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(ABSTRACT)

Position sensing is one of the most important tasks in the industrial manufacturing
of goods and materials. Position sensing can take on a variety of forms and 1s used in the
measurement of a wide range of variables such as distance, speed, the number of
revolutions per minute, orientation, identification, and in collision protection. Proximity
sensors play a significant role and are used in a plethora of industries including
agriculture, consumer goods, transportation, industrial processes, electrical services,
medical, military and avionics.

This research is aimed at improving the performance and manufacturability of
inductive proximity sensors through the design and fabrication of coils using multilayer
ceramic technologies common in the manufacturing of hybrid microelectronics
components and circuits. As another alternative, multilayer structures utilizing polymer
materials and fabrication techniques common to the printed circuit board (PCB) industry
were also investigated.

Manufacture of the coils utilizing ceramic and polymer materials and hybrid and
PCB fabrication techniques would eliminate the problems of repeatability, and the
placement and potting of the coil. The fabrication techniques also lend well to the mass
production of the coils using techniques that are well established in the electronics
industry. The overall result would be a planar inductor with high yield that is suitable for
mass production.
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Chapter 1

Introduction

1.0 Introduction

Position sensing is one of the most important tasks in the industrial manufacturing
of goods and materials. Position sensing can take on a variety of forms and is used in the
measurement of a wide range of variables such as distance, speed, the number of
revolutions per minute, orientation, identification, and in collision protection. Proximity
sensors play a critical role and are used in a wide assortment of industries including
agriculture, consumer goods, transportation, industrial processes, electrical services,
medical, military and avionics.

Position sensing can be accomplished through a variety of means such as,
inductive, Hall effect, electrodynamic, capacitive, and photoelectric proximity sensors.
Each method of sensing operates on a different principle, therefore some work better in
certain environments and are limited to use with specific materials. The purpose of this
work was to enhance the performance of one type of position sensor; the inductive
proximity sensor.

Inductive proximity sensors are used in a wide range of industrial applications
and environmental conditions. Inductive proximity sensors are assembled with four
major components; the core, coil, electronics and the housing that contains those
components. The current coil design consists of wire, hand wound on a plastic bobbin,

which is inserted into the ferrite core. The associated electronics are fabricated using
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thick film or printed circuit board technology. The core and coil assembly is soldered to
the electronics and the whole assembly is potted. This method of manufacturing
introduces coils that sense differently due to variations in the way the coil is wound,
number of turns on the bobbin, placement, and effects of potting. As a result each coil
must be tested and in many cases tuned to achieve a performance that is within the
manufacturer's specified tolerances. This method of manufacturing is labor intensive,
not only in the production of the coil, but in the testing and quality control due to
variations in each individual coil.

This research is aimed at improving the performance and manufacturability of
inductive proximity sensors through the design and fabrication of coils using multilayer
ceramic technologies common in the manufacturing of hybrid microelectronics
components and circuits. As another alternative, multilayer structures utilizing polymer
materials and fabrication techniques common to the printed circuit board (PCB) industry
were investigated.

Manufacture of the coils utilizing ceramic and polymer materials and hybrid and
PCB fabrication techniques would eliminate the problems of repeatability, and the
placement and potting of the coil. The fabrication techniques are suitable to the mass
production of the coils using techniques that are well established in the electronics
industry. The overall result would be a planar inductor with high yield that is suitable for
mass production.

This work describes the design, fabrication, and measurement of solid state low

profile planar multilayer inductors and is described in the following chapters: Chapter 1
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briefly describes the problem and the proposed method to improve the sensor coil;
Chapter 2 describes an inductive proximity sensor, applications, operation and past work
performed in the fabrication of planar inductors for various applications over the past
century; Chapter 3 describes the design and simulation of the planar inductors; Chapter 4
explains the fabrication methods used to fabricate the coils; Chapter 5 describes the
measurement of the fabricated coils; and Chapter 6 discusses the conclusions that can be
made from the study with suggestions for future work to enhance the performance of

these sensors.

1.1 Summary

This chapter provides an introduction to the problem of fabricating inductive proximity
sensor coils in a reliable method that is compatible with techniques for mass production
using multilayer technologies and materials. This chapter also presents the manner in

which the thesis is arranged.
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Chapter 2

Literature Search and Background

2.0 Proximity Sensors

The proximity sensor is a non-contact alternative to physically actuated switches,
which can provide either a 'go/no go' single output that indicates the presence or absence
of a target object, or in some cases a linear device that provides an output that is
proportional to the distance between the target and the sensor. The various sensing types;
inductive, hall effect, electrodynamic, capacitive, and photoelectric use different forms of

sensing technology but each provides generally the same type of output.

2.1 Inductive Proximity Sensors

Inductive proximity sensing, often referred to as Eddy Current Killed Oscillator
(ECKO) sensing, has been widely used in industry for over thirty years. Inductive
proximity sensors are used in a wide range of industry and commercial applications to
detect the presence of various ferrous, nonferrous materials, and other materials, which
are good electrical conductors. The inductive proximity sensor has a number of
characteristics that are not found in some of the other sensing technologies; detection of
objects without contact, the ability to sense moving objects, detection of small and low
mass objects, detection of objects through barriers such as metal foil and paper,
solid-state circuitry which eliminates contact bounce, the ability to sense quickly at high

switching frequencies that allow up to 10,000 detections/s, low power requirements,
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analog, digital, and proportional outputs, the ability to withstand hostile environments,
and they can be installed in any position. Following are a few examples of proximity

sensors' applications:

® Detection of speed, direction, and motion can be
accomplished by a inductive sensor and toothed gear for
use in conveyor and transportation systems.

® Processing of foodstuffs and beverages including, can
and bottle manufacturing, transporting, filling, capping,
packaging and warehousing.

® Processing and manufacture of consumer goods and
products.

® Positioning of parts for automatic welding in the
manufacture of automotive and machinery products in the
aircraft and shipbuilding industry.

¢ Counting of small parts.

® Inspection of metal parts.

® Detection of metal in packaging.

® Motor control.

® [Use in remote and hazardous conditions.

2.1.1 Inductive Proximity Sensor Components

The sensor as shown in Figure 2.1 is usually comprised of a core, winding,
associated electronics, and housing. The sensor may be housed in different housing
materials such as, nickel plated brass, stainless steel, or plastic with connection for input

power and sensor output. The sensor head itself may be in the form of a shielded or
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Associated
Electronics

Housing

Magnetic Flux Lines

Ferrite Core Coil

Figure 2.1 Typical Inductive Proximity Sensor

unshielded sensor in which the sensor is mounted flush or above the housing
respectively. It is also available in a variety of terminations and may be powered by ac

or dc with the most common being 2-wire dc analog, 2-wire dc digital, 3-4 wire dc
digital, 2-wire ac, and 3-wire ac linear sensors. The main portion of the sensor
electronics are comprised of an oscillator circuit, but it may also contain short circuit and

incorrect wiring protection.

2.1.2 Sensor Operating and Environmental Conditions

The conventional sensor is designed to operate over a wide temperature range

from -4°F to 158°F (-25°C to 70°C) and a relative humidity of 10% to 90%
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noncondensing. Some specially designed sensors are made to operate under much wider
temperature ranges including wash down and immersion in liquids. This is particularly
common in the process and manufacture of goods used in the food and beverage
industries and with use involving chemicals. Whereas plastic and metal housings are
commonly used in the manufacture of the sensors, under prolonged chemical exposure,
metals can corrode under harsh conditions and plastics may soften, which can cause
embrittlement. For this resason, corrosion resistant stainless-steel  and
polytetraflourethylene (Teflon) are commonly used in severe and corrosive
environmental conditions. Proximity sensors are subject not only to variations in
temperature and humidity, but they must be able to withstand shock, vibration and dirty
environments. Since proximity switches contain no moving parts and are filled with a
potting compound, they as a rule of thumb can withstand an acceleration of up to 30 g's
and an amplitude of 1 mm up to a frequency of 55 Hz. Their method of manufacture
also prevents foreign bodies and dust from entering the sensor and impairing

performance, while providing additional support to the mechanical housing.

2.1.3 Sensor Operating Principle

The sensor electronics consist of an oscillator circuit similar to that of Figure 2.2,
formed from a LC tank circuit. The capacitance and inductance of the circuit determine
the oscillator frequency which can range from 20 kHz up to several megahertz. The
inductance of the tank circuit is formed by an air cored coil or ferrite cored and coil. The

oscillator generates a current that flows through the coil and produces a alternating
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Figure 2.2 Conceptual Oscillator Circuit

magnetic field which emerges from the sensor. The oscillator circuit itself has just
enough positive feedback to sustain oscillation. When the target, a piece of conducting
material, is placed in front of the sensor, the magnetic fields emanated from the sensor
induce eddy currents on the surface of the target material. The induced eddy currents
consume energy due to the resistance of the material and radiate opposing magnetic
fields which are absorbed by the sensor. This results in a loading of the oscillating
circuit which then provides information of target presence through the different types of
outputs.

Inductive sensors provide a high frequency oscillation with a high amplitude as
an output. In the case of the analog output or the digital output through a Schmitt

trigger, the oscillation is killed by the target loading the circuit, resulting in a output that
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is usually on or off (go-no go). If the object is at the switching point of the circuit, the
output can switch between the two states. This is known as "chatter” and can be
overcome by hysteresis.  In the case of a linear sensor the output has a direct linear
relationship with the distance between the sensor an the target. This is provided by a
linearizer between the amplifier and its output. Figure 2.3 shows the basic operation of
the inductive proximity sensor and its output.

-
©@ -

Target -
=

D|5tancc Lfﬁ
? E: @ ﬁ = Fj Senaor

Target approaching sensor

Target

\7,,

Amplitude of oscillation

~N 7

Rectified signal

Output

Figure 2.3 Operating Principle
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Other factors need to be considered when using inductive proximity sensors such
as the frequency of operation, target material and size, and sensor type (shielded or
unshielded). At higher operating frequencies, current flows nearer the surface of the
target, this phenomenon is known as "skin effect”. The skin depth is different for
different frequencies and materials. For this reason sensing ranges defined by
CENELEC and NEMA (European and U.S. standards) are defined for a target of mild
steel 1 mm thick three times the nominal sensing range of the sensor, or equal to
diameter of the sensor whichever is greater. If a material other than mild steel is used,
the sensing range should be adjusted (multiplied by a correction factor) according to the

following table:

Table 2.1 Sensor Factor Adjustment for Various Target Materials

Material Factor
400 Series Stainless Steel 1.15
Cast Iron 1.10
Mild Steel 1.00
Aluminum Foil 0.90
300 Series Stainless Steel 0.70
Brass 0.40
Aluminum 0.35
Copper 0.30

The thickness of the target material will also affect the sensing range of the sensor. If the

material is less than the skin depth, some of the electric field will emerge behind the
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target and the effective conductivity will be less, further reducing the sensing distance.
The operating frequency will also affect how many samples the sensor will see per
second which will affect the response of the sensor.

A smaller target will effect the nominal sensing range, but a target larger than the
of the standard will not necessarily increase the range of the sensor. The affect of

sensing range to target size is shown in the following table:

Table 2.2 Affect of Sensing Range to Target Size

Target area as compared to Shielded Unshielded
Standard
25% 56% 50%
50% 82% 73%
75% 92% 90%
100% 100% 100%

As noted before the type of sensor, shiclded and unshielded will effect the
operation of the sensor in different ways. Shielded sensors are constructed with a metal
material surrounding the ferrite core. This directs the electromagnetic field towards the
front of the sensor face. Nonshielded sensors differ from shielded sensors in that they do
not have any metal material surrounding the ferrite core, thus they can also side sense
targets. The nonshielded sensors use ferrite cores which have been modified. This can
be achieved by removing the outer wall of the ferrite pot core, so that it is flush with the
base of the ferrite. A shielded and unshielded inductive proximity sensor is shown in
Figure 2.4

Chapter 2 Background and Literature Search
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Magnetic Flux Lines
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Figure 2.4 Shielded and Nonshielded Inductive Proximity Sensors

Chapter 2 Background and Literature Search
12

Magnetic Flux Lines



The shielded sensors will not sense as far as unshielded sensors due to the loading from
the side lobes emanated from the coil/core. Although the magnetic field flux lines will
mainly emanate perpendicular to the sensor surface there will be some flux linkage with
the sensor housing particularly if the housing is metallic. ~ This will result in an

additional loading of the oscillator which will result in a decrease in the sensing distance.

2.1.4 Inductive Proximity Sensor Construction

Traditionally the coil is wound using cladded wire or stranded wire on a plastic
bobbin, which is then inserted into a cylindrical pot core. The leads come from cutouts
in the bobbin and the core, and connect to the sensor electronics.  In order to provide
additional features while minimizing package dimensions, manufacturers use thick film
and PCB technologies to package their sensor electronics. Some manufacturers even
refer to this as a solid state proximity sensor[1]. The sensor electronics are manufactured
using thick film materials on alumina substrates or PCB materials, and they can be
mounted adjacent to the core or attached at a remote location. The electronics are
attached to the core, they are then are placed into a hybrid guide or epoxied and attached
to the core and coil assembly. The coil wires are then soldered to the oscillator/sensor
circuit, an end cap is placed on the core and the assembly is tested. In some cases, the
circuit is actively tuned, and then potted and placed in the assembly housing. As stated
before, problems may occur due to variations in the number of turns for the coil, the

manner the bobbin is wound, or the placement of the electronics in the assembly. Sensor

Chapter 2 Background and Literature Search
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design must also take into consideration variations due to ambient environmental
conditions such as temperature and voltage drift.

By using thick film or PCB technologies for the coil windings many of these
problems may be overcome. The windings fabricated using this technology have a high
degree of repeatability, the substrate material can serve as a replacement for the plastic
bobbin, the coils can be manufactured in a multi-up fashion for cost-effectiveness, the
fabrication process can be automated, and reworking of the circuits can be alleviated.
Thick film and PCB materials are mature technologies, therefore some of the earlier
research performed with these technologies can be used as a basis for this work. In the
case of thick film technology, an extensive amount of work has been done with thick
film inductors in the past, including multilayer spirals using dielectric and ferrite paste
materials.  Until recently, PCB materials have predominantly been used as a
interconnection method and therefore there is not as much literature available on the
fabrication of magnetics using PCB materials. With recent advances in materials both

technologies lend themselves to the production of inductive coils.

2.2 Thick Film Inductors

Thick film technology has been around since the 1950's and there has been
extensive work performed on the fabrication of inductors using thick film technology.
Most of the design and calculations of thick film inductors have their foundation based
on work performed at the turn of the century with inductors and coils of various types

and sizes by Perry[2], Jones[3], Maxwell[4], Nagoaka[5], Olenhausen[6], Rosa and

Chapter 2 Background and Literature Search
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Cohen[7], Rosa[8], Cohen [9], Brooks and Turner[10], Lyle[11], and Grover[12],
Dwight[13], Hazeltine[14] and Wheeler[14]. The early works were performed for
inductors formed in single and multilayers with both circular and rectangular wires used
for the various shapes and sizes. The inductance calculation formulae and models
developed by various authors are base on both analytical and experimental work. Over
the years a number of researchers have made changes or improvements on the formulae
developed at the turn of the century in order to suit a particular application, method of
processing, or in order to calculate inductance and quality factor taking into
consideration certain approximations and limitations[16-50]. The various authors' work
covers both thick film and thin film inductors over a wide range of frequencies. The
majority of the work was performed for inductors in the 50 MHz - 10 GHz region using
both thick and thin films and the models and fabrication techniques for their realization.

2.3 PCB Inductors

Printed wiring board (PWB) or printed circuit board (PCB) materials have been
around since the 1930's. PCBs' have primarily been used as a method of interconnection
but with the advancement of rigid, rigi-flex, and flexible PCB materials, they are
currently used in a wide range of applications. Inductors fabricated using PCB materials
have mainly been used for power supplies due to the current handling capability of the
materials used. With the push for increased circuit densities, higher power and frequency
operation, the PCB composites offer low-profile magnetics with increased

manufacturabilty and performance. Design of the inductors using polyimide materials

Chapter 2 Background and Literature Search
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follows that of thick film materials, with the designer needing only to take into

consideration processing changes due to material properties.

2.4 Summary

This chapter provides an introduction into the operating principle of inductive proximity
sensors including their application, construction, operating environment and
performance. Also covered in this chapter is the fabrication of inductive coil using thick

film and printed circuit board materials and technologies.
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Chapter 3
Coil Design

3.0 Coil Fabrication Technologies

Multilayer structures can be fabricated from a variety of available ceramic and
organic materials. In fabricating the multilayer coils, the materials were chosen for their
design flexibility, performance, ruggedness and the suitability for large-scale production.

3.1 Coil Technology Using Ceramics

Recent advances have been made by both U.S. and Japanese firms in the
development of low-temperature co-fireable multilayer ceramic (LTCC) systems. In the
early 1980's Hughes invented a glass based low-temperature co-fired ceramic, which had
the benefits of firing at traditional thick film temperatures of 850°C - 950°C. In the mid
1980's DuPont and other companies licensed the technology from Hughes for production
of a family of low-temperature co-fired ceramics (LTCC). Over the past few years a
number of companies have also developed LTCC materials including dimensionally
stable transfer tapes compatible with both alumina and aluminum nitride. The LTCCs'
have the advantage of being fired at a lower temperature thus, paste formed with noble
metals can be used in the multilayer ceramics. The ceramic systems are based on the
addition of glass to the ceramic oxides in the forming slurry for the formation of the
LTCC tape. These new multilayer ceramics can be fired at lower temperatures
(600-850°C) than the conventional multilayer technology (1400-1600°C). With the

lower firing temperatures, use of high temperature refractory metals is no longer needed.
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The currently available LTCC's demonstrate a dielectric constant ranging from 4 to 100
with various available tape thicknesses. With a thermal expansion matched to silicon and
alumina, the availability of compatible low resistivity gold, gold platinum, silver, silver
palladium thick film pastes, and the ability to apply thin film metallizations and
dielectrics to the surface, these ceramic materials should lead to higher performance
components and packages. For the ceramic multilayer coil DuPonts' 851 Green Tape™

LTCC system was chosen.

3.2 Coil Technology Using Polyimides

For this project, many PCB materials, such as polymers, plastics, glass, ceramic,
and metals had to be considered. Due to the nature of the application, it was determined
that a thin material needed to be chosen in order to have a multilayer structure that would
fit the constraints of the optimized core, while at the same time meeting the desired
electrical performance. For this reason, a ﬂexible composite material was chosen to be
the best alternative. Most composite materials come with a metal adhered to the surface
which is then imaged or patterned in some manner to make the required circuit
interconnections. A common metal used for multilayer technologies is copper. The
copper can be electrically deposited or rolled and then adhered with an adhesive to the
dielectric layer. In cho.osing the multilayer material it was advantageous to pick a
material that is available in a variety of dielectric and metallization thicknesses. For the

coil fabrication the DuPont Pyralux® family of flexible composites was chosen.
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3.3 Design and Measurement of Coils

The first step in the design of the solid state inductive coil was the optimization of
the ferrite core. Simulations were executed comparing various core geometries with
those of the current coil and core configurations. The new coils were to be designed after
the optimized core configurations were established. It was expected at the initiation of
the research that the core simulation and optimization would take some time to complete.
During this time work was begun on the coils in order to establish feasibility and to
refine fabrication techniques.

The following sections describe the formulae currently used for spiral inductance
and quality factor calculations and the designs for the Green Tape™ and Pyralux®
samples. The Green Tape™ and Pyralux® designs have been listed in chronological
order of their fabrication. Included in section(5.4) is a summary of all the designs

included with their associated measurements.

3.4 Prediction of Inductance and Quality Factor

Before the new coils were fabricated, a literature search, as described in Chapter
2, was undertaken in order to investigate past coil designs including analytical and
empirical models as well as the physical data that correspond to those models. The
various researchers have developed a multitude of different equations and formulae
which can be used to describe inductors and transformers.  Since the fabrication of the
inductors was performed in parallel with the literature search and development of the

inductance and quality factor the inductors were designed using preliminary models,
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these forms did not accurately describe the inductance and quality factor of the inductive
coils. The models later developed were used to compare to the experimental data.

The first step in developing a model for the planar inductors is to derive an
accurate model for the calculation of the inductance (L). The next step in producing an
accurate model is to determine the resistance (R) over the desired frequency range of
operation. The quality factor (Q) can then be calculated from the inductance and the
total resistance over the specified frequency range. The spiral inductor can be modeled
as a lumped parameter equivalent circuit as shown in Figure 3.1, where the resistance R
is the total resistance, L is the inductance of the coil and C is the capacitance of the coil.
The total resistance is due to the copper losses including; R;,., the DC resistance of the
coil, R, the resistance due to proximity effects of the conductors and Rg;, the resistance
due to the skin effect of the coil. Ry, and Ly, represent the equivalent resistance and

inductance that would be measured at the coil terminals, repectively.

L N

— NAANN——————

|
N

Figure 3.1 Equivalent Circuit Model for Spiral Inductor
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3.4.1 Calculation of Inductance

Calculation of inductance has taken on many forms over the past century. This is
in part due to the importance of magnetics in electronic and electrical circuits, but it is
also due to the many physical forms the inductor can take. These actual inductances can
be calculated using three basic methods; the first approach produces an exact expression
for inductance using elliptic integrals; the second type, as in Grover[46], uses tabulated
factors and the third type, a series expansion for the elliptic integrals as described by
Cohen and Rosa[7]. Spiral inductors using thick film or PCB materials are a special case
of the traditional inductor addressed in much of the research. Although many authors
have addressed the case of the thick film spiral inductor, the majority of developed
models were originally intended for inductors made of solid or stranded wire formed as
an air coil or on a bobbin for insertion into a ferrite core. The forms considered include
straight wires, circular coils of round and rectangular cross section including single and
multilayer coils, helices of rectangular strip, flat spirals of strip, toroidal cores, polygonal
inductors, and multilayer spirals of many turns. The following are equations that have
been used to provide the basis for the calculation of inductance in thick film and PCB
planar inductors. Some of the formulae and techniques are tedious and involve the use of
empirical data while others are straightforward and lend themselves well to calculations
using a computer

3.4.1.1 Perry, Hazeltine and Wheeler's Inductance Formulae

Many researchers have based their inductance calculations on the empirical formula

proposed by Wheeler[14-15] in 1928 shown as:
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a’n?
T 9a+10b

L WH

where: a = average radius in inches
b = axial length in inches
d_ = outside diameter in inches
d, = inside diameter in inches
n = number of turns

Wheeler became interested in the subject after he was shown a simple formula derived by

Professor Hazeltine[14] in 1923. The equation is shown below:

_0.8a%n?
L= 8a+9b+10¢l"L

where: = average radius in inches

a
b = axial length in inches

¢ = radial thickness in inches
d, = outside diameter in inches
d, = inside diameter in inches
n = number of turns

Hazeltine developed his formula based on the coil shape that would give the most
inductance for a given length and size of wire. The shape of the wire was given in
Circular 74 of the Bureau of Standards[14] and is shown below for the single and
multilayer air cored inductor. Circular 74 gave the values for a single-layer helical coil
but it was based on tabulated values. Wheeler noted that the inductance has a parabolic
variation with length and therefore analyzed the 1/L for intercept in terms of the shape
(b/a). The asymptotic straight line gives an approximation with less than 1% error if the

ratio b/2a>0.4. Perry[2] derived a formula similar to Hazeltine's, with the coefficients in
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Chapter 6

Summary and Conclusion

Solid state inductors using Green Tape™ and Pyralux® materials were fabricated
for the modified shielded and unshielded cores. The results indicate that the inductance
values needed for either the shielded or unshielded sensor design are readily obtainable
using LTCC's or flexible composite materials that utilize thick film and PCB material
technologies. The fabrication methods show that the coils can be fabricated in a reliable,
repeatable manner with promise for high yield.

The Green Tape™ coils were successfully produced exhibiting inductance of up
to 120 microhenries and Q's of up te 6. In this work, various methods have successfully
been employed in order to reduce the dc resistance of the coils; such as multiple vias,
double printing of coils, and connection of layers in parallel. Overall, six designs were
fabricated, some with up to 75 turns and 32 layers. Coils were printed with coil spacing
as small as 4.4 mils.

The Pyralux® coils were successfully produced using STH and PTH
technologies. Eight samples were fabricated, resulting in Q's of up to 11 and inductances
of up to 105 microhenries. The composite were successfully fabricated with up to 75

turns and 16 conducting layers with etched line spacing of 5 mils.
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Both Green Tape™ and Pyralux® represent materials that can be effectively
utilized as an alternative to the current hand winding of coils. The only problem left to
address, is the low Q factor exhibited by both the Green Tape™ and Pyralux® coils.

The fabricated coils did not exhibit a high Q factor, due to the a variety of causes.
The coil resistance was due to the geometrical factors related to the size of the core (fixed
inner and outer diameters), geometry of the windings and conductor layer thickness, and
dielectric thickness all contribute to increase the distributed capacitance, skin resistance,
and proximity resistance of the coils. For the specefic 30mm designs the quality factor at
the frequencies of interest 100-300 KHz can be improved by designing the coils to limit
the increase in resistance due to the proximity effect.

The proximity effect leads to main increase in resistance at the frequencies. It is
suggested that in order to limit these effects that the conductors or printed windings be
connected in paralelle to a litz winding but in a planar manner. This would lead to a
decrease in the proximity effect and a proportional increase in the overall quality factor.
This is obviously not the only means to increase the quality factor, the designer must also
design the coils in a manner that will minimize capacitance and resistance. The coils
under consideration give a large value of inductance which is promising for a number of
applications including planar and integrated magnetics for applications such as power
supplies. Coupled with a low resistance and interlayer capacitance this can lead to high
quality factors.

As part of this work the models were developed for inductance, resistance,

capacitance and quality factor. Although these values give an approximate value for the
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various parameters, the accuracy of the results vary with design. Future work can also be
applied to the models in order to increase their accuracy. The model developed for the
quality factor was a lumped parameter model whereas for better results it would be
advantageous model the capacitance as a distributed capacitance.

Their are several areas of potential research that can follow this work. It is
suggested that additional coils be simulated and fabricated in order to further verify the
some of the models developed in this work. It is also suggested that the coils be
optimized for the losses in order to provide for the highest possible quality factor. This
may be possible by forming a number of parallel conductors on each layer of the
multilayer material similar to the method employed in litz windings.  The planar
magnetics are also useful in a variety of other applications including power supplies,
automotive electronic, avionics, etc. Further research and development of integrated
magnetics in electronics will be needed in order to decrease the size of magnetics in
order to keep pace with the decreasing size and increasing capabilities of other
components in electronic circuitry. The main limitation in current electronics is the size
of the magnetics, the complexity of the interconnections, the interface with the outside
environment and the packaging of these electronics. Planar magnetics will play a major

role in electronics far into the future.
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