstrated to effectively fabricate a multi-pole
magnetic component with a fine magnetic pole pitch of less than Imm. This
innovative method provides a simple process without using the complicated
technologies such as machining technique, magnetizing head and magnetization
machine. Additionally, it is also a cost-effective method to enable mass production
easily. Different pole numbers and-pitch sizes.can be also easily fabricated on the
PCB through this flexible approach.

The field formulae have been also derived to compute the field distribution in the
multi-pole magnetic component.”. These field solutions are expressed in terms of
finite sums of elementary functions to enable a parametric study of the field
distribution relative to the wire width T1, gap G, etc. Moreover, these field formulae
are also easily implemented in any programming environment to require only a few
minutes of running time on a personal computer.

As for the field measurements, a precise magnetic field measuring system was
designed and set up to determine the field distribution in the multi-pole magnetic
component. It comprises a precise Hall-effect probe, a probe holder, a PCB sample
holder, an X-Y micro-stage and an X-Y-Z micro-stage. All components are mounted
on an optical table to prevent vibrations. The sensing area of Hall element inside the
precise Hall-effect probe is only 165 165m¥. Correspondingly, it is capable of

measuring the field distribution in the fine magnetic pole pitch of less than Imm.
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Different magnetic pole pitches of 300nmm, 350mm and 400nmm were accomplished
on various 9-pole magnetic components. The magnetic flux density in the z
direction along the bisection line decreases significantly with an increase of the
detection spacing. The field distributions are asymmetric to the zero-level and the
explicit boundaries between magnetic poles are found, indicating the magnetic pole
pitch is 300mm, 350mm and 400mm, respectively. Correspondingly, the resolution of
magnetic encoders can be markedly improved by a factor of 3.33 (Imm/300nm).

Additionally, a dual-layered wire circuit structure was used to improve the field
strength in the fine magnetic pole pitch and a gain factor of 1.37 was obtained in the
field enhancement. Furthermore, the field optimization was aso investigated to find
the optimal magnetic pole pitch. Such an optimal design has larger strength and
steeper variation in the field distribution. Both of them are useful to the subsequent
signal detection and processing.

Except the field enhancement and-optimization, the field variation was also
studied in this dissertation. Different 9-pole, 19-pole, and 29-pole magnetic
components were fabricated with the same magnetic pole pitch. The field strength
and variation among different multi-pole magnetic components are very close and
tend towards a value when the pole number is increased. Additionaly, the field
distribution in the fine magnetic pole pitch was determined along not only the
bisection line but also different measuring routes with various wire segments b. The
maximum and minimum magnetic flux density in the z direction increase with an
increasing wire segment b. The peak-to-peak values of magnetic flux density only
vary slightly along different measuring routes. These characteristics are also useful
to the subsequent signal detection and processing.

All experimental measurements were performed by the designed magnetic field

measuring system. Regarding the field calculations, they were computed through
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using the field formulae derived in Chapter 3. As a comparison, the calculated
values of magnetic flux density in the z direction agree with the measurement data.
Consequently, the derived field formulae for computing the field distribution in the
fine magnetic pole pitch are confirmed.

A summary of man results has been presented in the above-mentioned

conclusions. Some areas for future works are described as the following:

A. Thermal issue

The primary concern in this dissertation is the thermal issue. A large current of
1-A is applied to the wire circuit in order to induce a large magnetic field for
measurements.  The power consumption is thus very serious and needs to be reduced
as possible. The most effective means of decreasing the power consumption is to
reduce the applied current. However, the -magnetic field induced from the wire
circuit will be also markedly decreased. . The small magnetic field can be easily
detected through using MR sensors. Consequently, MR sensors will be used instead
of Hall-effect probe to determine the field distribution in the multi-pole magnetic

component fabricated on the PCB.

B. Annular multi-pole magnetic component

The rotary magnetic encoders are also widely used to detect the position, anagle or
speed in precise control systems. However, an annular multi-pole magnetic field
distribution is required, as discussed in Fig. 2-3. The possible wire circuit pattern is
also proposed in this figure. After applying a current to the wire circuit, an annular

multi-pole magnetic field distribution is obtained. Consequently, the related
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research about the annular multi-pole magnetic component will be studied in the

future.

C. Fidd enhancement

A dual-layered wire circuit structure has been used to improve the field strength in
the fine magnetic pole pitch.  After measurements, a gain factor of 1.37 was obtained
in the field enhancement. Unfortunately, the fabrication of dual-layered wire circuit
structure is not easy to handle to make two layers in positions precisely. Another
solution by coating a magnetic film on the substrate is considered. This film is with
very high permeability that can concentrate the magnetic flux to enhance the magnetic
field. Correspondingly, the field.enhancement through coating a magnetic film on

the substrate will be investigated in.the future.as well:

D. Resolution improvement

The wire circuit fabricated on the silicon substrate with a nano scale has been
realized in the semiconductor industry. Consequently, the wire width and gap on the
wire circuit can be easily reduced to obtain a tiny magnetic pole pitch by using the
semiconductor manufacturing technology. Accordingly, the resolution of magnetic
encoders can be further improved in applications through this method. However, the
magnetic field induced from the wire circuit will be very small and difficult to detect.
Correspondingly, a high sensitive GMR sensor should be used to determine the field
distribution in the tiny magnetic pole pitch. The related research in fabricating the
tiny magnetic pole pitch by using the semiconductor manufacturing technology will

be adso studied in the future.
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Appendix

The following programs of Loop.m, Encoder.m and Loadfile.m were designed to
calculate the field distribution induced from the wire circuit according to the field
formulae derived in Chapter 3. A fine magnetic pole pitch of 300nmm was used to
demonstrate the calculating process. This pitch size is fabricated on a nine-pole
magnetic component by using awire with T1 of 150nm and agap G of 150nm. The
straight wires of L and d are designed with the values of 6mm and 19.4mm,
respectively. The wire thickness T2 is 40mm and 1-A current is applied to the nine-
pole magnetic component to induce the magnetic field. The field distribution of the
central pole along the bisection line in the z direction is calculated at the detection
spacing of 200nm above the surface of the\wire circuit.

It starts from Loop.m with:various distances r and Encoder.m is then called to
compute the magnetic flux density.= All-calculated values are collected to plot the
figure by using Loadfileem. Consequently, ithe field distribution in the fine magnetic
pole pitch can be obtained.

Please note that these programs are required to run in MATLAB environment.

Loop.m

% Please note the "X" isequal to the "r" in the file of Encoder.m %
clear

x=0/10"6

encoder

save c:\temp\al.dat Bz_total -ascii

clear

x=25/10"6
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encoder

save c:\temp\a2.dat Bz_total -ascii
clear

x=50/10"6

encoder

save c:\temp\a3.dat Bz_total -ascii
clear

x=75/10"6

encoder

save c:\temp\ad.dat Bz_total -ascii
clear

x=100/10"6

encoder

save c:\temp\ab.dat Bz_total -ascii
clear

x=125/10"6

encoder

save c:\temp\a6.dat Bz_total -ascii
clear

x=150/10"6

encoder

save c:\temp\a7.dat Bz_total -ascii
clear

x=175/10"6

encoder

save c:\temp\a8.dat Bz_total -ascii
clear

x=200/10"6

encoder

save c:\temp\a9.dat Bz_total -ascii
clear

x=225/10"6

encoder

save c:\temp\alO.dat Bz _total -ascii
clear

x=250/10"6

encoder

save c:\temp\all.dat Bz_total -ascii
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clear

x=275/10"6

encoder

save c:\temp\al2.dat Bz _total -ascii
clear

x=300/10"6

encoder

save c:\temp\al3.dat Bz total -ascii
clear

x=325/10"6

encoder

save c:\temp\al4.dat Bz total -ascii
clear

x=350/10"6

encoder

save c:\temp\alb.dat Bz total -ascii
clear

x=375/10"6

encoder

save c:\temp\al6.dat Bz_total -ascii
clear

x=400/10"6

encoder

save c:\temp\al7.dat Bz total -ascii
clear

x=425/10"6

encoder

save c:\temp\al8.dat Bz _total —ascii
x=450/10"6

encoder

save c:\temp\al9.dat Bz total -ascii
Loadfile
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Encoder.m

% Total magnetic flux density on the left side %

m1=301, % ml divisionsin the wire width T1

m2=81; % m2 divisions in the wire thickness T2

m=5; % m wire segments on the left side of the middle line
T1=150/10"6; % the wire width

T2=40/10"6; % the wire thickness

G=150/10"6; % the gap

r=x; % the distance from the left edge of the central pole
0=19.4/10"3; % the straight wire for connecting to the current source
1=1; % the applied current

z1=200/10"6; % the spacing above the surface of the wire circuit
z=71+T2; % the spacing including the wire thickness T2
L=6000/10"6; % the straight wirerelated by L=atb

a=L/2, % the wire segmential ong the bisection line

b=a; % the wire segment.along'the bisection line
w=2*T1+G; % the wire segments on the top or bottom sides
u0=4*pi/10"7; % the permeability in free space

Bz_left=0; % the initial valueof magnetic flux density

for n1=1:m1,

for n2=1:m2;

for n=1:m,

r_left=(r-nl/m21* T1)+(n-1)*(T1+G);
z left=z-n2/m2* T2,
R_left=sgrt(r_left"2+z_|eft"2);

B1=u0* (I/m1/m2)/(4* pi* R_l€ft);
B2=a/sgrt(a"2+R_|eft"2);
B3=b/sgrt(b"2+R_left"2);
B4=r_left/R_left* (-1)(n-1);
B=B1*(B2+B3)*B4*10"4;

Bz left=Bz_|eft+B;

end;
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end;
end;

fprintf(" Total magnetic flux density on the left side
= %e (Gauss)\n',Bz_left);

% Total magnetic flux density on the right side %

Bz_right=0;
for n1=1:m1,
for n2=1.m2;
for n=1:m;

r_right=[(w-r)-(nl/m1*T1)]+(n-1)*(T1+G);
Z right=z-n2/m2*T2;
R_right=sgrt(r_right*2+z_right"2);

B1=u0* (I/m1l/m2)/(4* pi* R_right);
B2=a/sgrt(a*2+R_right"2);
B3=b/sgrt(b"2+R_right"2);
B4=r_right/R_right* (-1)(n-1);
B=B1*(B2+B3)*B4*10"4;

Bz right=Bz_right+B;

end;
end;
end;

fprintf(" Total magnetic flux density on the right side
= %e (Gauss)\n',Bz_right);

% Total magnetic flux density on the top side Bz_top (only n=1) %

Bz _top=0;
for n1=1:m1;
for n2=1:m2;
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r_top=(T1+a)-n/m1*T1,

Z top=z-n2/m2* T2,

R _top=sqgrt(r_top~2+z_top"2);
B1=u0* (I/ml/m2)/(4* pi* R_top);
B2=(w-r)/sgrt((w-r)*2+R_top"2);
B3=r/sgrt(r"2+R_top"2);
B4=r_top/R _top;
B=B1*(B2+B3)*B4* 10"4;

Bz top=Bz top+B;

end;
end;

fprintf(" Total magnetic flux density on the top side (only n=1)
= %e (Gauss)\n\n',Bz_top);

% Total magnetic flux density on the left top side Bz tleft (except n=1) %

Bz_tleft=0;

for n1=1.m1,
for n2=1.m2;
for n=3:2:m;

r_tleft=(T1+a)-n1/m1*T1,

z tleft=z-n2/m2*T2;

R_tleft=sqrt(r_tleft*"2+z_tleft"2);

h tleft=r+(n-1)*(T1+G);

% the point (r,0,h) and h can be h_tleft, h_bleft, h_tright and h_bright

B1=u0*(I/m1l/m2)/(4*pi* R_tleft);
B2=h_tleft/sgrt(h_tleft"2+R_tleft*2);
B3=(h_tleft-w)/sgrt((h_tleft-w)"2+R_tleft"2);
B4=r_tleft/R tleft;

B=B1*(B2-B3)*B4* 10"4;

Bz _tleft=Bz_tleft+B;
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end;
end;
end;

fprintf(" Total magnetic flux density on the left top side Bz tleft =
%e (Gauss)\n',Bz_tleft);

% Total magnetic flux density on the left bottom side Bz_bleft (except n=1) %

Bz bleft=0;

for n1=1:m1,
for n2=1.m2;
for n=2:2:m;

r_bleft=(T1+b)-n1/m1*T1;

z bleft=z-n2/m2* T2,

R_bleft=sgrt(r_bleft"2+z_bleft*2);

h bleft=r+(n-1)*(T1+G);

% the distance from bottom or bottom side to the:main pole

B1=u0* (I/m1l/m2)/(4* pi* R_bleft);
B2=h_bleft/sgrt(h_bleft"2+R_bleft?2);
B3=(h_bleft-w)/sgrt((h_bleft-w)"2+R_bleft*2);
B4=r_bleft/R_bleft*(-1);

B=B1*(B2-B3)*B4* 10"4;

Bz bleft=Bz_bleft+B;

end;
end;
end;

fprintf(" Total magnetic flux density on the left bottom side Bz bleft
%e (Gauss)\n',Bz_bleft);

Bz_tbleft=Bz _tleft+Bz_bleft;
fprintf(" Total magnetic flux density on the left top and bottom sides Bz tbleft
%e (Gauss)\n\n',Bz_tbleft);
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% Total magnetic flux density on the right top side Bz_tright (except n=1) %

Bz_tright=0;
for n1=1.m1,
for n2=1.m2;
for n=3:2:m;

r_tright=(T1+a)-n1/m1*T1;
Z_tright=z-n2/m2* T2,
R_tright=sgrt(r_tright"2+z_tright*2);
h_tright=(w-r)+(n-1)* (T1+G);

B1=u0*(I/ml/m2)/(4* pi* R_tright);
B2=h_tright/sgrt(h_tright*2+R_tright"2);
B3=(h_tright-w)/sgrt((h_tright-w)"2+R_tright"2);
B4=r_tright/R_tright;

B=B1*(B2-B3)*B4* 10"4;

Bz _tright=Bz_tright+B;

end;
end;
end;

fprintf(" Total magnetic flux density on the right top side Bz tright =
%e (Gauss)\n',Bz_tright);

% Total magnetic flux density on the right bottom side Bz_bright (except n=1) %

Bz_bright=0;
for n1=1.m1,
for n2=1.m2;
for n=2:2:m;

r_bright=(T1+b)-n1/m1*T1;
z_bright=z-n2/m2* T2,
R_bright=sgrt(r_bright*2+z_bright*2);
h_bright=(w-r)+(n-1)* (T1+G);
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B1=u0* (I/m1l/m2)/(4* pi* R_bright);
B2=h_bright/sgrt(h_bright*2+R_bright"2);
B3=(h_bright-w)/sgrt((h_bright-w)*2+R_bright*2);
B4=r_bright/R_bright* (-1);

B=B1*(B2-B3)*B4* 10"4;

Bz _bright=Bz_bright+B;

end;
end;
end;

fprintf(" Total magnetic flux density on the right bottom side Bz bright
= %e (Gauss)\n',Bz_bright);

Bz_tbright=Bz_tright+Bz_bright;
fprintf(" Total magnetic flux density_onitheright top and bottom sides Bz _tbright =
%e (Gauss)\n\n',Bz_tbright);

% Total magnetic flux density on the left'sidefor connection Bz_lcon %

Bz _lcon=0;
for n1=1:m1;
for n2=1:m2;

r_lcon=(T1+b)-n1/m1*T1;

z lcon=z-n2/m2*T2;
R_lcon=sgrt(r_lcon*2+z_Icon2);
h lcon=r+(m-1)*(T1+G)+d,

B1=u0* (I/m1/m2)/(4* pi* R _Icon);
B2=h_Icon/sgrt(h_Icon*2+R_lcon"2);
B3=(h_lcon-d)/sgrt((h_lcon-d)*2+R_|con"2);
B4=r_lcon/R_lcon*(-1);

B=B1*(B2-B3)*B4* 10"4;

Bz _|con=Bz_Icon+B;
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end;
end;

fprintf(" Total magnetic flux density on the left side for connection Bz Icon =
%e (Gauss)\n',Bz_lcon);

% Total magnetic flux density on the right side for connection Bz_rcon %

Bz _rcon=0;
for n1=1:m1;
for n2=1:m2;

r_rcon=(T1+b)-n1/m1*T1,

Z rcon=z-n2/m2*T2;
R_rcon=sgrt(r_rcon*2+z_rcon"2);
h_rcon=(w-r)+(m-1)* (T1+G)+d;

B1=u0* (I/m1/m2)/(4* pi* R _rcon);
B2=h_rcon/sgrt(h_rcon"2+R_rcon2);
B3=(h_rcon-d)/sgrt((h_rcon-d)"2+R rcon2);
B4=r_rcon/R_rcon*(-1);

B=B1*(B2-B3)*B4* 10"4;

Bz rcon=Bz_rcon+B;

end;
end;

fprintf(" Total magnetic flux density on the right side for connection Bz_rcon =
%e (Gauss)\n\n',Bz_rcon);

Bz_tota=Bz_left+Bz_right+Bz_top+Bz_tleft+Bz_bleft+Bz_tright+Bz_bright+Bz_|co
n+Bz_rcon;

fprintf(' Total magnetic flux density of all wire segments Bz total
= %e (Gauss)\n\n\n',Bz_total);
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L oadfilem

clear

load c:\temp\al.dat
load c:\temp\a2.dat
load c:\temp\a3.dat
load c:\temp\ad.dat
load c:\temp\ab.dat
load c:\temp\a6.dat
load c:\temp\a7.dat
load c:\temp\a8.dat
load c:\temp\a9.dat
load c:\temp\al0.dat
load c:\temp\all.dat
load c:\temp\al2.dat
load c:\temp\al3.dat
load c:\temp\al4.dat
load c:\temp\alb.dat
load c:\temp\al6.dat
load c:\temp\al7.dat
load c:\temp\al8.dat
load c:\temp\al9.dat

a-[ala2a3ad ababar aBadallall al2 al3 al4 al5 al6 al7 al8 al9]
x=0:25:450

r=[x"'a]

save c:\temp\a.dat r -ascii

plot(x,a)

grid on

title('The field distribution of the central pole calculated at the detection spacing of
200um’)

xlabel('Distance r (um))

ylabel("Total magnetic flux density in z direction Bz (Gauss)')
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