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Robert S. Fielder

(Abstract)

Computer modeling using finite element analysis (FEA) was performed to examine the
effects of constructing multilayered thick film inductors using an artificially modul ated magnetic
composite structure. It was found that selectively introducing regions of low permeability material
increased both the inductance and the current carrying capacity compared to thick film inductors
made with single material magnetic cores. Permeabilities of the composite cores ranged from 1 to
220. The frequency for the models ranged from 0 to 5.0 MHz. Experimental deviceswere
constructed using thick film screen printing techniques and characterized to validate the models and
to determine the effectiveness of the design modifications. Quantitative comparisons were made
between inductors of single permeability cores with inductors produced with magnetic composite
cores. It was found that significant (> 130%) increases could be gained in saturation current with
only a12% decrease in inductance. It was found that the key parameters affecting performance were
1) the placement of low permeability regions, 2) the extent of non-uniform flux distribution within
the structure, and 3) the volume fraction of low permeability material.
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| Chapter 1: Introduction

Throughout the history of electronic development, there has been an ever-increasing demand
for electronic devices to be more compact and portable, more functional, and more reliable than their
predecessors; this demand has been satisfied by two broad methods. First has been the devel opment
of electronic materials, such as semiconductors, that have alowed us to advance from vacuum tubes
to integrated circuits. Second, there has been much work focused on integrating passive components
such as resistors, capacitors, and inductors, to further reduce the size of the overall device®. Until
recent years, however, little attention has been devoted to the integration of magnetic devicesinto
electronic circuits’. Theintegration of such components has become the next crucial step in reducing
the size of electronic devices®. One of the most effective methods of integrating magnetic devices

into acircuit is through thick film screen-printing®.

Thick film screen-printing allows the deposition of a material in paste form onto a ceramic
substrate. The paste material consists of ceramic or metallic particles suspended in a polymer paste.
After printing, the paste undergoes a heat treatment that ultimately burns off the polymer and
densifies, or sinters, the ceramic or metallic material through inter-particle diffusion. Theresultisa
dense pattern formed from the ceramic or metallic material. Using this technique, a conducting coil
can be printed onto a layer of ferrite (magnetic ceramic), and then covered with another layer of
ferrite to form an inductive coil. Successive layers can be printed to increase the inductance of the

device.

The thick film process can be easily integrated into a hybrid circuit. After printing the final magnetic
layer, the printed magnetic device can be covered with a dielectric layer and a circuit pattern can be
printed on top. The magnetic device then becomes part of the substrate structure. Resistors and
capacitors can aso be printed using this method so that, in principle, all of the circuit's passive
devices could be printed into part of the substrate, delivering alevel of integration that provides an

order of magnitude in size reduction while maintaining aslim profile.



A. Context of research

1.) Applications of magnetic devices

Magnetic devices such as inductors and transformers are found in virtually every electronic
device produced. Their applications range from micro-electromechanical systems (MEMS) used for
high frequency switching, to large high power inductors used for power conversion. In most of these
applications, the size and weight of the entire system is of great importance from both a performance
and fuel efficiency point of view. For example, satellites use many magnetic devices to convert
power from their solar cell arraysto ahigh current power supply. It isextremely costly to lift the
heavy magnetic cores, usually used in such power applications, into orbit. High performance density
isaso highly desired from a volumetric point of view. Portable wireless electronic devices such as
portabl e tel ephones are driving the telecommunications market and the limits of high performance
density. Ashigher levels of functionality are added to these devices, the magnetics must be
miniaturized. Other applications include implanted devices such as pace makers. Inthese

applications, magnetic devices must be not only small, but highly reliable as well.

The thick film processing techniques used in this research will not be able to produce devices for
all of these applications. With continuing research, however, this technique will find awider range
of applications. Additionally, all of the guiding fundamental principles used in this research may be
applied to many different types of processes used for inductor fabrication. Thick film inductors
currently find applications imbedded in low temperature co-fired ceramic (LTCC) substrates used in
portable wireless devices, hybrid thick film substrates used in satellites, and automotive electronics,

shielding in electronic devices®, and others.

The research presented here may also be directly trandlated to thin film inductors. Indeed, it will
be shown that as the size of the magnetic devices is reduced, consideration of the non-linear material
characteristics and magnetic field distributions discussed here becomes even more important. Thin
film inductors are increasingly being used in radio frequency integrated circuits (RFICs). Spiral
inductors are a basic passive element in a monolithic microwave integrated circuit (MMIC)>. In
these applications, square spiral inductors integrated into a silicon device, and are used for frequency

tuning. Thin film inductors are also used in discrete surface-mount devices. Both thin film inductors



and thin film inductance-capacitance (LC) filters are commercially available as surface mount
devices® designed for use in mobile communications, satellite TV receivers, global positioning

(GPS) receivers, vehicle locator systems, frequency discriminating filters, and network matching.

Larger sized magnetic devices, such as power inductors may aso benefit from thisresearch. As
the volume of magnetic material in these inductors is reduced, consideration must be given to
magnetic saturation. Saturation isthe upper limit to the capability of carrying flux by a
ferromagnetic material’, and is driven by the amount of current flowing through the magnetic device.
Computer power supplies are one of the most important applications that must make use of high
current-carrying capacity in asmall volume, with very low losses. The current trend in computer
processors is increased clock speed (Currently in the GHz range), reduced voltage (currently 2.0 V),
and high power current (100 A). Much of the work presented here is devoted to maximizing the

saturation current for a given limited amount of magnetic material.

2.) Development and future trends

The basic development trend in magnetic devices, as with all electronic systems, isto provide the
highest performance possible, in the smallest volume, while consuming a minimum amount of
power, and above al, to do all thisat a minimum cost to the consumer. Devices are required to
operate at ever-increasing frequencies. Current portable wireless devices operate in the GHz range.
Integrated inductors are being fabricated on awider range of substrates including silicon and GaAs,
for high frequency applications®. Higher efficiencies are being required as portable computing
applications such as notebook computers and personal data assistants proliferate to minimize the
power demand and increase battery life. Another trend isto maximize the functionality of consumer
electronic devices. Anincreasing number of products seek to integrate multiple tasks, especially
internet access, into single systems’. Increased functionality in smaller volumes drives down the size
of magnetic devices. Asthe size of magnetic devices decreases, a detailed understanding of the non-

linear magnetic properties of materiasis required.



3.) Barriers to future development

For RFICs, asignificant barrier to further size reduction is the ability to integrate planar inductors
into the integrated circuit. To minimize the size of inductors integrated onto semiconductor devices,
multilayer processing techniques have been devel oped to alow the fabrication of capacitors and
inductors together™®. In this process, capacitors are fabricated directly above a thin film inductor
integrated onto a GaAs RFIC. The close proximity of these devices, however, leads to
electromagnetic interference. To understand and minimize such interference, detailed
electromagnetic modeling must be performed. Most modeling techniques for inductors integrated
into RFICs are based on numerical techniques, curve fitting, or empirical formulae, and therefore are
relatively inaccurate™. Accurate computer modeling is required to predict the performance of

integrated inductors to minimize design time and thereby reduce cost*.

As mentioned above, future inductors integrated onto semiconductor materials must operate at
extremely low loss values to minimize power consumption. At high frequencies, however,
significant eddy currents are produced within the Si or GaAs substrates and reduce the inductor’s
quality factor, Q*. The high resistance of the very thin conductive traces used to fabricate the
inductor windings also causes losses. Transmission line resistance is exacerbated by inhomogeneous
current distribution within the conductor due to the skin and proximity effects, another topic covered
in thisresearch. Such losses are not limited to small “on-chip” inductors, but also apply to high
power magnetic devices'. A detailed understanding of the mechanisms for current distribution and
control of the resulting inhomogeneous magnetic flux distribution within the magnetic coreis
required to minimize the losses of high performance inductors. Another obstacle in optimizing
magnetic devices, especialy for high frequency applications, is the frequency dependence of the core
material’s complex permeability™. In general, the permeability of polycrystalline ferrite can be
described as the superposition of two different magnetizing mechanisms: spin resonance and domain
wall motion™ **. At high frequencies, the effective permeability of ferrites decreases, thereby

reducing their performance.



B. Goals of this research

The objective of thisresearch isto develop magnetic devices for electronic systems that have a
higher volumetric performance and that integrate easily with state of the art hybrid circuit packages.
These objectives were addressed in four broad phases of the project. First, analytical predictions
were made based on fundamental principles of electromagnetics to show that the performance of
small inductors may be improved by using more than one different type of magnetic material to
construct the core. Second, electromagnetic modeling was performed to determine a structure that
optimizes performance in the above-mentioned areas. Third, test devices were produced according
to selected models using standard thick film screen-printing technology. Finally, magnetic devices
were tested to evaluate their electromagnetic performance and to determine if experimental results
match the model's predictions. A key contribution of this research is the understanding and control
of the inhomogeneous magnetic flux distribution in the core due to uneven current distribution in the
conductors, and non-linear magnetic properties of the materials used in the core. The use of more
than one type of magnetic material in various regions in the core to control the magnetic flux was of

special interest.

1.) Overcoming current obstacles

Much research has been performed to improve and optimize the performance of magnetic
devices. These efforts can be broadly divided into three areas of effort: 1) electromagnetic modeling,
2) improving the magnetic core materials, and 3) improving the coil structure. Thisresearch
attempts to address each of these areas and to make novel contributions to them. Examples of each

of these areas will now be discussed.

Electromagnetic modeling usually assumes that an inductor is alinear element consisting of the
inductance of the inductor as well as parasitic inductance and capacitance between coils and the
substrate™. Such models assume no saturation in the magnetic material. If an inductor is produced
using an air core, however, such an assumption isvalid. The use of ferromagnetic materials,
however, provides much improved performance over air core inductors'™®. Other modeling methods
utilize the inductor’ s S-parameter which is related to the coupling between conductors in the spiral

cail’® %, Due to the complex geometries of planar coil inductors, field-level modeling is rarely



done® 2. Such modeling is required, however, to accurately predict losses in the substrate. In this
research, detailed field-level modeling is performed to predict the electromagnetic performance of
the test inductors and, specifically, to aid in understanding the flux distribution within a magnetic

core.

Many different magnetic materials have been formulated to improve the performance of magnetic
cores. Low temperature ferrite epoxies have been produced and evaluated as core materials for thick
film planar inductors®, as well as for electromagnetic shielding of sensitive components. Ferrite
pastes have also been developed for usein thick film screen printing onto alumina substrates™ %%, In
thick film applications, aferrite powder is suspended in a polymer binder vehicle and screen-printed
onto a ceramic (usually alumina) substrate. Typical ferrite materials include Mn-Zn, Ni-Zn, Ni-Cu-
Zn, and Li-Zn ferrites®®. The printed image can be of arbitrary design, with feature sizes down to
approximately 0.2 mm. Successive layers may be printed and fired to construct a complex three-
dimensional structure. The screen-printing process is used to create the test devices studied in this
research. While work on different magnetic materialsis extremely important, most thick film
inductor applications use only one type of material in agiven core. One goal of thisresearch isto
show that it is sometimes beneficia to use more than one different type of material in the same core,

especially for small-sized inductors.

Work has a so been done to improve the performance of planar square-coil inductors by
optimizing the layout of the coil®. In these methods, the thickness of the conductive tracesin the
coil isvaried from the inner turns to the outer turns. By varying the conductor width, ohmic losses
and eddy current losses can be minimized to improve the inductors quality factor. Another method
for improvement related layout is to build the inductor on an insulating layer, rather than directly on
Si. Inthis method, the Si wafer below the inductor is heavily doped with Phosphorus (P+) to form
an insulating layer™. Thus, substrate |osses can be minimized. In this research, attention is given to
the coail layout, and how that affects the direction of current flow and, hence, coupling between the
conductors. Magnetic coupling between the coilsis an important factor in an inductor’s

performance.



2.) Specific applications of this research

While this research focuses on inductors made with thick film materials on a millimeter size
scale, the knowledge obtained may be scaled up or down to include both high power inductors and
small inductorsintegrated onto RFICs. The primary contribution of this research isin the careful
consideration of the non-linear properties of ferromagnetic materials. The performance of very small
inductors may be improved by the use of such materias, and as high-power magnetic devices utilize
less material, the non-linear effects will have to be considered. This research will show that as either
the inductor size is decreased, or the current is increased, the non-linear effects of the magnetic

material will dominate the design process and must be understood.



ll. Chapter 2: Procedure

A. Introduction: Strategic overview and guiding principles

In examining the use of a non-homogeneous, or magnetic composite core structure, three primary
toolswere used. First, an analytical analysis was performed to establish the basis for interpreting the
computer models and experimental results. Second, finite element analysis using computer modeling
was performed to simulate the effects of placing materials with various magnetic propertiesin
selected locations within the core. Finally, experimental samples were produced using thick film

screen-printing techniques to validate the models.

The primary structure under investigation in this project consists of two flat conductive coails,
printed parallel to one another, and electrically connected in series. Electrodes are included for
electrical testing. Figure[1] shows each layer of the devices that were modeled, constructed, and
tested.

Magnetic layer Conductive coils

Via

Figure[1]. Target structure, expanded for clarity.

Devices were built on adumina (Al,Os3) substrates. The first two printed layers were ferrite, to
complete the magnetic circuit below the bottom coil. The bottom coil, with its el ectrode, was printed
using a silver conductive paste that was designed to be co-processed with the ferrite. A minimum of
three ferrite layers was required to isolate the top and bottom coils. Each ferrite layer was printed

with avoid, or via, in the center which was filled with a silver paste to provide a path for the



electrical connection between the two coils. The top coil was printed and connected to the second
electrode through the via. To complete the magnetic circuit above the top coil, two more ferrite

layers were printed.

1.) Addressing specific parameters
The performance of the test inductors under consideration was evaluated using three parameters:
1) inductance, 2) saturation current, and 3) high frequency performance. The basic physics

governing these quantities will be introduced now.

a.) Maximizing Inductance
Inductance is proportional to the magnetic permeability of the magnetic material, and the

magnetic flux cross sectional area according to the following®:

_d»_,dB_, .dH

=—=A— — Eq.[1
d d d ol
Where:
L = inductance A = area B = magnetic flux density
| = current @= magnetic flux M = permeability

H = magnetic field strength

Maximizing volumetric inductance, therefore, is accomplished either by increasing the permeability

of the magnetic core, or by increasing the area through which the magnetic flux flows.

b.) Maximizing current carrying capacity
The second criterion, maximizing current carrying capacity in a specified volume, is limited by

the saturation magnetization of the structure. In anonlinear ferromagnetic material such asferrite,

after acertain critical magnetic field strength is reached, the material saturates™. According to



Ampere scircuital law, the relationship between the magnetic field, H, and the current that sets up
the field is given by®:

= fHed Eq. [2]

closedpath

Where:
H = magnetic field strength | = magnetic path length | = current

If the magnetic field strength is at saturation for a given current, then the above relationship
suggests that increasing the magnetic path length increases the allowed current. After saturation,
increasing the field strength resultsin no increase in the magnetic flux density, and the permeability
decreases, which resultsin decreased inductance. To prevent saturation at high currents, the peak
magnetic field must be limited below the saturation level, or the saturation magnetization. To predict
if the modeled, magnetic composite, structure saturates at a higher or lower current than a structure
with a single magnetic material, the peak flux density isdetermined. A device with alower peak
flux density saturates at a higher current, thereby increasing the current carrying capacity, or
saturation current. Some of the models investigated, which will be discussed shortly, suggested a
method to limit saturation in regions of high magnetic field.

c.) Optimizing high frequency operation
The third criterion to consider is operation at high frequencies. At higher frequencies, the

conduction of electricity through the silver transmission lines gives an uneven current distribution
due to the skin effect and proximity effect. The skin depth of the conductor determines the depth of
penetration of the current into the conductor as a function of frequency and is given by the

following®™:
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0=—
koo Eq. [3]
Where:
0 = skin depth ¢ = speed of light in vacuum
w = frequency k = optical material constant

Asthe frequency increases, the skin depth decreases; therefore, more of the current is carried
along the surface of the transmission lines. The result, in the flat geometry of printed transmission
lines, isthat current density is highest along the edges which confines the magnetic field to the
magnetic material in the vicinity of the transmission line edges, thereby utilizing only the material in
those regions for energy storage, and reducing inductance. To increase performance at higher
frequencies, structures were designed to more evenly distribute the magnetic field and thereby

maximize the use of al available magnetic material.

The proximity effect is the uneven current distribution in a conductor at high frequenciesthat is
in close proximity to other high-frequency conductors. This produces both eddy current losses, and

inhomogeneous flux distribution and will be discussed later.

2.) Analytical prediction

The analytical predictions were conducted using fundamental principles of electromagnetics and
measured properties of the materials that would be used to produce the test samples. The goal of this
analysis was to dispense with the simplifying assumption that magnetic materials behave linearly,
and to express the permeability material as afunction of both the current contained within a magnetic

loop, and the position of the material in the magnetic device.

3.) Finite element modeling

Electromagnetic modeling was performed using Maxwell Field simulator ™, version 7.0.1, from

Ansoft, Inc. Advanced models were constructed using a 5-turn coil model, with two magnetic layers
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below the bottom coil, two magnetic layers above the top coil, one layer in each coil plane, and three
layers between the planes. Two conductive coil planes were stacked in parallel, asin Figure[1].
The model was drawn in two dimensions; the software, then, integrated the two dimensional cross-
section around the z-axis to calculate the total inductance. The thickness of the magnetic and
conductive layers was set at 10pum, which is approximately the reported fired thickness for these
materials. To establish abaseline for comparison, a model was constructed using a single magnetic

material with a permeability of y = 220, which is the highest permeability paste available at thistime.

The magnetic permeability of the materials was then varied through the layers. Thefirst series of
models examined the effects of alowing the permeability of the material immediately surrounding
the transmission lines (above and below the transmission line planes, denoted hereafter as the
“cladding layers’) to range from 1.0 to 220. A second series varied the permeability of material in
the plane of the conducting coils over the same range. Other strategies have been briefly examined,

but the above-mentioned structures are of primary interest.

Material parameters of ferrite pastes available from Heraeus Cermalloy were used. This material
system was chosen for its wide range of magnetic properties and its cofirability. The conductive
traces (transmission lines) were modeled using a pure silver paste designed for use in a multilayer
magnetic structure. The current for the modelswas set at +/- 1.0 A and 2.0 MHz and was based on
an estimate of the transmission line's current carrying capacity. The frequency was selected to match
asimilar application under intensive study at the Center for Power Electronics Systems (CPES) at
VirginiaTech. A frequency of 2.0 MHz was a so sufficient to demonstrate the skin effect and

proximity effect in the transmission lines.

4.) Experimental verification

Experimental inductors were constructed using standard thick film screen-printing techniques.
Ferrite pastes as well as silver pastes from Heraeus Cermalloy were used. The paste system used was
alow temperature cofired ceramic system. During processing, each printed layer was dried
individually at 110 °C, and fired at 850 °C. Inductance measurements were made using an

impedance analyzer.
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B. Analytical prediction

1.) Target structure

For the analytical predictions, the simple geometry of along, cylindrical conductor was used.
This convention simplified the equations, and facilitated a clearer understanding of the physics

without complicating the geometry.

2.) Derivation of analytical solution

The following derivation begins with the basic definition for self-inductance, which is our
primary parameter of interest, and reduces it to a dependence on the properties of the core material.
These properties are then described in terms of the operating conditions and geometry of the
magnetic device. It will become clear that the optimum selection and placement of a core material
will depend greatly on the geometry and operating parameters of the inductor, and that the
performance of many high-density devices may be optimized only through the use of a magnetic

composite structure.

First, consider the basic definition of sdf inductance:

do
L=—1-1 Eq.[4
d q.[4]

Where:

L = sdf inductance @ = total magnetic flux | = current

From this definition, we see that self-inductance is the change in magnetic flux produced for a

given change in electric current.
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The simple geometry of along conducting wire will be used to derive the relationship between
inductance, and the magnetic properties of the materials surrounding the conductor. For along

conducting wire:
¢ =B Tida Eq.[5]
Where:
B = magnetic flux density n = unit vector

a = distance from the wire

The magnetic flux density for a given location near the wireis given by:

g=Hel ¢ Eq.[6]
2rma
Where:
Mo = permeability of free space | = current k = unit vector
Taking the magnitude only:
g = Eq(7]
2|

The current carried in the conductor is related to the magnetic field intensity for a given distance

away from the wire, and is given by:
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| =¢Hdl Eq.[2]

Where:
| = current contained within the magnetic loop H = magnetic field intensity

| = length of magnetic loop, or magnetic path length

Therefore, for a circular magnetic loop about along conducting wire:

I I
H=—=—— Eq.[8
| 2m el

Substituting Eq[ 7] into Eq[5], we get:
o =Hol ) Eq.[9]
2

Where @ isthetota flux contained within the surface. The above relationships assume that the
conductor is contained in avacuum. We would like to find the incremental contribution of a given
section of material, da, at a distance (@) away from the conductor. To do this, we must identify the
permeability of the material. The reported permeability of commercially available ferritesis given by
the maximum linear permeability. That isthe slope of the vector from the origin to the beginning of
saturation on the BH curve. We will be utilizing the incremental permeability, which avoids the
simplifying assumption that the magnetic material will behave the same at all levels of magnetic
field. Graphicaly, Theincremental permeability is the slope of the tangent to the BH curvefor a
given H field. It varies throughout the entire range of possible magnetic field intensities. See Figure

[2] for graphical representation.
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Magnetic Flux Density vs. Magnetic Field Intensity
for 1IP9220
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Figure[2] Incremental permeability vs. linear permeability (BH
curve). Theslope at (@) indicates the linear permeability reported for
the material. The slope at (b) indicates the incremental permeability

which varies with the applied magnetic field.

Mathematically, the incremental permeability of a non-linear material is defined as the change in

magnetic flux density for a given change in magnetic field intensity:
H=—— Eq.[10]

The total magnetic flux for a current carrying conductor inside aferromagnetic material then, can be

given by:

dB
L
21T

P =

In(a) Eq.[11]

From this relationship, we see that the inductance is a function of the incremental permeability of a

material at agiven location, or distance away from the conductor. We also know that the
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incremental permeability is dependant on the magnetic field intensity, H which is given by Eq[8].
Since the incremental permeability, |, is dependent on H, and H is dependent on magnetic path
length, which is afunction of distance away from the conductor, then the incremental permeability of
amateria changes with its location in the magnetic core.

Take, for example, the case of acylindrical current-carrying conductor (i.e. awire). The magnetic

path length around the wire is given by:

| =2 Eq.[12]

Where r isthe radius of the path. The value of H for agiven current varieswith r as:

H=— Eq.[13]

Graphically, the magnetic intensity is represented in Figure [3]. The size and current scale for this

calculation is based on commercially available chip inductors.
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Distance from the Conductor, r (m)

Magnetic Field Strength, H
(A/m)
©

Figure[3] Magnetic field intensity, H, as afunction of distance from a
cylindrical conductor. Applied current is 100mA.
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Since

dB
U=— Eq.[10
dH a.10]

we obtain the graphical representation for p by taking the first derivative of the experimentally
obtained BH curve. Figure[4], shows how permeability varies with H.
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Figure[4] Permeability of 1P9220 as afunction of applied magnetic
field intensity.

The above figure illustrates that a magnetic core materia will perform at peak efficiency only if
operated at its optimum magnetic field intensity. From the equations cited above, we see that the
magnetic field intensity is dependent on the material’s position in the core. It can, therefore, be

stated, that the magnetic properties of a given material are dependent on its location within the core.
Extending the above hypothesis, it can be shown that different magnetic materials will exhibit

optimum magnetic properties at different locationsin the core. In other words, for a given location

in the core, one material will be operating closest to its optimum value, of permeability, while other
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materials will be either saturated, or under magnetized. It follows, then, that the performance of a
given magnetic device, such as an inductor, can be optimized only through the use of more than one

different type of magnetic material in the core.

Figure[5] shows afamily of BH curves experimentally obtained from the materials used to
produce experimental samples.

BH Curves for the Series of Materials Being Used
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Figure[5] Family of BH curvesfor the ferrite materials under
investigation.

Taking the first derivative of these curves gives permeability as a function of magnetic field

intensity, and, by extension, as a function of distance away from the conductor. Thisis shown
graphically in Figure[6a] and Figure [6D].
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(b)

Figure [6a, and 6b]. Permeablity vs. magnetic path length for the
ferrite materials under investigation. Part (a) shows awide range of
path lengths, while part (b) highlights shorter path lengths.

3.) Summary

It has been shown that the magnetic properties of the core material depend on their placement
within the core. Optimizing the design of an inductor, therefore, requires the use of more than one
different type of material to be used in the core. From measured data of materialsto be used in

magnetic devices, it will become possible to establish design rules to guide the design of magnetic
devices with composite core structures.



C. Finite element modeling

Electromagnetic models were created in two dimensions, representing a cross-section of the
inductor to be modeled. The software then “rotated” the cross-section around the vertical (z) axisto
produce a three-dimensional structure. Early attempts at producing a detailed three-dimensional

model exceeded the computer’ s ability to solve the model in a reasonable amount of time.

Three basic styles of models were used: 1) ssmplified cross-sections that modeled only 4
conductive cails, 2) full cross-sections that modeled the same number of coils, nine, that would be
used in the experimental samples, and 3) magnetostatic models that combined non-linear magnetic
material parameters with an artificial current distribution. The simplified cross-section models were
the first used. The purpose of these models was to visualize the flux distribution within the core.
The goal of the full cross-section models was to determine if a computer model could predict

accurate values of measured inductance if given enough accurate information about the structure.

The composite magnetostatic models were constructed to answer the deficiencies of the software
that did not allow the combination of atime-dependent current signal with non-linear material
properties. To construct these models, the current distribution across a conductor was determined
using one of the previous models. The software allows the analysis of a specified parameter, current
density in this case, along a user-defined line. For this analysis, aline was constructed through the
center of the conductor. Vauesfor current density were taken from the resulting plot. The
conductors in the magnetostatic models actually consisted of 25 separate elements. Each element
was assigned a specific current density according to that measured from the eddy current model. The
magnetic materials comprising the core were then assigned non-linear characteristics based on
hysterisis graph measurements. The resulting “ composite’” model allowed the combination of non-
linear material characteristics with the current distribution found in a device with a time-dependent
signal. The primary shortcoming of this model is that neither current nor frequency values may be

easily changed.
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1.) Modeling setup
Figure [ 7] shows a cross section of one transmission line each from the top and bottom coils

surrounded by layers of magnetic material. Thismodel contained only one type of magnetic
material, IP9220% (1 = 220). Asfrequency wasincreased to 2.0 MHz, it was observed that the
electric current distribution through the transmission lines was non uniform, due to the skin effect
and proximity effect, with the highest current density existing along the edges of the conductive
material. The current concentration along the edges then confined the magnetic field to those
regions, leaving the vast bulk of magnetic material devoid of magnetic flux resulting in a poor

utilization of the material, since energy was stored only in asmall fraction of the volume.
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Figure[7] Cross section of internal coil structure showing single
material core with p = 220, frequency is 2.0 MHz. Part (a) showsthe
shaded magnetic flux gradient, while part (b) shows the gradient lines.

Figures [8] and [9] show the same cross section but with modified magnetic layers. In Figure[8],
low permeability material surrounds the conductive traces, which forces the magnetic flux to flow
around the outer magnetic layers. In aright-right structure, this substitution method forced the
magnetic flux through the high permeability channel between the conductors, thus utilizing that
region. In Figure[9], the low permeability material was substituted into the plane of the conducting
coil which had the effect of introducing a distributed air gap in the path of the magnetic flux; The

2 All ferrite pastes were donated by Heraeus Cermalloy, Inc.
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low permeability plane acted as aresistive material to magnetic flux, therefore, awider cross

sectional areawas required to pass the same amount of flux.
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Figure [8] Low permeability magnetic material surrounding coils.

Figure[9] Low permeability material substituted into the transmission
line planes.

The first magnetic composite structure, Figure [8], was designed to increase inductance by
increasing the utilization of the magnetic material between the conductive traces of parallel planes.
The second composite structure, Figure [9], maximized the use of material between conductive

traces in the same plane.
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a.) Initial modeling
Early models ssmulated atwo dimensional cross section of the parallel coil structure. The

material properties used were assumed to be linear, as non-linear data were not available. Figure[10]

shows one such model.
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Figure[10] Two-dimensional cross-section model showing flux
distribution for a core with a single magnetic material with a
permeability of u = 220.

The first series of models were composed of single material cores, having a permeability of 220.
Theinitial parameter of interest was frequency. A series of models was run that varied frequency
from zero to 2.0 MHz. Thefinal frequency corresponded to a project for which the thick film
inductors were a candidate. Increasing frequency resulted in an inhomogeneous flux distribution in

the core, the observation of which will be discussed |ater.

The next series of models was used to examine the effects on flux distribution when more than
one different type of magnetic material was used. The “matrix” material, or the material that
composed the bulk of the core, was IP9220 and had a reported permeability of approximately 220. A
second material was substituted into one or more layers in the structure. The substitutional layers are
denoted hereafter as the cladding layer (CL), separating layer (Sep), and the transmission line layer
(TL). SeeFigureq11] (a), (b), and (c) for agraphical representation of the substitutional
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arrangements. For all of the following schematics, dark shaded rectangles represent the conductor
cross-sections, lightly shaded rectangles indicate regions of low permeability material, and white

rectangles represent layers of high permeability (1 = 220) material.

[c]

Figure[11] Substitution of low permeability material into different
planes. [a] Substitution into the transmission line plane, [b] Substitution
into the cladding layers, and [c] Substitution into the separating plane.

Other methods of substitution were considered as well. However, the above-mentioned

substitutional methods were the best suited for thick film processing.

b.) 3D structures
The two dimensional structures were adequate to give an approximation of the flux distribution

and electromagnetic performance for asimplified structure, however, it was desired to produce a
more detailed three dimensional model that would incorporate the exact geometry of the test

samples. It was expected that by accurately modeling the actual geometry of the sample parts, avery
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accurate prediction of performance could be obtained. To accomplish this goal, a completely
detailed three-dimensional model was created to simulate the parallel coil structure. This model
proved to be too complex for the computer to solve in areasonable amount of time and was,
therefore, abandoned”.

c.) 2D structures
The structure of two-dimensional models has evolved from simple 4-turn coils to more advanced

composite models consisting of 25 conductive elements per conductor. To further increase accuracy,

the modeled dimensions were as close as possible to those measured for the experimental inductors.

d.) Non-linear input
All of the above-mentioned models lacked the non-linear characteristics of the ferrite material

and their accuracy, therefore, was limited. The non-linear characteristics (BH curves) of the ferrite
material were not available from the manufacturer. The manufacturer did, however, provide bulk
samples of material that had been pressed into toroids for other measurements. These samples were
then characterized using a hysterisis graph to obtain their BH (magnetic flux density vs. magnetic
field strength) curves. The process of obtaining these curvesis detailed later. The non-linear data
was included in the model in the form of user-defined materials. Maxwell™ allows the use of user-
defined materials. The modeling software, however, does not allow the combination of non-linear
material properties with atime-dependent (eddy current) signal. Modeling was, therefore, limited to
either using non-linear material properties with a DC (magnetostatic) signal, or linear properties
using eddy current analysis. Thereal limit here was that the eddy current analysis was required to
approximate the current distribution inside the conductors, and the non-linear material properties
were required to predict magnetic saturation, and the resulting redistribution of flux. Further

improvement of the model required that these deficiencies be overcome.

®For afull, three-dimensional model, a single iteration took over two weeks to complete.
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e.) Composite models
One method attempted to address this problem was to create a magnetostatic model wherein the

conductors were manually divided into several elements and individually assigned a current density.
Using the magnetostatic model allowed the use of non-linear material properties. Dividing the
conductorsinto elements allowed the simulation of the current distribution found in eddy current
models. To create this*“composite” model, the current distribution of an eddy current model was
measured as a profile across the conductors. Each conductor was divided into 25 elements, and the
current density in the eddy current model was measured corresponding to each element. In the
composite model, these individual current densities were assigned to the 25 elements that made up
the conductors. The result was amodel that included non-linear material properties, and
approximated the current distribution produced by a high frequency current.

The modeling process can be continued to be refined, as severa deficiencies still exist, such asthe

resolution of current distribution, and the managing of the data output.

2.) Summary
In summary, the electromagnetic modeling has evolved from simple two-dimensional models

that observed the effects of an electrostatic (DC) current signal, to more complex two-dimensional
models that combined both non-homogeneous current distribution in the conductors and non-linear
material properties of the magnetic ceramic. Three-dimensiona models were attempted and

abandoned due to the limitations of the computer hardware.

D. Experimental verification

1.) Structures under investigation
Three primary structures were investigated using experimental samples: 1) paralel “sgquare

wave’ coil, 2) parallel spira coil, and 3) single plane spiral coil. These three structures are
illustrated in Figures[12] and [13]. Each of these structures was used to examine different effects of

using a composite core structure.
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Figure [11] Photograph of "square-wave" coil pattern printed on
alumina substrate.

ol

o

Figure[12]. Cad rendition of aparallel circular spiral inductor. For

“Right handed-Right handed” structures, both of the coils spiraled in

the same direction. For “Right handed-Left handed” structures, the
coils spiraled in opposite directions.

For the parallel square wave coil, a cross section of the conductors, Figure[ 14c], shows current
flowing in the opposite direction of its nearest neighbor conductor. In the parallel spira coil, the
current in a conductive trace is flowing in the same direction as other conductors in the same plane,
however, the current in the parallel plane will flow in the same or opposite direction depending on
the direction the coil spirals. Two right handed coils have current flowing in opposite directions
from one plane to the other, Figure [14a], while aright handed then left handed coil have current
flowing in the same direction, Figure [14Db]. In the figures that follow, the direction of the circulating
magnetic field about a current-carrying conductor is shown. For a clockwise-rotating magnetic field,
the current is flowing into the plane of the page. For counter-clockwise magnetic fields, the current

is flowing out of the page.
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Figure [14c] Magnetic fieldsin a square wave coil structure.
Other cail structures were attempted, however, due to processing limitations, these structures failed

during production.

2.) Sample production
Three series of test samples were produced using standard thick film screen-printing techniques.

The materials used were selected from alow temperature cofired ceramic (LTCC) system of ferrite
and silver pastes available from Heraeus Cermalloy, Inc. This system was chosen for its wide range
of magnetic properties, and its ability to be easily processed into the structures under investigation.
The production process may be summarized by the following sequence. First, an alumina substrate
was mounted beneath a stainless steel mesh screen. The screen had been patterned by the use of a
photo-imaged polymer mask. Second, paste (containing ferrite or silver particles) was deposited
onto the screen then forced through the mask and onto the substrate by the action of a squeegee.
Finally, the wet printed pattern was heat treated to dry the paste, burn out the polymer binders, and to
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sinter the solid particles together. Successive printing steps using different materials and different

patterns produced complex, three-dimensional structures.

3.) Measuring procedure
The primary tool for electromagnetic characterization was an impedance analyzer. To measure

inductance, the analyzer sends alow current (5 mA), signal over auser defined frequency range
through the test inductor. It then measures the impedance by comparing the return signal with the

transmitted signal.

The impedance analyzer has no method, however, to vary the magnitude of the current of the test
signal. Since one of the goals of this research was to characterize and improve saturation current, a
method was needed wherein a variable current could be applied to the test inductor which would
drive the saturation effect, while at the same time alowed the measuring of changes in inductance. It
was proposed?’ to build the test apparatus of Figure[15]. In this system, avariable DC current
sourceis placed in parallel with the impedance analyzer. A capacitor protects the impedance
analyzer from the relatively high DC current, while alarge (~100 times larger than the test inductors)
minimized the current sharing of the AC signal through the loop parallel to the test inductor. This
arrangement allowed the monitoring of inductance with a changing current. In thisway, saturation

current could be measured.
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Figure[14] Schematic representation of measurement apparatus. The
above circuit allows measurement of inductance while varying current.

A test circuit was designed and constructed in accordance with Figure [15]. The test circuit was
connected to the impedance analyzer, and test inductors were mounted on the test circuit. Before
each inductor was measured, the impedance of the test apparatus was measured using a straight
conductive trace between the electrodes, and then subtracted from the gross impedance measured
when the test inductors were installed. Initially, the current source was set at zero applied current,
and alow current, “nominal” inductance was measured for the test inductor. Saturation current is
commercially defined as the current that results in a 30% decrease from nominal inductance.
Therefore, avalue corresponding to 70% of the nominal inductance, termed the “ saturation
inductance”, was calculated. Current from the DC current source was increased slowly until the
measured inductance, which was being continuously scanned, reached the saturation inductance.

The current, as measured by the in-line multimeter, was recorded as the saturation current.

Some sources of errors existed in the measurement setup, however. The most significant error
was in the actual current distribution within the conductors. For the most accurate measurement, it is
desirable that all of the current be subject to the uneven current distribution observed at high
frequencies. In thistest apparatus, however, the bulk of the current isDC and is, theoretically,
homogeneously distributed throughout the conductor, while only a small fraction is operating at a

high frequency. The result of this experimental error is to reduce the effects of current distribution.
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If the inductance could be measured with both a variable current and variable frequency signal, the
observed changes produced by the magnetic composite core structure would be much more
significant. Another potential error arose from the parasitic inductance and capacitance of the test
apparatus itself. This error was minimized by subtracting the measured impedance of the test
apparatus from the observed measurements of the test inductors, which yielded the inductance value
of only the test inductor. Another potential error lay in the low frequency resolution of the
impedance analyzer. At low frequencies (w < 500 kHz), the inductance reported by the analyzer
varies by values larger than the total inductance of the test inductors, however the resolution
improved at higher frequencies. To minimize this error, measurements were taken at a frequency of
5.0MHz where the maximum observed variation in the short circuit inductance was approximately

5.0% of atypical test inductor.

To more accurately demonstrate the saturation effect at high frequencies, atest serieswas run
wherein the inductance was measured as a function of frequency from 200 kHz to 40 MHz. A longer
time averaging value was used to obtain more accurate data at low frequencies. Asfrequency was
increased, the current distribution in the conductors was expected to continue to concentrate along
the edges, thereby driving saturation in those regions. By measuring the change in inductance for a
given substitutional method, the effect on reducing saturation can be estimated.

4.) Summary
In summary, test inductors were created using thick film screen-printing techniques with

geometries that closely matched the geometries used in the finite element modeling. Electromagnetic
measurements were also made that duplicated the conditions set in the finite element modeling.
Improvements can be made to both the processing and measuring steps, however. The processing
could be improved by more careful control of the drying step. Improper drying led to cracking in the
multi-layered inductors. The measurement process could also be improved if measurements could be

made using a signal with a user-defined frequency and current.
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lll. Chapter 3: Results

Variations in saturation current and inductance were measured for each series of substitutional
strategies. Plots obtained from the analytical models are introduced to explain the experimental and
finite element model observations. The results from both the modeled structures, and the measured
test inductors are then summarized. The analytical modeling shows clearly that the permeability of a
magnetic material varies with its location relative to the conductor and that optimizing the design of
an electromagnetic device requires that more than one type of material be used. The finite element
models indicate that certain substitution strategies improve inductance and reduce peak flux density,
thereby reducing saturation. In the experimental results, varying the permeability in selected regions
resulted in increases in saturation current, inductance, or both. In most cases, increasing saturation
current resulted in decreasing inductance, and vice versa. In al the charts that follow, the dependent
variable is the percent change in the measured quantity as compared to the experimental base line.
The base line for comparison was a device constructed of a single magnetic material core with a
permeability of 220.

Due to the constraints placed on the finite element analysis, and on the experimental devices that
were manufactured for this research, the magnitudes of change for a given material substitution are
small. The experimental devicesfor thisresearch were large, relative to chip inductors or inductors
on RFICs, utilized amaterial system with alimited range of permeabilities, compared to the range of
permeabilities of all materias, and the test frequencies were low, compared to the GHz range of
interest. The geometry, materials, and test frequencies were based on the available processes and
measurement equipment. It isexpected that for smaller inductors, utilizing awider range of
magnetic materials, and accurately tested at higher frequencies, the magnitudes of change will be
greater for a given substitution method. The relatively small changes observed in this research serve
as a“proof of concept” experiment, and can be extended to inductor designs where such changes will

be more significant.
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A. Analytical predictions

1.) Hysterisis loops

The first step in performing the analytical modeling was to obtain non-linear data from the
materials that would be used to produce the test samples. These data were measured using a
hysterisis graph using bulk samples obtained from the manufacturer. The bulk samples consisted of
atoroid, pressed from the same ferrite material used in the ferrite paste. The toroids were wound
with primary and secondary windings and connected to the hysterisis graph. The magnetic flux
density (B) is measured as a function of applied magnetic field (H) by applying a sinusoidal current
signal to the primary windings. The current induced in the secondary windings is measured to
calculate theresult. Table[1] below givestypical dimensions and winding parameters for these

samples. Figure[16] shows the family of hysterisis|oops for the materials under investigation.

Table[1] Typical parametersfor bulk toroidsused in hysterisis

graph.
Thickness 2.0mm
Width 4.0 mm

Magnetic Path Length | 50 mm

Primary Turns 40

Secondary Turns 40
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Figure [15] Hysterisis graph datafor the ferrite materials under
investigation.

2.) BH curves

The initial magnetization curves were estimated from the full hysterisis loops. Individual data
points were obtained and plotted using Mathematica™. From these curves, the incremental

permeability, 4, was obtained by taking the first derivative of the BH curve since

_d
dH

Eq.[10]

From the above relationship and the non-linear nature of the BH curve, it can be seen that the
permeability, and hence the electromagnetic performance, of amaterial is dependent on the applied
magnetic field intensity. Figure[5] shows the initial magnetization (BH) curves for the materialsin

use.
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It isimportant to note that the permeability reported for a given material istypically given asa
single value, and not as afunction of its environment. The reported permeability is determined by
calculating the slope of aline drawn from the origin and tangent to the initial magnetization curve.
This assumes alinear behavior of the material, and ignores local saturation effects due to high
magnetic field intensities. In this research, the non-linear effects are considered and exploited to

optimize the design of small-scale el ectromagnetic devices.

3.) Permeability as a function of magnetic field intensity

Plotting the incremental permeability vs. the applied magnetic field intensity shows that each
material exhibits amaximum permeability at a different magnetic field intensity. Figure[6] shows
this graphically. Notethat for high H fields, the incremental permeability of classically high
permeability materialsis actually lower than for classically low permeability materials. Thisimplies
that if aregionin the coreislikely to exceed a certain value of H for most of its operation, then the
performance of that device may be optimized by selectively placing “low” permeability materialsin
those regions. For example, if a“high” permeability material is used uniformly in an inductor where,
duetoits small size, the magnetic field intensity is sufficient to saturate the material, then the
inductance will actually be lower than if a“low” but unsaturated material was used. If the geometry
of the inductor is such that both high and low magnetic field intensities exist, then it becomes

beneficial to use two or more different magnetic materials.

4.) Permeability as a function of path length

To illustrate the effect of geometry, consider a surface-mount chip inductor. These devices are
commercially available in size 0805 chips from AV X Inc. Figure[17] shows adiagram of the
package and coil geometry.
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Figure[16] Diagram of size 0805 surface mount chip inductor.

From this diagram, the magnetic path length, |, is estimated to be from 0.2 to 0.4mm and these
inductors are rated, based on thermal performance, at 500mA to 2000mA. For these rated currents,
the magnetic field intensity, H, is calculated as a function of magnetic path length which is
proportional to the distance away from the conductor, r, according to Eq[13] and plotted in
Figure[18].
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Figure[17] Magnetic field intensity, H, as a function of magnetic path
length for selected currents.
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From the plot, it is apparent that in these commercia devices, the magnetic materials used in this
research would be saturated in certain regions in the core. These chip inductors, therefore, can be

optimized by the application of a magnetic composite core approach.

5.) Summary of analytical prediction

The preceding explanation of the magnetic composite approach is used to clearly illustrate the
need to consider the non-linear effects in a material when applied to small magnetic devices. It has
been shown that the incremental permeability of a material is non-linear and varies with the applied
magnetic field. The magnetic field varies with the distance away from the conductor and the current
being carried in that conductor. Therefore, the magnetic properties of a material, especially
permeability, vary with its location in a magnetic core. Applying this principle can be used to

optimize the performance of small inductors and other electromagnetic devices.

B. Finite element modeling

1.) Observations of flux distribution

It has been found, using finite element modeling, that the careful placement of core materials
with differing magnetic properties produces magnetic flux redistribution in the core and can improve

the performance of thick film planar inductors.

a.) Early DC models

Two-dimensional models wereinitially constructed to simulate a parallel spira core structure as
previously described. A magnetostatic simulation was performed that gave aflux distribution based
on an applied DC current. Ascan be seen in Figure[19] and [20], the flux distribution is nearly
uniform above and below the conductors for the RL structure, and between the top and bottom

conductors for the RR structure.
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Figure[18] Flux distribution for a magnetostatic model. ThisisaRL
structure. Note the level of coupling between the top and bottom
conductors.

Figure[19] Flux distribution for a magnetostatic model. ThisisaRR
structure. Note the high magnetic field between the conductors.

b.) Eddy current models
Asthe frequency isincreased to 2.0MHz, the magnetic flux density increased along the edges of
the conductors, and decreased in the region between the conductors. Figure[21] shows the flux
distribution for a core with a single permeability of p = 220 at a frequency of 2.0 MHz. The uneven

current distribution in the core material leads to inefficient use of materials located far from the
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conductors, and saturation close to the conductors. Future models attempted to redistribute the flux

more evenly, and thereby improve the volumetric performance of the core material.

Figure[20] Flux distribution at 2.0 MHz for asingle material core,
= 220.

2.) Current distribution

a.) Causesof current crowding

The concentration of magnetic flux along the conductor edges is due to the non-homogeneous
current distribution in the conductors, which is due to the skin effect and proximity effect at high
frequencies and the proximity of the conductors to one another. Figure][22] graphically shows the
current distribution across a conductor, and gives some numerical values for the percent differencein

current density across the conductor.

Percent Difference in Current Density vs. Position
Within the Conductor
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Figure[21] Percent differencein current density across a conductive
trace at 2.0 MHz. Conductorsin the model are 0.5mm wide.
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3.) Linear materials in eddy current models

a.) Linear materialsin eddy current models

Three basic substitutional methods were analyzed using eddy current modeling: 1) substitution of
low permeability into the layers immediately above and below the conductors (Cladding Layers), 2)
substitution of low permeability into the same layer as the conductor (Transmission line layers), and
3) substituting into the layer directly between the two parallel conducting coils (Separating layer).
Figure[11] illustrates these substitution methods.

b.) Numerical results (saturation, inductance)

Models were run wherein the frequency was held constant at 2.0 MHz. Current was set at 1.0 A.
The inductance was cal culated for each modeled inductor using afield-level approach. The
permeability of the materialsin the cladding, separating, and transmission line planes was varied and
inductance was calculated. Inductance varied with the substituted permeability in three different
modes, depending on the substitution method. Substitution into the separating plane had little effect
on the calculated inductance. Substituting low permeability into the transmission line layer increased
the calculated inductance until a non-magnetic material was placed in thisregion. Finally,
substituting low permeability materia into the cladding layer resulted in a significant decreasein
inductance. Figure]23] shows a graph of these modeled results. The mechanisms for these

variations will be discussed | ater.
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Modeled Percent Change in Inductance vs. Substituted Permeability
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Figure[22] Modeled changesin inductance for parallel square-wave

coil structure. “SEP” means that the low permeability material was

substituted into the separating layer, “TL” designates a substitution

into the conducting, or transmission line layer, and “CL” indicates a
substitution made in the cladding layer.

Anther parameter of interest was the saturation current. The software used had no way of
predicting saturation in an eddy current model, therefore, the peak flux density within the core was
calculated and was initially thought to be a predictor of saturation current. It was hypothesized that
as peak flux density decreased, the saturation current would increase. It will be shown later that this
assumption was too simplified and that other mechanisms needed to be considered. Figure[24]
shows a summary of the modeled peak flux density as a function of substituted permeability and

structure.
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Modeled Percent Change in Peak Flux Density vs. Substituted
Permeability and Structure
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Figure [23] Modeled percent change in peak flux density for several
substituted permeabilities. This model was based on aRL paralléel
circular spiral structure. Asin thefigure above, “SEP” means that the
low permeability material was substituted into the separating layer,
“TL” designates a substitution into the conducting, or transmission line
layer, and “CL” indicates a substitution made in the cladding layer.

4.) Non-linear materials in magnetostatic models

a.) Non-linear materialsin magnetostatic models

One of the deficiencies in the eddy current models is that they assumed that all the materials were
linear and had a constant permeability. This assumption, by definition, does not allow areal
prediction of saturation current. To predict saturation, magnetostatic models were created using non-
linear material characteristics. A comprehensive series of models was run to find the relationship
between substituted permeability and saturation current. Models were run using a “right-right”, and
“right-left” coil structure. In the “right-right” structure, two identical, right-handed coils were
constructed parallel to one another so that the current flowing in the top coils was traveling in the
opposite direction as in the bottom coil. In the “right-left” structure, the current flowing in both the

top and bottom coils traveled in the same direction.
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b.) Numerical results (saturation, inductance)

Figures [25] and [26] below show the numerical results of this modeling. From the graphs, it can
be seen that the change in saturation current for the “right-right” coil structure isvery minor, while

the change in a“right-left” structure is on the order of 10%.

Modeled Percent Change in Saturation vs. Current for a
Right-Left Coil Structure
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Figure[24] Percent change in saturation for currents of 1.0 mA to 10
A, DC,inaRL coil strucure.



Modeled Percent Change in Saturation vs. Substituted
Permeability for a Right-Right Coil Structure
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Figure[25] Percent change in saturation for currents of 1.0mA to 10A,
DC, inaRR cail structure. There appears to be an anomalous data
point at 0.01 A, for the SP 16 series.

The reason for this difference will be covered in the discussion. It should be noted, however, that

the “right-right” coils were inherently less saturated than the “right-left” coils. Figure[27] compares

the saturation of the two different coil structures holding all other variables constant.
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Figure[26] Comparison of the effect of material substitutions on RR
and RL coil structures. Current for these modelswas 10.0 A, DC.

Inductance was also calculated for the magnetostatic models. The magnetostatic models, which
do not account for frequency-dependent current distribution in the conductors, predicted that

inductance would decrease for all substitutional methods. Figures[28] and [29] below show the

percent change in inductance for the RR and RL coil structures vs. current.
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Percent Change in Inductance for Magnetostatic Models
vs. Substituted Permeability and Structure. Right-Left Coil
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Figure [27] Percent change in modeled inductance for RL cail
structures over arange of currents.
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Figure[28] Percent change in modeled inductance for RR cail
structures over arange of currents.

47




The magnetostatic models produce flux distributions very different from the eddy current models
as can be seen in Figureg[ 30], [31], and [32] below. While the magnetostatic models utilized non-

linear material properties, they ignored the effects of an alternating current signal in the conductors.
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Figure[30] Permeability of pu = 16 substituted into
transmission line plane. [a] Frequency = 2.0 MHz, [b]
Frequency = 0.0 MHz.
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Figure[31] Permeability of p = 16 substituted into
cladding plane. [a] Frequency = 2.0 MHz,
[b] Frequency = 0.0 MHz.
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Figure[32] Permeability of p = 16 substituted into
separating plane. [a] Frequency = 2.0 MHz,
[b] Frequency = 0.0 MHz.
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5.) Composite models

a.) Creating the models (summary)

In an attempt to address the shortcomings of each of the previously described models, a series of
“composite” models were constructed wherein a current distribution was simulated using a series of

elements, each carrying a different DC current density.

b.) Flux distribution

Figures [33], [34], [35], and [36] below shows the flux distribution for some of the composite
models created. The flux distribution for these models was similar to that of the magnetostatic
models, but gave insight into the flux distribution within a non-linear magnetic core. Graphically, it
can be seen that substituting low permeability material into the cladding and separating layers

redistributes the flux between conductors in the same plane, thereby lowering the peak flux density.

Figure [33] Composite model with asingle material core, with a
permeability of u = 220.
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Figure[34] Composite model with apermeability of p =16
substituted into the TL layer.

Figure[35] Composite model with a permeability of p = 16
substituted into the CL layer.

Figure[36] Composite model with apermeability of u =16
substituted into the SP |ayer.

c.) Numerical results (saturation, inductance)

The output generated by these composite models consisted of a square matrix describing the

mutual inductance between each of the conducting elements. The self-inductance of the deviceis
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calculated by summing the diagonal of the matrix. On the previous models, calculating the self-
inductance was easily accomplished using a spreadsheet. The composite matrices, however,
contained 450 rows and 450 columns, making the calculation of inductance and saturation currents

extremely difficult. These calculations, therefore, were not completed.

6.) Summary of finite element modeling

The modeling software used allowed the calculation of inductance either integrated along aline,
or rotated about a central axis. For our purposes, it was not necessary to calculate the total
inductance, but rather the change in inductance to determine the relative effects of a particular design
modification. The modeling predicted very little changes in self-inductance, except in the instances
where substitutions of very low permeability materials were made in the cladding layers. Increases
in inductance were predicted for severa substituted permeabilitiesin the transmission line plane.
Figure [37] contains actual modeled inductance values, while Figure [23] displays relative changes
from the baseline.

Inductance vs. Permeability and Structure
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Figure[37] Modeled values of total inductance for selected structures.
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In the substitutional series where the low permeability was substituted into the separating layers,
there wasl little if any predicted change in self-inductance. For substitutions made in the transmission
line planes, denoted “TL”, a peak positive change was predicted for a permeability of u=16. The
importance of this observation will be explained below. When substitutions were made in the
cladding layers, labeled “CL", little variation was predicted until very low permeability materials
were used, at which point there was a large decrease in predicted inductance.

Since the saturation characteristics of the ferrite pastes were not available in the beginning, the
modeling software could not be used to predict saturation currents. Instead, peak magnetic flux
density was used as a predictor of saturation current. It was assumed that reducing peak flux density
would reduce the effect of saturation, and the saturation current would increase. Figure [38] shows

relative percent changesin peak flux density for the various substitutional methods.

Modeled Percent Change in Peak Flux Density vs. Substituted
Permeability
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Figure [38] Percent change in peak flux density, as compared to
baseline model, for several substitutional methods.

A similar trend analysis can be used as is described above. For substitutions in the separating
layers and in the cladding layers, there was a steady increase in predicted flux density as permeability
was lowered. For transmission line plane substitutions, lowering permeability resulted in lower peak

flux densities.
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C. Experimental verification

1.) Inductance

Early inductance values were measured for the square wave structure over a wide range of
currents and frequencies. It was determined that measurements below 1.0MHz contained too much
variance, and were considered not useful. Measurements taken between 5.0 MHz and 40 MHz
showed very little (~5%) variance over the entire frequency range. The reason for this observation
will be explained in the discussion. Figure [39] shows the change in inductance for various
substitutional methods at 5.0 MHz. On selected samples, inductance values for intermediate currents

below | were measured and plotted to show the change in inductance as current increases. Figure

[40] contains these plots.
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Figure[39] Measured percent change in inductance vs. substituted

permeability.
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Inductance vs. Current
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Figure [40] Measured inductance vs. applied current for selected
structures.

Inductance values varied widely over the different substitutional methods. For substitutions
made in the separating plane, denoted by “ Sep” along the x-axis, induction decreases as permeability
decreases. The sample wherein a permeability of 1 = 16 must be disregarded as an erroneous
sample. In the series where low permeability materials were substituted into the transmission line
planes, denoted “TL”, thereisamaximum value at i = 60. The importance of this observation will
be explained below. Finally, the cladding layer substitutional method, denoted “CL” resulted in
negative departures from baseline for all permeabilities.

Another series of measurements was made on aflat, circular spiral coil. This structure consisted
of asingle coil instead of two parallel coils. Deviceswith parallel coils were constructed but failed
during processing. The measuring techniques were refined to allow measurements down to 200 kHz
with high precision (+/- 0.1%). For this series of measurements, current was held constant at
approximately 5.0mA and frequency was varied from 200 kHz to 40 MHz. Figure[41] below, gives

the inductance values measured over this range.
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Inductance vs. Frequency for Selected Substituted
Permeabilities
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Figure[41] Measured inductance over arange of frequencies for
single coil, circular spiral inductors.

It can be seen from this graph that substituting low permeability materials into selected regions
improved the inductance by approximately 1% to 4%. To more clearly observe the effects of making

material substitutions, the percent change in inductance is plotted vs. frequency in Figure [42].

Measured Percent Change in L vs. Frequency for
Substitutions Made in the Transmission Line Plane
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Figure[42] Measured inductance over arange of frequencies for
single coil, circular spiral inductors.
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It can now be seen that substituting alow permeability in the transmission line plane not only
improves inductance, but the improvement increases as frequency, and hence current crowding,

increases. Some of the possible reasons for thiswill be covered in the discussion.

2.) Saturation current

Saturation current is commercially defined as the current required to reduce the nominal
inductance by 30%. The measurement for saturation current, therefore, is partially dependent on the
accurate measurement of inductance. Figure [43] gives the percent changes in saturation current for
various substitutional methods while total saturation currents are listed on Table[2]. These
measurements were made on parallel square wave coil inductors. Temperature was measured on
selected samples while DC current was applied. The average temperature, as measured by an off-
contact laser thermometer, was approximately 60 °C, with 1500 mA of current, at room temperature,

with no heat sink or forced air-cooling.

Measured Percent Change in Saturation Current vs. Substituted
Permeability and Structure
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Figure [43] Measured percent change in saturation current vs.
substituted permeability.
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Table[2] Saturation current vs. substituted permeability.

Permeability lsat, MA
SEP =105 993
SEP =60 1124
SEP =16 755
SEP =1 1106
TL =105 625
TL =60 691
TL =16 791
TL=1 941
CL =105 1201
CL =60 1706
CL=16 1481
CL=1 2067
Baseline 730

The variation of saturation current over the range of substituted permeabilities followed more
definable trends. In the separating plane substitution, there was little variation over the range of
permeabilities, again discounting the sample where the permeability was p = 16. Over the
transmission line substitution, a steady increase in saturation current was observed for decreasing
permeabilities. Finally, in the cladding layer substitution, a very large increase in saturation current

was observed.

The results for the saturation current do not completely represent the saturation current for a
devicein areal system. Thereason for thisliesin the measurement apparatus. The schematic of the
measurement apparatus is shown in Figure [15]. Electrically, this technique alows a variable current
DC signal to be overlapped with the variable frequency signal from the impedance analyzer. The

result is shown in Figure [44].

57



2059581 5 ¢

High Current Signal Modification
I I I I

D signalf /

15 Combined signal -

&)
-E'Sf
§ B |
™
=
i
B
L]

05—
AC signal

0NN LT s NN

I | I I
1] 0z 0.4 0.é 0.z 1

. t 1
Tirne, t (s)

~0.0559390
-0.5

Figure[44] Schematic representation of test signal applied to test
inductors.

This system has a deficiency, however, in that the current distribution is not captured for all of
the current. Current crowding is caused by the small, 5.0 mA signal only. The bulk of the current
(1.0 A to 2.0A) iscarried by the DC signa and is assumed to be uniformly distributed within the
conductor. Therefore, the observed change in saturation current that should result from a
redistribution of the magnetic flux isminimized. It isexpected, therefore, that if the inductance and
saturation current could be measured for asignal with variable frequency and variable current, the

observed changes to saturation current would be much larger in magnitude.

3.) Summary of experimental verification

To summarize the measured results, two primary structures were measured. The first structure
consisted of two “sguare wave” coils physically parallel to one another and electrically connected in

series. Both inductance and saturation currents were measured for these devices. It was found that
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the greatest increase in inductance came with substituting a permeability of p = 60 into the
transmission line, while the highest increase in saturation current resulted from substituting a
permeability of i = 16 into the cladding layers. The measured saturation current represents a
composite current distribution within the conductors of asmall, 5.0 mA 2.0 MHz signal overlapped

with avariable current DC signal.

Inductance measurements were also made on flat, circular spiral inductors. These devices
consisted of asingle circular spiral conductor imbedded in aferrite core. Thetest current was held
constant at 5.0 mA while the frequency was varied from 200 kHz to 40 MHz. It was observed that
substituting low permeability materials into selected regions improved inductance, and that the

improvement increased with increasing frequency.

Due to the constraints placed on the finite element analysis, and on the experimental devices that
were manufactured for this research, the magnitudes of change for a given material substitution are
small. Itisexpected that for smaller inductors, utilizing awider range of magnetic materials, and
accurately tested at higher frequencies, the magnitudes of change will be greater for agiven
substitution method. The relatively small changes observed in this research serve as a* proof of
concept” experiment, and can be extended to inductor designs where such changes will be more

significant.
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IVV.Chapter 4: Discussion

A. Introduction

In the following section, the interpretation of the research datawill be presented. Effects on
saturation current and inductance will be analyzed in turn. In each case, the materia will be
presented in four steps. First, analytical predictions will be discussed using fundamental principles
of electromagnetics. Analytical solutionswill be presented that will predict the el ectromagnetic
behavior for simplified geometries. Second, finite element analysis results for more complex
structures will be discussed. Third, experimental evidence will be used to confirm or refute the
analytical predictions or the finite element models. Finally, any discrepancies between these three
results will be discussed. It will be shown that in some cases the initial assumptions were too
simpleto predict actual performance, but that fundamental principles of electromagnetics can be
used to more carefully analyze the modeled data and to explain the measured results. More complete
assumptions and explanations will be presented to describe the correlation between the computer

models and the experimental results.

B. Variations in saturation current

1.) Introduction

Saturation is aresult of amagnetic field applied to a material that is sufficient to align all of the
magnetic domains parallel to the magnetic field. When this state occurs, application of a higher
magnetic field intensity results in no further increase in the magnetic flux density (B), and, hence, the
total magnetic flux contained in the material. To minimize saturation, the peak magnetic flux density
in any region in the core material must be minimized. In the following section, it will be shown first
that the saturation of aregion of material is dependent on the distance of that region from the current-
carrying conductor. It will further be shown that substituting classically low permeability materials

into selected regions will increase the saturation current.
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2.) Interpretation of experimental results using fundamental principles and
computer models.

a.) Frequency dependence of saturation

i. Analytical prediction

Saturation current is clearly linked to the peak flux density in aregion of non-linear magnetic

material. Figure[45] presents a schematic B-H curve for such a material.
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Figure [45] BH curvefor atypical non-linear material under investigation.

Asthe applied current increases, so does the magnetic field intensity according to Maxwell’s
third equation:

fHed =1 Eq.[2]

Where:

H = magnetic field intensity | = magnetic path length | = current

The resulting flux density, B, produced in the material increases approximately linearly to a certain
maximum value. Above thisvalue, called the saturation magnetization (Bsy), further increasesin

magnetic field intensity result in no further increasesin flux density. The incremental permeability
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of amaterial is defined as the slope of the B-H curve. Because the self inductance of a current

carrying conductor is dependent on permeability through:

do
L=— Eq.[4
d 0.[4]
and
® =[uHIA Eq.[14]
Where:
L = salf inductance & = total magnetic flux | = applied current

W = permeability H = magnetic field intensity A = cross sectional area

Then as the permeability decreases due to saturation effects, so does the inductance. Itisthis
phenomenon that reduces the inductance at higher currentsand leads to the definition of saturation

current.

The simple assumption made in the early stages of modeling, that minimizing the peak flux
density in the structure would necessarily lead to higher saturation currents, ignored possible
secondary effects present in magnetic composite cores. The basic premise should be modified to

include that minimizing flux density in a given region will minimize saturation only in that region.

If the current density in a current-carrying conductor at high frequenciesis examined, it can be
seen that the distribution is inhomogeneous and that the current will tend to crowd along the edges of
the conductor. Current crowding, in turn, leads to an uneven magnetic flux distribution in the core
material. The inhomogeneous current distribution in a conductor is caused by both the skin effect,
which limits the penetration of an electromagnetic wave into a conductor, and the proximity effect,
which seeks to minimize total stored energy by producing destructively interfering magnetic fields

between conductors.
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The skin depth of amaterial is given by:

o=— Eq.[3]

Where:
0 = skin depth ¢ = speed of light in vacuum w = frequency

k = materia constant

From this equation, it can be seen that for higher frequencies, the current will penetrate lessinto
the conductor. For conductors that are non-circular in cross-section, the skin depth produces a higher
current density along the edges of the conductor. The proximity effect contributes to the uneven
current distribution by redistributing the current to minimize the stored energy, and thereby minimize
the total energy of the system. Two high frequency conductors in proximity to one another will
minimize energy by redistributing the current such as to produce destructively interfering magnetic
fields between the conductors, reducing the net magnetic field. In the cross sections of printed
conductors, which have a high aspect ratio, the concentration of current along the conductor edges

produces the desired magnetic fields.

The above analytical expressions predict, then, that to minimize saturation in a high-frequency
device, the high magnetic flux density that is produced due to current crowding must be redistributed
to minimize the peak flux density in the high magnetic field regions.

Ii. Finite element modeling

Possibly one of the greatest strengths of the finite element modeling is its ability to visualize the
current distribution in a conductor, and the resulting magnetic flux distribution in the core material.

Using the models, the current distribution was calculated for given frequencies. Substitution of low
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permeability materials resulted in aredistribution of magnetic flux that could be easily visualized

using the models.

Figure [22] contains a graph of the numerical values for the current density across a cross-section
of a conductor carrying 1.0 A (rms) of current at 2.0 MHz obtained from afinite element model.
Calculated current densities for given regions are obtained by defining a line through the conductor,
then plotting the current densities that exist along that line. Graphically, we see the predicted current
crowding along the edges of the conductor, and from the graph, we not that at 2.0 MHz, the
difference from the edges to the center of the conductor is approximately 10%. As frequency
increases, and as the distance between conductors decreases, the difference in current density will

increase.

Using the equation:

| =— Eq.[15]

we see that as the current in alocalized areaincreases, so must the magnetic field intensity. With

increased magnetic field intensity, the magnetic flux density increases to the point of saturation.

Figure [ 7] shows the magnetic flux distribution in the vicinity of a conductor carryinga 1.0 A
(rms) current at 2.0 MHz. In this model, the entire core is made of a single magnetic material having
apermeability of pu=220. Thismodel also assumes that the material behaves linearly for all
magnetic field intensities. Note the concentration of magnetic flux in the regions along the edges of
the conductors, and the lack of flux elsewhere. Thismodel predicts that as the current increases, so
will the flux densities of the regions near the edges of the conductors, leading to early saturation of

these regions, while the areas far from the conductor edges contain relatively little magnetic flux.

If amaterial substitution could be made such that the magnetic field was forced into the regions
far from the conductor edges, then for the same applied current, the effective magnetic path length
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would increase, and thereby lower the peak flux density. Figures[30], [31], and [32] show three
substitutional strategies wherein a non-magnetic material has been substituted into the cladding,
conducting, and separating layers, respectively. As can be seen, the flux distribution, for the same
current characteristics, is much different. When a non-magnetic material is substituted into the
cladding layers, the magnetic field is concentrated in the region between the parallel conductors, as
in abulk toroid inductor. The peak flux density in thismodel is actually higher than in the
homogeneous core. In the model where the non-magnetic material has been substituted into the
conducting layer, the flux is redistributed into the regions between conductors in the same plane.
This redistribution makes more efficient use of the material in those regions, and lowers the flux
density. Substituting a non-magnetic material into the separating layer effectively isolates the top

and bottom parallel coils, and increases the peak flux density.

Instead of inserting a non-magnetic material, alow-permeability ferrite can also be substituted.
Substituting alow permeability ferrite has the advantage of alowing a more precise tailoring of the
flux distribution, while retaining sufficient magnetic propertiesto yield a high inductance. Figures
[46] (a), (b), and (c) show a progressively wider flux distribution as lower permeability materials are
substituted into the conducting layer, while Figure [38] shows the modeled percent change in peak
flux density vs. substituted permeability for the three substitutional strategies.

[a] 1 =220 (All)
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[b] 1 = 105 (TL Plane)

[c] u=16(TL Plane)

Figure[46] (a), (b), (c) Widening flux distribution as lower
permeabilities are substituted into the TL plane.

It was desired to model the predicted trendsin saturation current for devices made using non-
linear materials. To accomplish this goal, models were constructed using experimentally obtained
non-linear material properties. Current, in the models, was varied from 1.0 mA to 10.0 A, and the
inductance was calculated. As current was increased, inductance decreased due to saturation in the
high magnetic field regions. Figure [47] contains a graph of the percent change in saturation vs.
substituted permeability and structure. In this graph, a negative percentage indicates that the
structure is less saturated than a structure made from a single permeability (i = 220) core.
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Modeled Percent Change in Saturation for a RL
Coil at 10 A.
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Figure[47] Percent changein saturation for selected substitutions and
permeabilities. Results are given as a percent change in saturation
compared to the baseline model.

From the graph, it can be seen that substitution in the cladding layers offers the greatest reduction in
saturation. It will be shown later, however, that making substitutions into the conducting layers

yields the best combination of saturation current and high inductance.

iii. Experimental verification
To determine the frequency dependence of saturation current, it would be necessary to measure
inductance as afunction of both current and frequency. For the saturation measurements madein
thisresearch, alarge DC current was summed with asmall AC signal. While this gave some

measurement of saturation current, it did not allow for the measurement of saturation current as a

function of frequency.

iv. Discrepancies

Discrepancies between modeled and measured saturation characteristics are due primarily to the
inability of the modeling software to combine non-linear material properties with an AC signal.

Measurement of the saturation current also contained errorsin that the frequency and current could
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not be arbitrarily varied. Improvement of the modeling and experimental techniques will reduce the

differences between the modeled and experimental results.

b.) Peak flux density in the high permeability material

Since the mechanism for saturation in a magnetic material istied to the peak flux density in that
material, it is desired to be able to redistribute a given amount of total flux over awider area and
thereby minimize the flux density. The effects of flux redistribution can most easily be seen in the
case where low permeability materials were substituted into the transmission line planes. Figure [46]
shows, graphically, how reducing the permeability of these layers results in a redistribution of

magnetic flux over alarger area, thus minimizing flux density.

From the models, we predict areduction in peak flux density, Figure [48], and from experimental

measurements, we observe a corresponding increase in saturation current.

Modeled Percent Change in Peak Flux Density vs. Substituted
Permeability in the Transmission Line Plane
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Figure [48] Modeled percent change in peak flux density vs.
permeability substituted into the transmission line plane.
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I. Analytical prediction

These data can be explained using the following relationship:

B=yMH=—0DOA=—— Eq.[16]

and

Maxwell’ s second equation:
OeB=0 Eq.[17]

Where:
(0= dell operator A = areathrough which magnetic flux “flows’
All other variables are defined above.

Maxwell’ s second equation simply states that magnetic flux does not radiate from any closed
surface. From this equation, a fundamental property of electromagneticsis obtained: that the
magnetic field flows in a circulating path about a current carrying conductor. Using the above
relationship, Eq.[16], we see that the area (A) required to pass a given amount of magnetic flux (®)
isinversely proportional to the permeability () of the material. Asthe permeability islowered, a
larger cross sectional areais required to pass the magnetic flux. Also from Eq.[16], we note that
increasing the cross sectional area, obviously, reduces the flux density which moves the material

farther away from its saturation magnetization.

ii. Finite element modeling

Consider again the finite element models used to display the flux distribution throughout the
core. If it were assumed that only reducing the peak flux density in the core would reduce saturation,
then it would be predicted that substituting alow permeability material into the conducting layers
would produce the highest saturation current. Figure [24] shows the modeled percent change in peak
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flux density vs. substituted permeability and structure. Graphically, Figures[30], [31], and [32] we
see that this form of substitution results in the most uniform flux distribution, whereas the other two

methods seem to concentrate flux in different areas.

lii. Experimental verification
Test devices were constructed to test the above models. The printed inductors used for saturation
measurements were of the “ square-wave’ type, see Figure [12] where two “ square-wave’ coils were
printed parallel to one another and electrically connected in series. A test apparatus was used
wherein a2.0 MHz signal from an impedance analyzer measured inductance while a variable current

DC signal, superimposed on the AC signal, was used to drive saturation.

The initial assumption was that the saturation current would be inversely proportional to the peak
flux density in the core material. It was hypothesized that if peak flux density was reduced, the
saturation current would increase. Figure [49] compares the modeled percent change in peak flux

density vs. substituted permeability with the measured change in saturation current vs. substituted

permeability.
Modeled Percent Change in Peak Flux Density and Measured
Change in Saturation Current vs. Substituted Permeability
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Figure [49] Comparison of modeled percent change in peak flux
density to measured percent changes in saturation currents for various
substitution methods.
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This graph indicates that the initial assumption holds true only for substitutions made in the
transmission line layer where there is adecreasing trend in flux density and an increasing trend n
saturation current. For substitutions in the separating plane, and the cladding plane, the measured
saturation current increases for increased peak flux density, which is counter to the original

hypothesis. These two results are explained now.

Substitution of alow-permeability material into the separating layer has the effect of isolating
one coil from the other, decoupling them. This decoupling produces a shorter magnetic path length,
and resultsin higher flux densities. When alow permeability material is substituted into the
cladding layers, alarge volume fraction of the core material (~50%) is composed of the low
permeability material. Such materials naturally saturate at higher magnetic fields, see Figure [5], and
also give a correspondingly low inductance. The above measurements were compared to models

constructed using linear material assumptions, and, in general, refuted the predictions of the model.

iv. Discrepancies
Neither of the models was completely accurate, however and discrepancies still exist. One of the
most important reasons for these discrepancies is the inability to model inductors using both non-
linear material properties and atime-varying signal at the sametime. Another cause for discrepancy
liesin the inability to measure saturation currents using asignal wherein both the current and
frequency can be varied. If these issues could be addressed, then both the modeling and

characterization of integrated thick film inductors could be improved.
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c.) Volumefraction of substituted material

i.  Analytical prediction
Self inductance, L, is proportional to the total magnetic flux which is related to permeability and
magnetic field intensity through:

© =g HdA +fu,* H,dA +.. Eq.[18]

Each term on the right represents a different material through which the magnetic flux flows.
Increasing the volume fraction of low permeability materials will reduce the total flux and thereby
increase the saturation current. The inductance value also decreases with an increased volume

fraction of low permeability material.

ii. Discrepancies
Both finite element modeling and experimental measurements confirm, not surprisingly, that
increasing the volume fraction of low permeability material increases the saturation current and
lowers the inductance. We will now briefly discuss the mechanisms that cause this.
Low permeability material naturally has a higher saturation magnetization than high permeability
materials. Figure[5] and Table[3] demonstrate this schematically.

Table[3] Valuesof saturation magnetizations for the materials under

investigation.
Material Saturation Magnetization (A/m)
1P9220 727
IP9105 1503
IP9060 1588
IP9016 3639

When large volume fractions (~50%) of low permeability materials are substituted into the
structure, asin cladding layer substitutions, then alarge portion of the measured self inductanceis a

result of the low permeability material. This hastwo significant effects. First, since the permeability
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is lower, larger increasesin current (magnetic field intensity) are required to produce changesin flux
density. This effect tends to stabilize the measured inductance over a wide range of currents.
Secondly, also owing to the reduced permeability, the nominal inductance is much lower, and closer
to that of a non-magnetic core structure. Higher currents are therefore required to reach the 30%

reduction from nominal inductance.

3.) Future experiments that might more accurately predict saturation current

To improve the accuracy of computer models that predict saturation current, non-linear material
properties and a time-dependent current must be combined in the same model. It is possible to
artificially smulate a high frequency current distribution in aDC current model, however, these
models become very large and difficult to manage once solved. It may be possible to construct
simpler models, with smaller solution matrices, from which the saturation current of amore

complicated structure may be extrapol ated.

C. Variations in inductance

1.) Introduction

Another key parameter under investigation was the total self-inductance. For maximum
performance density, it is desired to combine a high volumetric inductance with a high saturation
current. In the following section, the optimization of self-inductance will be discussed.

Self inductance, the parameter of interest for inductance measurements, is related to the total
magnetic flux through Eq.[1] and Eq.[9]. From this relationship, we note that the inductance, L, can
be increased by increasing the total flux produced by a given current. Thisflux can be expressed by

the following equation:

=" Eq.[19]

73



Here we see that two variables, permeability (1) and cross sectional area (A), operate together to
produce the total flux. As seen above, however, these two parameters are inversely related to each
other such that as one acts to increase flux, the other decreases total flux. The net result is that there
exists some optimal trade off between cross sectional area and permeability that produces alocal
maximum of inductance. Figure [50] and Figure [51], respectively, graphically represent how this

maximum was both predicted by computer modeling, and verified by experimental measurements.
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Figure [50] Modeled percent change in inductance for materials with
decreasing permeabilities substituted into the TL plane.
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Figure[51] Measured percent change in inductance for materials with
decreasing permeabilities substituted into the TL plane.
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2.) Interpretations of experimental results using fundamental principles and

computer models

a.) Magnetic path length

The first feature to be considered in the effects on self-inductance is the magnetic path length.

Specificaly, the contribution of an element of material located at some distance away from the

conductor will be examined. To maximize the volumetric performance of these inductors, the flux

inside the core will be optimized such that each element contributes a maximum possible value to the

total salf-inductance.

i.  Analytical prediction
As stated above:

L:dﬁ
di

and

H=t

Eq.[4]

Eq.[8]

Thus, for agiven current in the conductor, the magnetic field intensity, H, in the vicinity of the

conductor isfixed by the magnetic path length, which is, in turn, fixed by the distance from the

conductor. It has also been shown that d® varies with permeability, which in a non-linear material

varieswith H. Theresult is that the self-inductance contributed by an element of materia in the core

will only be optimized if the value of 1 in the element lies within its optimal region as determined by

the magnetic field.

®=fp,e HAA +fpt,» HdA +.
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The analytical solution, then, predicts that self-inductance may be increased if alow permeability
material isused close to the conductor instead of a high permeability material.

ii.  Finite element modeling

The finite element model that describes this best is one wherein the low permeability material is
substituted into the transmission line plane. The magnetic path length around a current carrying
conductor is related to the cross-sectional area of the magnetic path, and, therefore, as the area
increases, so does the magnetic path length. Figure [46] shows the distribution of the magnetic field
about a conductor where alow permeability material has been substituted into the conducting layer.
Figure [50] contains a graph of the modeled inductance vs. the permeability substituted into the
conducting layer. As can be seen, there is amaximum value for the percent change in inductance.
This corresponds to the optimal trade off, for this structure, between a high permeability, and along
magnetic path length (large area) for the magnetic field. The computer model predicts that this

maximum will occur when a permeability of 1 = 16 is substituted into the transmission line layer.

iii.  Experimental verification
The experimental measurements confirmed the existence of a peak, however the substituted
permeability at which the peak occurred was observed to be at p = 60, instead of i = 16. Figures

[50], and [51] contain graphs comparing the modeled vs. measured changes in self-inductance for

selected permeabilities of the transmission line layer.

iv.  Discrepancies
The differences between the models, such as the magnitude of variation, and the permeability at
which the peak exists, lay in the errorsin modeling noted above. The important feature to noteis
that a peak exists, which indicates that there is a design feature that can be optimized to get the

highest performance possible out of the structures being studied.
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b.) Magnetic coupling
Another quantity that affects the inductance of a multi-coil inductor is the amount of coupling
between the coils. The coupling describes the degree to which the magnetic field circulates around
paralel, non-coaxial conductors. A coupling value of 1.0 indicates perfect coupling, while zero
indicates no coupling. In aperfectly coupled pair of current-carrying conductors, no magnetic field
circul ates between the conductors, rather, all of the magnetic field circulates around the outside of

both conductors. Figures[52], (a) and (b) respectively show the magnetic path of perfectly coupled

Wire 1 /3
((—JL.‘—/A./
#

(a)

planar conductors™.

(b)

Figure[52] Magnetic path of a perfectly coupled coplanar (a) and
parallel, non-coplanar (b) current-carrying conductors™.

The standard equation for the inductance of awire-wound solenoid is given by:

2
L= ’“"\: A Eq.[20]
Where:
L = sdf inductance N = number of coupled turns
A = cross-sectional area L = length of solenoid
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This equation assumes that all the conductors are perfectly coupled. For awire-wound inductor, this
IS an acceptable approximation. For a printed inductor with planar conductive traces, the traces are
not perfectly coupled and inductance decreases as aresult. If the magnetic field inside the core can

be redistributed such that coupling isimproved, then inductance will improve as well.

i.  Analytical Prediction

In a coiled inductor, formed by wrapping a current carrying conductor around a magnetic core,

the self-inductance is proportional to the number of magnetically coupled turns as:

L=—v Eq.[21]

Where:

L = sdf inductance N = number of magnetically coupled turns

If these coails are uncoupled, then they act independently. In the case where alow permeability
material was substituted into the separating layer directly between the transmission line coils, the
saturation current is observed to increase to approximately 40% greater than the baseline, but does
not vary significantly as lower permeability materials were inserted. This stability was due to the de-
coupling effect produced by the location of the low permeability material, after which the coils did
not measurably interact. With no coil interaction, further reduction of substituted permeability

resulted in no further change in saturation current.

ii.  Finite element modeling
Referring back to Figure [46], it can be seen that as the permeability of the transmission line layer
is reduced, the magnetic field redistributes between the conductors in the same plane. Thisindicates
that more of the magnetic field is circulating around adjacent conductors instead of around individual

conductors. Finite element models were used to cal cul ate the coupling coefficient between
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conductors of several models. However, due to the limitations of the modeling software, the

coupling coefficient for conductors carrying a high-frequency signal could not be calculated.

iii.  Experimental verification
One series of experimental samples that can verify the above model is one wherein the
permeability of the transmission line layer isvaried from p = 105to u = 16. In these samples, we
observe that as the permeability of the transmission line is reduced, the inductance increases. This
increase is due, in part, to the increased coupling between the transmission lines. Figure [51]
contains a summary of these results. When permeability is decreased to 1 = 16, the inductance again

decreases due to mechanisms described above.

iv.  Discrepancies
One of the difficultiesin identifying exactly which mechanismis at work to force achangein the
measured results, is that several mechanisms are operating simultaneously at all times. If the exact
and isolated effect of material substitution on the coupling coefficient is to be quantified, then ssimple

models and experimental devices must be created that hold other variables constant.

3.) Future experiments that might more clearly isolate mechanisms

In this research, it has become apparent that the modeling and characterization of integrated thick
film inductorsis a complex task, requiring the consideration of multiple factors and fundamental
principles of electromagnetics. The scope of this research was limited such that it was not always
possible to clearly identify the mechanisms responsible for variations in the experimental
measurements. In the section following, several suggestions are presented to aid future researchers

to more carefully proceed, and to enable them to make more definite conclusions.
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a.) “Fundamental” geometries

One of the most critical obstacles to identifying and quantifying the effects of various
mechanisms on inductance is their interaction. In the complex geometry of areal thick film planar
inductor, severa mechanisms are operating simultaneously and cannot be separated. The same
difficulty appliesin analytical and finite element modeling. To address this challenge, computer
models and test devices must be created using “fundamental” geometries wherein the interaction of

multiple mechanisms can be eliminated.

b.) Different placement of material

One of the more interesting implications of the analytical predictions s that the electromagnetic
performance of a device will vary with the magnetic properties of the material surrounding the
conductors largely as afunction of the material’s distance from the conductor. In the present
research, materia placement has been limited to discrete layers. To more accurately validate the
analytical predictions, it would be beneficial to deposit material symmetrically about a cylindrical
current carrying conductor (i.e. awire). The material properties of the magnetic properties should be
varied as afunction of the radial distance from the center of the conductor. Such a structure would
allow direct verification of the analytical solutions, and would also be extremely simple to model

using finite element analysis.

c.) Variablecurrent and frequency test signal

The characterization of the inductors produced in this research was limited due to the inability to
combine a variable frequency and variable current test signal. Such measurements are not trivial, but
arerequired to fully validate computer models. It may be possible to construct test equipment based
on a calculated response of a system, which includes the test inductor, if al the other components of

the system are accurately characterized.
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d.) More advanced finite element modeling tools

The finite element computer modeling could be improved to combine non-linear material
properties with the current distribution produced by a high frequency test signal. In thisresearch, a
series of models was constructed to accomplish such a combination. The composite models
produced, however, proved too cumbersome to manage. Reducing the number of conductorsin the
model and increasing the number of elements per conductor could be used in future working

composite models.
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V. Chapter 5: Conclusions

There arose three primary observations from this research, they are: 1) finite element analysis,
supplemented with analytical calculations based on first principles, can be used effectively to predict
the performance of inductors with magnetic composite core structures, 2) magnetic composite cores
have been demonstrated, experimentally, to yield improvements in saturation current and / or
inductance, and 3) the operation of several different mechanismsis responsible for the performance

of magnetic devices with inhomogeneous cores.

A. Success of computer modeling

The use of finite element method computer modeling predicted magnetic flux distributions that
could be used, with the aid of fundamental principles, to predict the performance of magnetic
composite core inductors. Thisisasignificant realization in that without predictive modeling, it

would be much more difficult to make effective design modifications to this type of structure.

B. Success of experimental results

The experimental results confirm the modeled predictions that improvements can be madein
saturation current, inductance, or both. Most structures resulted in a balance between these two
measurements, meaning that improvements in saturation current usually resulted in aloss of
inductance. There was one structure, however, that produced increases in both inductance and
saturation current. Furthermore, the balance was not always equal. In one structure, an increasein

saturation current of 133% was observed with only a 12% decrease in inductance.

C. Operating mechanisms identified

Using fundamental principles to correlate modeled predictions with measured results, it was
observed that the operation of severa different mechanisms was responsible for the performance of

magnetic devices with inhomogeneous cores. Simple assumptions based on the earlier models were
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inadequate to predict the measured performance of the test inductors. However, on closer
examination, and after including secondary effects not initially considered, at |east three different
operating mechanisms were identified including: 1) peak flux density in a given region of magnetic
material, 2) volume fraction of the substituted material, and 3) the effect of de-coupling current

carrying conductors.
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VI. Chapter 6: Summary

The objective of this project was to develop magnetic devices for electronic systems that have a
higher volumetric performance and that integrate easily with state of the art hybrid circuit packages.
This objective was addressed in four broad phases. First, anaytical predictions were made based on
fundamental principles of electromagnetics to show that the performance of small inductors may be
improved by using more than one different type of magnetic material to construct the core. Second,
computer modeling was performed to optimize device structure. Third, test devices were produced
using thick film processing. Finaly, devices were tested to evaluate their performance and the

validity of the computer models.

Using finite element modeling, the effect on performance related to geometry, material
characteristics, and operating frequency was examined. Specificaly, the effects of using multiple
permeability materials were considered. With modeling completed, several designs were selected for
production. Finished devices were tested for electromagnetic performance.

Variations in saturation current and inductance were measured for each series of substitutional
strategy. The results from both the modeled structures, and the measured test inductors may be
summarized asfollows. Varying the permeability in selected regions resulted in increases in
saturation current, inductance, or both. In all but one case, increasing saturation current resulted in
decreasing inductance, and vice versa. Comparisons were made against a base line model, which

consisted of asingle material core, with a permeability of 220.

Measured changes in saturation current and inductance were analyzed. It was shown that in some
cases the initial assumptions were too simple to predict actual performance, but that fundamental
principles of electromagnetics can be used to more carefully analyze the modeled data and to explain
the measured results. More complete assumptions and explanations were presented to describe the

correlation between the computer models and the experimental results.
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There arose three primary observations from this research, they are: 1) finite element analysis can
be used effectively to predict the performance of inductors with magnetic composite core structures,
2) magnetic composite cores have been demonstrated, experimentally, to yield improvementsin
saturation current and / or inductance, and 3) the operation of several different mechanismsis

responsible for the performance of magnetic devices with inhomogeneous cores.
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