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Abstract

The challenge to put power electronics on the same cost reduction spiral as integrated
signal electronics has yet to be met. In the ongoing work for achieving complete power
electronic converter integration, it has proven to be essential to develop a technology for
integration of electromagnetic power passives. This integration will enable the
incorporation of resonant circuits, transformers, EMI filters and the like into the
integrated power electronics modules. These integrated electromagnetic power passives
have been realized in terms of distributed structures, utilizing magnetic layers, conductive
layers and dielectric layers. Because of the compact structures and the special
implementation techniques of these integrated modules, the high frequency parasitic
resonance are normally significant and may have negative impact on the performance and
EMI characteristics. However, the existing modeling technique can only predict the
fundamental resonant frequency and showed neither the causes of the high frequency
resonance nor how to calculate those accurately.

In this dissertation, comprehensive research work towards higher order electromagnetic
modeling of integrated passive components is presented. Firstly, an L-C cell is identified
as the basic building block of integrated passives such as an integrated series resonator.
As an essential mistake in the structure evolution process of the original resonant
transmission line primitive, the well-known conventional transmission line equivalent
circuit as well as the equations are not applicable for the unbalanced current in an
integrated passive module. For this particular application, a generalized transmission
structure theory that applies to both balanced and unbalanced current has to be developed.
The impedances of a generalized transmission structure with various loads and
interconnections have been studied. An open-circuited load and a short-circuited load
lead to series resonance and parallel resonance, respectively. The equations are

substantiated with experimental results. Some preliminary study indicates the advantages



of this unbalanced current passives integration technique. Since the existing integrated
passive components are no other than some combination of this generalized transmission
line primitive, the theoretical analysis may be applied to the further modeling of all
integrated passive components.

As the extension of the generalized two-conductor transmission structure model
developed for the two-conductor approach, the generalized multi-conductor transmission
structure theory has been proposed. As multiple L-C cells are putting in parallel,
magnetic and capacitive coupling between cells cannot be neglected. To determine the
capacitance between two adjacent conductors on top of the same dielectric substrate,
Schwarz-Christoffel transformation and its inverse transformation have been applied with
the calculation results verified by measurement. Based on the original voltage and current
equations written in matrix form, modal analysis has been conducted to solve the
equations. All these provide the basis for any further modeling of an integrated passive
structure.

Based on the basic L-C cell structure, this dissertation proposes an alternative multi-
cell approach to the integration of reactive components and establishes the principles for
its design and operation. It achieves the 3-D integration and has a PCB-mount chip-like
structure which may have the potential to be more manufacturable, modularizable and
mechanically robust. Different functional equivalents can be obtained by different PCB
interconnections. The experimental results confirm the functionality as integrated reactive
components for applications such as high frequency resonators.

To apply the multi-conductor generalized transmission structure model to practical
integrated passives structures, three typical cases have been studied: spiral-winding
structure integrated series resonator, multi-cell structure integrated series resonator and
integrated RF EMI filter. All these structures can be treated as one or more multi-
conductor transmission structures connected in certain patterns. Different connection
patterns only determine the voltage and current boundary conditions with which the
equations can be solved. After obtaining the voltages and currents at each point, the
impedance or transfer gain of a structure can be obtained. The MATLAB calculation

results correlate well with the measurement results. The calculation sensitivities with
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respect to variation of various parameters are also discussed and causes of resonance at
different frequency range are identified.

The proposed generalized transmission structure model based on matrix modal analysis
is rather complex and takes a lot of computer time especially when the number of turns is
large. Furthermore, the operating frequency of an integrated resonant module is normally
around its 1% resonant frequency and up to the 2™ resonant frequency. Therefore, a more
simplistic higher order lumped element model which covers the operating range up to the
2" resonant frequency may be good enough for the general design purpose. A higher
order equivalent circuit model for integrated series resonant modules as an example of
integrated power passives is presented in this dissertation. Inter-winding capacitance is
also considered compared to the conventional 1% order approximation model. This model
has been verified by small-signal test results and can be easily implemented into the
design algorithm as part of the high frequency design considerations.

The wide band modeling and proposed new structure mentioned above provide a
comprehensive basis for better design of integrated passive components. As a general
frequency plane modeling approach, the work presented in this dissertation may be

extended to other passive structures, such as multi-layer capacitors, planar magnetics, etc..
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Chapter 1: Introduction

1.1. Background of passives integration

To increase the switching performance and power density, a current trend in converter
manufacturing is the integration of semiconductor devices into hybrid modules. The
technology for integrating power switching stages has already been well advanced.
However, the largest part of converter volume now consists of electromagnetic passives.
As a result, the next advance may be passives integration [1] which aims to achieve the
following characteristics:

¢ Functional integration.

e Modularization.

¢ A reduction in volume, profile and mass.

¢ Improved manufacturability for mass production.

e Improvement in ruggedness and reliability.

This integration will enable the incorporation of resonant circuits, transformers, EMI
filters and the like into the integrated power electronics modules. A fully integrated
power converter could be constructed to consist of only a number of integrated active
stages and integrated passive stages, as shown in Figure 1-1. Such integration of reactive
components in resonant and soft-switching power electronic converters has been reported

in the literature [1][2][3][4][5][6].

Passive stages

Figure 1-1: Converter integration



1.2. Electromagnetic integration of passives

1.2.1. The history of integrated electromagnetic components

The first integrated LC component, known as a “Wickelkondensator”, was made in
1929 [7], and the first patent for such a component was granted in 1949 [7]. This so-
called barrel type integrated LC structure normally consists of a multi turn inductor with
barrel type windings of bifilar foil conductors with dielectric material placed in between,
as shown in Figure 1-2. Parallel or series resonance can be achieved by either providing a
conductive path between the two bifilar winding, or by electrically insulating them,

respectively.

Couble fed conductor with
a dielectric in betwean

Figure 1-2: Construction of a classical barrel type integrated series LC structure.

Parallel resonant foil inductors have been developed by Kemp [8] in 1975 though the
original motivation of this research is to investigate the self-resonance phenomenon in
wire coils. These coils are made from a single strip of aluminium foil and a slightly wider
strip of plastics foil, wound together on a core of the plastics foil, using a capacitor-
winding machine. The method of construction and the principal dimensions are shown in

Figure 1-3.

b
wound core of piastics

foil 1-42cm digmmeter

Figure 1-3: Self-resonant foil inductor by Kemp [8].



In 1975, Reeves’ research work on so called inductor-capacitor hybrid was published
on [9]. The four-terminal inductor-capacitor hybrid component is very similar to the
classical barrel integrated LC structure, as shown in Figure 1-4(a). A conventional type of
capacitor is wound with a large internal diameter so that it can be fitted over a core of
magnetic material, and the plates are connected as in Figure 1-4(b), so that current flows
in the same direction in each conductor, thus allowing inductive effects to occur. There
are two input terminals and two output terminals, which are connected to a load
resistance R. The unit is characterized by the capacitance C between the plates and by its
“single-plate inductance” L which can be measured by connecting only one of the plates
to a bridge.

core input
-
-~ termingls
§

terminals

(a) Construction

(b) Connections to the hybrid

Figure 1-4: Inductor-capacitor hybrid by Reeves [9].
Two alternative structures for integrated LC components, as shown in Figure 1-5, were
made in 1990 by Stielau [10]. They are actually based on the same concept as the
classical barrel type LC.



(b)

Figure 1-5: Two geometries for integrated series LC components by Stielau [10].

Though quarter wavelength transmission line and microstrip filters or resonators have
been widely used in microwave technology, transmission line type of integrated power
passives were firstly proposed by Smit in [11]. When the length of the transmission line
shown in Figure 1-6 is exactly a quarter wavelength (A/4) and the load is short-circuited,
the input impedance of the structure is infinite, thus resulting in a parallel tuned circuit. If
a quarter wavelength transmission line has an open-circuited load, then the input
impedance appears to be zero, or a series tuned circuit.

O

|-—- Zy, ﬂ ZL
O

Zin 1

Figure 1-6: Transmission line terminated in a general load

If the same open-circuited or short-circuited quarter wavelength transmission line is
used, but the transmission line medium is changed at some discrete point along the length
of the line it will now be shown that the resonance can occur at a much lower frequency
than that of the initial transmission line. This change of medium results in a change of
characteristic impedance, thus resulting in two sections of transmission lines with

characteristic impedance Zo; and Zy,, and length I; and I, both shorter than a quarter



wavelength. The characteristic impedances can be further changed by altering the
physical dimensions of the two sections of transmission lines. Section 1 consists of a
short circuited transmission line in ferrite medium (pu>>1 and &~1) resulting in a large
characteristic impedance, while section 2 consists of an open circuit transmission line
(much wider than section 1) in a dielectric medium (p,=1 and &>>1) resulting in a very
low characteristic impedance. A series resonant cascaded transmission lines and a parallel

resonant cascaded transmission lines are shown in Figure 1-7 and Figure 1-8, respectively.

Zin
- 5 e I *
L ]
Normalised frequency
(a) Series resonant cascaded transmission line (b) Input impedance as a function of frequency
primitive and characteristic impedance ratio

Figure 1-7: Series resonant cascaded transmission line primitive

L .

Zin (R)

¥ M, Z
B2, Zoz hz f1,Zn i
P |

10() 531"

Normalised frequency
(a) Parallel resonant cascaded transmission line (b) Input impedance as a function of frequency
primitive and characteristic impedance ratio

Figure 1-8: Parallel resonant cascaded transmission line primitive

To realize the series resonant transmission line primitive shown in Figure 1-7, a few
evolution steps have been taken [7], as shown in Figure 1-9. It ends up with a planar
integrated structure as shown in Figure 1-9(f). It is actually the theoretical basis of the
planar spiral-winding structure integrated passives that has been implemented in some

practical power converters [2][6][12].
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Figure 1-9: Evolution of a series resonant transmission line primitive to a planar integrated component.
L-C-T integration was first introduced by Ferreira and Smit, and the technology was
successfully demonstrated in a high frequency series resonant converter [13]. The
configuration is illustrated in Figure 1-10. The primary consists of bifilar foil windings,
separated by a suitable dielectric, wound directly on the core. The single-turn secondary
forms a shell which contains the core and the primary. The space between the primary

winding and the internal walls determines the leakage or series inductance.

Multi turn primary
wound on toroidal
core

"Cup" forms single
turn secondary

Figure 1-10: Toroidal L-C-T transformer structure



1.2.2. State-of-the-art integrated passive components

As mentioned in 1.2.1, today’s spiral-winding structure integrated passives basically
follows the structure shown in Figure 1-9(f). These integrated electromagnetic power
passives have been realized in terms of distributed structures, utilizing magnetic layers,
conductive layers and dielectric layers [4][12][14]. The magnetic layers were ferrite
based, the conductive layers were initially in terms of winding spirals and the dielectric
layers used high permittivity (normally 100<g,<10000) dielectric ceramics with
frequencies of operation stretching from some 10kHz to 1MHz. A typical converter
structure to be integrated is shown in Figure 1-11(a), with an exploded view of such a

distributed, integrated structure for the electromagnetic power passives shown in Figure

1-11(b).

Ferrite Core

(a) An integrated converter structure (b) Exploded view of the integrated passive
stage shown in the middle block of (a)

Figure 1-11: A fully integrated converter with integrated passives.

To illustrate the versatility of the integrated LCT, let us focus on a simple integrated L-
C module, which is shown in Figure 1-12. As an alternative to a discrete inductor and
capacitor L-C circuit, the planar integrated L-C module has been demonstrated to be a
viable and promising option for power electronic applications [5][6][14]. An integrated
L-C module is based on planar ferrites and high permittivity ceramic type dielectrics

which has spiral conductor windings metalized on its both sides, as shown in Figure 1-12.



The terminals of the structure are labeled as in Figure 1-13(a) and the corresponding

distributed model of the unfolded structure is shown in Figure 1-13(b).

F

Ceramic
Dielectric
Material

Conductor

Ferrite Core

(a) Overview (b) Exploded view
Figure 1-12: Typical structure of a planar integrated L-C module.
A C

o il N LR g b
B Y1 XL IX D

B

(a) Spiral winding structure with its terminals (b) Equivalent circuit
labeled

Figure 1-13: Terminals of the integrated structure and its equivalent circuit.

This basic structure can be used in at least three different ways, by choosing the various
sets of connections. A parallel resonator is realized if it is connected as in Figure 1-14(a).
A series resonator is achieved if terminals A-D or B-C are chosen, as shown in Figure
1-14(b). The same structure can also be used as a low pass LC filter if an input is applied
between A and D and the output is taken from C-D, as shown in Figure 1-14(c).

A C

A
gl Ul 0 i 1l1l1ll
T IXID TIIT.TID TTTTTD

Parallel resonant Series resonant Low-pass filter

(a) Parallel resonant (b) Series resonant (¢) Low-pass filter

Figure 1-14: Various functional circuits that can be achieved from an integrated L-C.



1.3. Previous work on modeling of the spiral winding structure integrated

passives

Many different methods for modeling these integrated resonator structures have been
proposed. These include lumped models by Reeves [9], P.N. Murgatroyed [15], Stielau
[16], and M. Ehsani [17], distributed model by Kemp [8] and J. Smit [13], and loss model
by J. T. Strydom [18]. Besides all these, basic modeling and identifications of the
parasitics in some integrated electromagnetic components for power electronic

applications have been reported in [19][20].

1.3.1. Lumped Parameter Models

The first order approximation model is simply an inductor and a capacitor in some form
of combination, normally series resonator, parallel resonator or low-pass filter, depending
on the interconnections [5][17][24]. Apparently, this first order approximation is far from
enough especially when high frequency characteristics are concerned because the
impedances of these structures normally tend to have many higher order poles and zeros
apart from the fundamental resonant frequency. Thus, some higher order lumped
parameter models have been proposed such as the model by Reeves [9], the model by

Murgatroyed [15], the model by Stielau [16] and Ehsani [17].

Reeves’ model is shown in Figure 1-15. The inductor-capacitor hybrid structure shown
in Figure 1-4 is modeled as two coupled inductors with two capacitors in between. As a
general model, a load Z; is added across terminal B and C. The impedance Z,p varies
with load impedance. For instance, series resonator and parallel resonator can be

achieved by making the load open-circuited or short-circuited.

I I
N
Ccr=E= M C2

B O—— =0 D

Figure 1-15: Lumped model for an inductor-capacitor hybrid as described by Reeves [9].

The impedance across terminal A and D is given by

-9.-



27,

s(L+M)(iC+zL)+
Z,p(s)= 2 2 2 (1-1)
s(L+M)+—+2Z7,
sC

The voltage and current distribution diagram with short-circuited and open-circuited
load are shown in Figure 1-16(a) and (b), respectively. The two conductors are
represented by parallel lines, with black dots marking the input and open circles the
output terminals. Arrows show the current, their size giving an indication of magnitude.
Although the gain and impedance calculations are based on the lumped model shown in
Figure 1-15, the voltage and current distribution diagrams actually took some

transmission structure effects into account, more or less.
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(a) Short-circuited output

-10 -



current potential
low e ) P m—T
frequency Vi I TVc [‘.‘g
el ——— e —

N e
baiow 1 ; .
resonance ) Vi | V¢ Vo
resonance "éﬁﬁ = T % l—'—(j
frequency T :_: i Vi Ve Vo

e
above l}—'—}——)—-—d &—\.—-‘—o
resonance I 14 ‘v’i? We ™. |Vo
high g .i“f:_-\.‘?—u
frequency Reiry i \"rT ‘}Sﬁﬁ.xh ‘Va;.
e e B ) [ S e

(b) Open-circuited output
Figure 1-16: Currents and voltages within the hybrid.
However, this lumped model can not predict the high frequency resonances present on
the impedance curve. Figure 1-17 compares the impedances of a real case and that

developed by Reeves’ model which demonstrates significant differences at high

frequencies.
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(a) Z,=1MQ
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(b) Z,=1Q
Figure 1-17: Comparison between the impedances derived from Reeves’ model and the real case.
Murgatroyed’s alternative model for an inductor-capacitor hybrid proposed by Reeves
[9] is depicted in Figure 1-18. Each metal foil is notionally divided into two parts
connected in series, each half having inductance L and resistance R in series. The
capacitance of the hybrid is represented, in this simplest of models, by a single
capacitance C connected between the midpoints of the foils. This model can only predict
the fundamental resonance and demonstrates a very significant discrepancy at higher

frequency range, as shown in Figure 1-19.

Figure 1-18: Discrete circuit representations of integrated LC components as described by Murgatroyed
[15].
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Figure 1-19: Comparison between the typical results derived from Murgatroyed’ model and the

measurement results.

Stielau [16] did an in-depth analysis of integrated LC components, based on circuit
point of view. One of the important contributions that he had made to this technology, is
to prove that there are only two possible discrtete equivalent circuit representations of an
integrated series LC component, at low frequencies. These were derived from an

expression for the input impedance of a component, and is shown in Figure 1-20.

s

ti
-

Figure 1-20: Only two possible discrete low frequency equivalent circuits of an integrated series LC

component as described by Stielau [16].

An integrated LC can be modeled by a transformer-based structure, as shown in
reference [17]. The two conductors of the LC can be viewed as the primary and
secondary windings of a classical transformer, as shown in Figure 1-21. The general LC

model of Figure 1-21 can be reduced to a series LC model by considering terminals 1 and

-13 -



4 only. The resulting specific model is shown in Figure 1-22. Similarly, the model for an

integrated LCT will have an additional third winding, as shown in Figure 1-23.

Ce/2
L e AM_s,
Rs L= . .
Rp Cp Lp
GE M1 NE 40
Le/2

Figure 1-21: General transformer model approach for integrated LC.

| |
o
R= L= ‘ | Cp | ‘ Cs
Rp
Figure 1-22: Series resonant integrated LC circuit.
Csr2
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—f _F—Tvv 2
Fe1 L=1 b =
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Ceat [
11 f— Catz T ——r—13
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Rsz Lse . .
Rpz Cpz| Lp=
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Figure 1-23: Typical LCT circuit

Ehsani’s model, especially the one shown in Figure 1-22, is actually the same as
Stielau’s model, ignoring the resistances representing the losses. Their model may have a
rather good prediction up to the third resonant frequency, from the circuit theory point of
view. However, it is not able to model the resonances at higher frequencies, as shown in
Figure 1-24. On the other hand, the calculation of some of the parameters in their model

seems questionable. For instance, the parallel capacitance C, “estimate is derived from

-14 -



the fact that at high frequencies each of the wound plates will behave as (2N-1) single
turn capacitors in series” [17].
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Figure 1-24: Comparison between the typical results derived from Ehsani’ model and the measurement
results (integrated series resonator).

1.3.2. Distributed Model or Quasi-distributed Model

Kemp’s model for a parallel LC component shown in Figure 1-3 is illustrated in Figure
1-25. The coil is divided into S subsections, within which phase shifts are deemed
negligible. The u™ subsection is then considered to have a self inductance Ly, a self
capacitance C,, a resistance R,, and a mutual inductance M,,, with the v subsection. The
self inductances L, are estimated by assuming that the current is uniform across the width
of the foil and that L,=n,’l, where 1, is the self inductance of a single turn at the centre of
the subsection which has n, turns. A similar procedure gives the mutual inductances. The
capacitances C, are found by treating each turn and its neighbour as a parallel plate

capacitor and the mid-section value is c,, thus C,=c,/N,.

This is a so-called quasi-distributed model in the sense that it consists of a number of
LC elements thus may predict the higher order resonances. However, one of the most
critical issues with this model still remains unsolved: the determination of S, the number

of subsections. Preliminary calculation found out that the higher order resonant

- 15 -



frequencies vary with S. In another word, one could “fit” the curve well by tuning the

number of subsections without a deep insight into the physical meanings.

i L

AR
o ., = DD:"W \\M,z

-2

Mys

Figure 1-25: Discrete circuit representations of integrated parallel LC components as described by Kemp in

[8].

Reference [13] introduced by Ferreira, Van Wyk and Smit showed a distributed model
of the LCT, which is based on microstrip technology. It consists of a number of cells,
each with resistive, inductive and capacitive components, as shown in Figure 1-26. “It is
however necessary that the new structure behaves in the same manner as the transmission
line structure, because the experimental and theoretical work conducted within the scope
of this project, indicated that the distributed network is a workable alternative to the lump
ed L-C-T” [13]. However, the reference does not go to the details of the calculation and
the parameter determination. Neither did it show the calculation results with distributed

model compared with the measurement results.
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R1 j— — C2 En Cn
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Figure 1-26: Distributed circuit of the integrated LCT transmission line [13].

1.3.3. Loss Model

A loss model for the planar integrated L-L-C-T is presented in [18]. The loss model
takes non-sinusoidal core excitation losses, both skin and proximity effect conductor
losses and dielectric losses into account. The linear current distribution assumes that the
winding length is much shorter than a wavelength in the operating frequency range, and

that the resistive voltage drop is negligible compared to the excitation voltage.

1.3.4. Other Related Modeling Work

Figure 1-27 shows the modeling of a wound LC proposed by S. J. Marais and J. A.
Ferreira [19]. The concept of the ideal electromagnetic material is introduced as a means
to investigate the formation of high frequency parasitics effects, and to act as an
intermediate step to generate an equivalent circuit model. The influences of the inter-
winding capacitance on the practical multi-turn bifilar capacitance winding have been

discussed.

ideal isolator

jdeal magnetic material

ideal dielectric

Figure 1-27: Modeling of a wound LC in [19].
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An integrated multi-layer transformer by Shoyama [20] used in a resonant buck-boost
converter is illustrated in Figure 1-28(a). It utilizes the winding capacitance as part of the
resonant tank without making the operation complex. Figure 1-28(b) shows its lumped

equivalent circuit model with the measured values of all the parameters given in [20].

== -

= "/—’“

Primary __— W

(a) Physical structure

Rl Lleak N:l1 R2
C IT Re % Lexc % ;
O _ O
Primary Secondary

(b) Equivalent circuit

Figure 1-28: Integrated LCT as described by Shoyama [20].

1.4.  Aim of this study

1.4.1. Disadvantages of the Previous Modeling

From the previous sections, it can be seen that there are numerous methods for the
modeling of integrated passive components. Loss modeling is not the major focus of this
research and will not be covered in this dissertation. The other electromagnetic models
may be sufficient for general design purpose and correlate the low frequency
characteristics well. However, some of the disadvantages of these lumped parameter
modeling including the parasitics investigations in [19][20] are:

1) The modeling is only accurate for a limited frequency range. The higher order

resonances are totally neglected.

2) No convincing identification of the causes of the high frequency resonance.
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3) None of the previous models show the details on how to structure-orientedly
calculate the parasitics such as the inter-winding capacitance.

4) The models are not necessarily related to the physical structure of the system, but
merely tries to emulate measurements on the system.

5) By changing the terminal connections, the L-C structure can change to a different
electromagnetic functionality. The structure stays the same, but must now be
modeled with a completely different circuit.

The disadvantages of the distributed modeling technique presented in [13] are:

1) This model is trying to model the two primary conductor windings and one
secondary winding as three separate conductor sections with magnetic and
capacitive coupling between each other. Each conductor has been unwound into a
straight line and can be divided into many resistive and inductive cells. Cells at
the same position along the line are coupled with each other. However,
considering a multi-turn LCT, each cell may not only be magnetically coupled
with the cells of other two conductors but also have magnetic coupling with some
other cells of the same conductor.

2) Similarly, this model also ignores the capacitive coupling between cells of the
same conductor in a multi-turn structure.

3) This model shows neither the causes of the high frequency resonance nor how to
calculate those accurately.

4) Difficult to assess the number of cells needed to model the structure sufficiently.

5) A complex model results, making analysis and simulation difficult.

1.4.2. Why an Improved Model Needed?

The typical impedance of an integrated series resonator is shown in the solid curve of
Figure 1-29. Obviously, it has a lot of high frequency resonances and is significantly

different from the ideal impedance shown in the dashed curve.
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Figure 1-29: Comparison between a typical measured impedance of an integrated series resonator and the

ideal impedance; operating region for resonant and non-resonant applications.

During the design process of an integrated passive component, it is necessary to

consider the high frequency characteristics because:

1)

2)

For some applications, especially the non-resonant applications, the operating
frequency may be located at or close to where the parasitic resonances occur if it
is not designed carefully. The operating regions for resonant and non-resonant
applications are marked in Figure 1-29.

The high frequency resonances may result in negative EMI effects such as severe
ringing on voltage and current waveforms even if the operating frequency is not
very close to them. As a matter of fact, the compact size of integrated passives and
the high p, high & materials normally used raise the probability of enhanced
magnetic and capacitive coupling among elements inside a module. Thus, the EMI
problems may become more severe and the parasitic resonances may shift to even
lower frequencies than those of discrete passive components. As an example, the
test waveforms of a DPS front-end DC-DC converter with discrete components
and integrated LCT [21] are compared in Figure 1-30. With the other part of the
circuit kept the same or very similar, the integrated LCT actually introduced

higher parasitics that lead to heavier ringing.
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(a) Baseline converter with discrete (b) Converter with integrated LCT

components.

Figure 1-30: Experimental waveforms of a DPS front-end DC-DC converter with and without integrated
LCT [21].

3) For integrated EMI filter design, accurate modeling and analysis of the high
frequency characteristics become extremely important since the major goal of an
EMI filter is to achieve as high as possible high frequency attenuation. The
measured transfer gain of an integrated RF-EMI filter [22][23] is shown in Figure
1-31. Without a good model that covers all over the frequency range, an optimized

design is hard to achieve.
However, none of the existing model could achieve a real wide-band model that
predicts the component behavior at both low frequencies and high frequencies. Therefore,

an improved frequency-plane wide-band model is going to be developed in this research.

0dB
0° A
-50
\ \ Slope:
10 kHz ‘1 MHz 100
~22 MHz

Figure 1-31: Measured transfer gain of an integrated RF-EMI filter [22][23].
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1.4.3. Research Work Covered in this Dissertation

In this dissertation, a few structures of integrated passive components are investigated.
This investigation considers the electromagnetic modeling of the planar integrated power
resonators with the aim of developing accurate transmission structure based modeling
process. The following aspects will be included in this dissertation:

1) Identify the limitations of the previous modeling work on integrated passives.

2) Investigate the essential natures of integrated passives by modeling the basic

building block.

3) Identify the causes of the high frequency resonance and model the integrated
passives structures with a detailed higher order calculation based on generalized
transmission structure theory.

4) Develop systematic rules and formulas to facilitate the design process from a
parasitics point of view.

5) Investigate alternative structures for integrated passive components.
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Chapter 2: Generalized Two-Conductor Transmission
Structure

2.1. Introduction

The part of the structure giving it the unique characteristics, is the parallel plate
metallized ceramic, so this will be considered as in Figure 2-1(a), with its general
schematic shown in Figure 2-1(b). With different interconnections, it has been practically
found that the structure shows different characteristics, as shown in Figure 2-1(c)-(f). For
instance, an integrated series resonator and parallel resonator can be achieved by the
interconnections shown in Figure 2-1(c) and (e), respectively. Both these structures can
be modeled well by classical transmission lines. However, previous modeling in terms of
transmission line structures [11] and planar layers[25] only offered a partial explanation
of the frequency plane behavior of the structures shown in Figure 2-1(d) and (f). In
particular, practical experience has shown that a structure such as Figure 2-1(d) will have
— for the same dimensions as that of a structure connected as in Figure 2-1(c) — a much

lower series resonant frequency [14].

A—YYYYYYY\—c oA7YYYYYY Y-

BAMMMANTD - OV

(a) A simplified integrated passives (b) A general model of (a) (c) Series resonance (open
structure quarter wave transmission line)
SUWAAMMWVTO B ) B b
(d) Series resonance (used for (e) Parallel resonance (short- (f) Parallel resonance (used for
integrated resonators in power circuit quarter wave transmission integrated resonators in power
electronics) line) electronics)

Figure 2-1: Classification of typical integrated resonators.
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The practical spiral winding structures of the integrated passives were obtained from an
evolution process of a classical resonant transmission line primitive proposed by Smit
[11][7]. In this evolution process, one of the key steps is illustrated in Figure 2-2(a)-(b).
And the corresponding cross-sectional views of the current distributions are given in

Figure 2-2(c)-(d).

Conductor

Dielectric

Dielectric

] Ferrite
Ferrite

(@ (b)

Ceramic dielectric

Ceramic dielectric

(©) (d)

Figure 2-2: The most important step in the evolution process of the SR transmission line primitive in

[11][7].
As we know, the usual form of the partial differential equations used for modeling

classical transmission lines and satisfied by the voltage and current are valid only when
the current in the two conductors are balanced. The transmission line is said to be
balanced when the current in the two conductors are equal in magnitude but are opposite
in direction. If unbalanced, the conventional equivalent circuits, and therefore, the
voltage and current equations are not valid any longer [26]. From Figure 2-2, the current
distribution in (c) and (d) are obviously different after this transformation. The current in
the two conductors flow in direction and have a different magnitude at each infinitesimal
length. Therefore, this transformation is unequal in principle and the modeling based on
the conventional transmission line theory may not have convincing theoretic basis.

In order to model the practical integrated passives structure, the basic building block of
the structures needs to be studied in the first place. Figure 2-3 demonstrates a few
practical structures for integrated passives, in which Figure 2-3(c) is an alternative to the
spiral winding integrated structures [27] (see Chapter 5). In all these practical structures,
an L-C cell [27] can be identified as a basic building element for an integrated L-C

module, as shown in Figure 2-3(a) to (c), and defined in (a). It is actually a dielectric
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substrate with both sides metallized, with or without being enclosed in a magnetic core. It
can be modeled as a distributed parameter system with four terminals A, B, C, D, as
shown in Figure 2-4(b). This generalized L-C cell can provide a sound basis for the
further modeling of integrated passives structures, as well as point the way to new

innovations in this field, as will be discussed subsequently.

(a) Spiral winding

(¢) Multi-cell structure

Figure 2-3: Spiral winding (a) and multi-cell structure (b), identifying the L-C cell as generalized building
block.
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Dielectric
B Metal D
(a) Physical structure
Ao— — C
Bo— — D

(b) Equivalent two-port network

Figure 2-4: A generalized L-C cell.

The impedance between A and B can be calculated by classical transmission line
equations. However, these equations do not apply to the modeling of the generalized L-C
cell with arbitrary current distribution in conductors AC and BD for the reasons just
discussed. The current magnitude and direction of a classical transmission line and that of
a typical integrated L-C cell as encountered in a family of the integrated passives that
have been practically applied [3][4][5] are compared in Figure 2-5. Therefore, in the

following a generalized transmission structure model is proposed.
B o—-hhhhhhh-h-—.—

(a) Current flow from A to B (a classical transmission line)

A O—““‘ﬂ‘ﬁ-}---—»
—.—»-»-t-bﬁ“‘-“‘_o D

(b) Current flow from A to D (a typical generalized transmission structure used in integrated passives
with anti-symmetrical current in two conductors)

Figure 2-5: The difference between the current flow of a classical transmission line and a typical L-C cell
as encountered in a class of electromagnetically integrated passives [3][4][5].

2.2. A Generalized Transmission Structure Model

For a structure as in Figure 2-4, a generalized equivalent circuit for an infinitesimal
length Ax is given in Figure 2-6. The two conductors have magnetic and capacitive
coupling and the losses of the structure are represented by resistances and conductances.

The most important assumption is that the currents in the two conductors are not
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necessarily balanced. They can have any magnitude, flowing in either direction. The

conventional transmission line is just a special case when [;(x,t)=-Ix(x,t).

/‘ + Vl(X,t) - '\

Li(x,t) RAx LAx Li(x +Ax,t)

+ A J_ T+
V(x,b) CMAX CAx_l_ S GAx V(x+Axp)
L) RAx  LAx L(x +Ax,1)

Figure 2-6: Equivalent circuit of an infinitesimal length Ax of an L-C cell in a generalized transmission

From Figure 2-6, noting that

structure.

- V(x+Ax,t)-V(x,t) _ 0

li —V(x,1)
Ax—0 Ax Oox
1 Ax,t)—1 t
fim LEFARDZNGD 0 (2-1)
Ax—0 Ax ox
1 -1
lim 2OFARDZLOD 0,
Ax—0 Ax ox

Kirchhoft’s loop and node equations for the circuit shown in Figure 2-6 yield

0
-V (x1) =
r (x,1)

0
—all(x,l‘):

(L—M)g[ll(x,t)—lz(x,t)HR-[ll(x,t)—lz(x,t)]
ot (2-2)

0 d
CEV(x,0)+GV(x,t)=—1,(x,t
py (x,1) (x,0) " L, (x,0)

For the special case in which the voltage and the current are periodic quantities of

period 27/, the first-order partial-differential equations for the phasor voltage and

current become

in which,

_dim) 2R+ jo(L- MLy ()= 2, ()
X

p (2-3)
—d—IDM (%) = (G + jC)V (x) = yV(x)
X
Iy (X) = w (2-4)
z=2[R+ jo(L—-M)] (2-5)
y=G+ joC (2-6)

In a similar manner, we can obtain the second order partial-differential equations for

either the voltage or the current:
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d*V(x)

2
yV(x)=0
) Zdjz 2-7)
DA/; ) ~7 "y () =0
dx
in which, the propagation coefficient
7 =yzv = 2[R+ jo(L-M)|[G+ joC] =a+ jB (2-8)
The characteristic impedance
z, = J: _ \/Z[R +jo(L—M)] (2-9)
y G+ joC
The wavelength
2
P (2-10)
B
The following results can be obtained from the general solutions of (2-7)
Vixy=V,e ™™ +V,e”
, S S 4 (2-11)
Ipy(xX)=1,e" +1,e" = Z) e —Z—’;e‘“

From equations (2-1)-(2-10), it is obvious that they reduce to those of a classical
balanced transmission line when I;(x,t)=-I5(x,t), or the classical transmission line is just a
special case of the generalized transmission structure. The equivalent circuit of an
infinitesimal length Ax of a generalized transmission structure and a conventional two-
conductor balanced transmission line are compared in Figure 2-7. Referring to the
generalized equivalent circuit in Figure 2-6, it can be found out that R,=2R, Ly=2(L-M),
Ga=G, Ca=C. Additionally, they have the same propagation coefficients and

characteristic impedance.

+Vi(x,t) — ~ R,=2R, L,=2(L-M), G,=G, C,=C
I(x,) RAx LAx Li(x +Ax,t) Ia(x,t) RaAx  LaAx Ia(x +AX,t)
+ A J_ - =1 = J_ -
V(x,t) CMAX CAx== S GAx V(x+Ax,) Va(x,t) Calx EE GaAx
<
LR ) T
b(s) RAx  LAx D(x +Ax,0) D h
(a) Generalized transmission structure (a) Conventional transmission line

Figure 2-7: Equivalent circuit of an infinitesimal length Ax of a generalized transmission structure and a
conventional balanced transmission line.

-28 -



2.3. Impedance Calculations

2.3.1. Impedance Zxp with load across BC

Before extending this generalized transmission structure to other integrated passives
applications, impedance Zsp with a load Z; connected across B and C, as shown in
Figure 2-8, needs to be investigated. In Figure 2-8, AC and BD represent the two
conductors of a transmission line. The structure has a length of /. Z,p is the impedance

when applying a voltage across A and D and letting current I flow in at A and out at D.

ZL IzL
A - <
I—» C
B D I

Figure 2-8: Current flowing direction for impedance Z,p calculation with load across B and C.

Assume that at each infinitesimal length,

I (x)+1,(x)=1+1, (2-12)
we obtain
Ley=TH 2 g
I+1 (2-13)
[2(x)= & _IDM(x)
Therefore,

Vie = [Vi(x) = LR + joL) + I, (x) joM Jdx

=(R+ joL)[, I,(x)dx + joM |, I, (x)dx

]a;M [Ié (I +1, )dx— 2J-(§IDM (x)dx]

= % [2]3 Loy ()dx+ [ (I +1, )dx]+

ST (1 1y )1+ R+ L= M1V, (1= )+, (=]
o/
= TR U L) 1S, ()4 1) (2-14)

It is known that
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1,(0)=1

1,(0)=1
2( ) ZL (2_15)
I )= Iy
L()=1
We have the following boundary conditions
Vg =Vac =1z -Z,
Iy 0=tz (2-16)
1, -1
[DM (O] :ZLT
It is known that Vog=V,+V},,  (2-16) can be manipulated into
1 2V 2 V. 2V,
L qaetyer,qeety- KoM oy a2y g P Dy o
2 2 0 ZO 0 ZO
(2-17)
v, (1+e™)
Vv o =—b~ _~ 7
l+e™”
which yields
v V,(1+e”)
l+e™
{ZL_FW}(I_Feﬂ) (2-18)
ZO ZO
v, =1z, . 7
2+e” +e +(e” —e"”’){R+Jw(L+M)l+ L}
ZO ZO
The impedance Zap can be obtained by
2,y =Lw VietVey REJOLIM) oy o Vo Vo | Ly 4oy, (o)
I I 21 . 21
R+ oL+ M) 1| 2 2 2z, vz L, 1 [R+jo(L+M)]
B sinh(y/) tanh(y) Z, sinh(y/) tanh(¥) Z, (2-19)
I 1 [R+je+M)) 2Z,
sinh(//)  tanh(y) Z, Z,

Typical impedances versus frequency characteristics with various resistive loads are
shown in Figure 2-9. Impedance Zp with various capacitive loads, inductive loads and
both across B and C are shown in Figure 2-10, Figure 2-11, Figure 2-12, respectively.

The parameters assumed in these calculations are shown in Table 2-1.
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Figure 2-10: Impedance Z,p with various capacitive loads across B and C.
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Figure 2-11: Impedance Z,p with various inductive loads across B and C.
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Figure 2-12: Impedance Z,p, with various capacitive and inductive loads across B and C.

Table 2-1: Technical parameters assumed for the calculation in Figure 2-9

Inductance per unit length L 50uH/m
Capacitance per unit length C SuF/m
Mutual inductance per unit length M 49uH/m
Resistance per unit length R 0.01Q/m
Conductance per unit length G 0.01/(Q-m)
Total length of the transmission line 250mm

Equation (2-19) can be manipulated into

Lo, +[R+ja)(L+M)]l+[R+ja)(L+M)]-l 2 2
"|sinh(3)  tanh(y) Z, Z, sinh(y/)  tanh(y) 220
e 1 1 [R+jo(L+ M)l 2Z, (2-20)
+ + +
sinh()/) tanh(y) Z, Z,

From (2-20), it is obvious that Z,p equals Z; when

. 1 1
Z, = \/ZO [R+ jo(L+M)]-1- Linh(ﬂ) + tanh(ﬂ)} (2-21)

When R and G are negligible, L-M<<L, Zap appears to be a constant resistance at low

frequency, as shown in the dot-dashed curve in Figure 2-9, approximately when

Zy =R, ;= ,/—2(LZM) (2-22)

Ry i 1s the so-called critical load resistance. Zsp approaches series resonance when Ry
increases and approaches parallel resonance when Ry decreases.

For the no load case, or Z; =, as shown in Figure 2-13(a),

B R+ja)(L+M)l+Z0

2 2 | sinh(y) tanh(y)
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When the two conductors have a very good magnetic coupling and R=G=0 (lossless
case), from (2-5)-(2-10), we have I<<2n/B, sinf1=pl, therefore

_Jjod+M), 1

z
ap 2 oC-1

(2-24)

The simplified lumped equivalent circuit is shown in Figure 2-13(b). The impedance
approximately equals an inductance (L+M)I/2 in series with a capacitance C-/, as shown
in Figure 2-13(c). This is the theoretical basis for integrated series resonators. If k=1, the
total inductance equals 4L/ [9]. The equivalent circuit of an ideal series resonator is

shown in Figure 2-13(b).

I A C
B D :

(a) Interconnections and current flowing direction

L
Im=4a0 T VWY T oc
cn 1;\/[ Cn2

‘J T
BO T N{V‘ OD—~1

(b) The lumped equivalent circuit

@+M2 ¢
A oYW l—oD

(c) The first order approximation

Figure 2-13: An integrated series resonator.

Figure 2-14(a)(b)(c)(d) show the impedance Zp versus frequency with the coupling
coefficient k=1, 0.99, 0.7 and 0.5, respectively. The transmission structure is a perfect
series resonator when k=1. With k=0.99 which is still a good coupling, there are only
some insignificant spikes at high frequency and could be damped out provided there is a
higher loss at high frequency. However, the high frequency oscillations become
significant when k becomes lower. As part of the design considerations, decreasing the
spacing between conductors and increasing the conductor width help to increase k.
Besides that, employing ferrite cores in a practical design can provide not only a higher

inductance but also a better magnetic coupling between conductors.
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Figure 2-14: Z,p with various coupling coefficients k.
When the load is short-circuited, or Z; =0, as shown in Figure 2-15(a),
2 2
[R+jw(L+M)]-l- - +
sinh()/) tanh(y)
Zyp = - (2-25)
1 + 1 +[R+]a)(L+M)]Z+ZZL
sinh(y/) tanh(y) Z, Z,

and R=G=0 (lossless case), from (2-5)-(2-10), assume 1<<27/B, sinfl=pl, cospl=1,
therefore

1
Z,p= 1 1 (2-26)
+
2jo(L+ M) 4

joCl

The simplified lumped equivalent circuit is shown in Figure 2-15(b). The impedance

approximately equals an inductance 2(L+M)I/ in parallel with a capacitance C-//4, as
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shown in Figure 2-15(c). This is the theoretical basis for integrated parallel resonators.
The first order approximation equivalent circuit of an ideal parallel resonator is shown in

Figure 2-15(b).

I A C

B D I

(a) Interconnections and current flowing direction

I—A

cn

I

L

(b) The lumped equivalent circuit

2LAM)
A oYW\ 0D

C/4

(c) The first order approximation

Figure 2-15: An integrated parallel resonator.

Zp has a parallel resonance at low frequency. The typical impedance characteristics of
Zap with different magnetic coupling coefficients when Z;=0 are plotted in Figure 2-16.
Apparently, the higher the coupling coefficient, the closer this transmission structure

approximates an ideal parallel resonator.
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Figure 2-16: Typical Zxp with Z;=0.

2.3.2. Impedance Z,p with load across AC
Another case to be investigated is a generalized transmission structure with a load Z;

connected across A and C, as shown in Figure 2-17.

/L 1zL

1 >
I—lﬂ C

B D .

Figure 2-17: Current flowing direction for impedance Z,p, calculation with load across B and C.

Assume that at each infinitesimal length,

1, () +1,(x)=1,(0) (2-27)
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We obtain

Therefore,

1,(0)
2

n@=22 1,

I (x)= +1py (%)

Vic = Jle (x) = jé[ll(x)(R + joL)+ 1, (x) joM ]dx
= (R+ joL)[}1,(x)dx + joM |, I,(x)dx

Q

=@[2félw (o + 11, (0)dx )+ >
_ R+jw(L+M)Il(O)-l+R+jw(L_M)

4

_R+jo(L+M)

The voltage and current boundary conditions are given by

which can be rewritten as

or

which yields

Vie =1z -2,
1L,(0O)+1, =1
I, (Hh+1, =0
I,(H)=1

Vie=1y-2Z,

1,000 I-1

IDM(O):_Iz = 2ZL
-1, -1

IDM (l):%

R+ jo(L+M)

Z, Z, 2
V, e _ﬁeﬂ — -1, -1
Z, Z, 2
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V.(d=e™)+V,(1=eM)]

11(0)~l+%m(1—e'”>+V,,a—e”)]

1 -
(U=ly) l+SVo(-e N+V,(A=e=1,-Z,

(2-28)

M [ ©)dx—2( 1, (o]

(2-29)

(2-30)

(2-31)

(2-32)



12, +V,(1-e")
¢ l-e™
e ;
2y (pery loe R jo(L+ M) (2:33)
Z, 2 Z,
Vo =12, 20" —e)[ R+ jo(L+ M)
[ / I+ZL}—2+e”+e‘”
ZO
As a result, the impedance across A and D can be obtained by dividing Vp by I:
V VetV R+ jo(L+M 1 _
Zyp == s J Z(o )I(Va—Vb)+E[Va(l+e N+, (1+e")]
_R+jo(L+ M), Z, +V, (e —e")/ T . Z,(1+e™)
Z, l1-e” 2(1—e™)
27, (se™)loer + 2[R+]0;(L+M)]l
24— : (e —e")
€ 7€ R+ joL+M)+2Z,}-2+¢" +e .
_R+joL+M), Z, +Zo(1+e”)
2 l-e” 2(1-e™)
22, (4 oty a1 4 AREJOL MY
2+ Zy Z
B R+ja)(L+M)l+ 2Z, N 11
R+ jo(L+M) Z, Z, | sinh() tanh(yd) Z,(1+e7)
= l — + — (2-34)
2 l1-e” 2(1—e)
For no load case, or Z;=c0, it can be obtained that
j VA
Z, :R+]a)(L+M)l+_0 . 1 N 1 (2-35)
2 2 | sinh(y) tanh(y)

which is the same as the Zap of a single generalized transmission line as given in (2-23).
When Z, is a capacitive or inductive load, the typical impedance characteristics of Zap
are plotted in Figure 2-18(a) and (b), respectively. The parameters assumed in these
calculations are shown in Table 2-2. A capacitive load across A and C will result in a
high frequency parallel resonant peak on the impedance curve, as demonstrated in Figure
2-18(a). This emulates the impedance of a series resonant transmission structure, taking

the intra-winding capacitance into account.
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(b) Inductive load Z; =50uH
Figure 2-18: Impedance of ZAD with various loads at AC.

Table 2-2: Technical parameters assumed for the calculation in Figure 2-18

100uH/m
98uH/m
SuF/m
0.01Q/m
0.01Q/m
Im

—|Q|F IO
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2.3.3. Impedance Zxc

Zc 1s the impedance when applying a voltage across A and C and letting current I flow

in at A and out at C, as shown in Figure 2-19.

1— SEENG
B D

Figure 2-19: Current flowing direction for impedance Zac calculation.

Assume that at each infinitesimal length,

L)+ (x)=1

From the boundary conditions

or

Seeking solutions to (2-38), we obtain

1Z,(e" -1)
V,=V,+1Z, =—""—=
2(e” —e™)

1Zy(e 1)
’ 2(e” —e™)

The voltage across A and C

B R+ja)(L+M)]

1 _
Vie == F R L, (e ) Y (1))

The impedance Zac can be obtained by

14 ' z
2z, Vi _ R+]a)(L+M)Z+_0{ 1

1 2 2

The typical impedance of Zxc is plotted in Figure 2-20.
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Figure 2-20: Typical impedance Zxc.

2.3.4. Impedance Zg

Zagp is the impedance when applying a voltage across A and B and letting current I

flowing in from A and out from B, as shown in Figure 2-21.

A C
[+ D

Figure 2-21: Current flowing direction for impedance Zp calculation.

Assume that at each infinitesimal length,

1 (x) = =1,(x) (2-42)
From the boundary conditions
{IDM 0)y=1 (2-43)
Iy =0
or
Va _ Vb
Z, Z
0 (2-44)
s e —ﬁe” =0
0 ZO

Seeking solutions to (2-44), we obtain
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Va:VbeZ” .

¢ - (2-45)
v 12,
b e —1

The impedance Z,p can be obtained by

VAB_V(O)_VH+Vb_Z 1

0 (2-46)
1 1 1 tanh(y/)

Zy=

It is evident that these are the same as the conventional transmission line input

impedance equations. The typical impedance of Zap is plotted in Figure 2-22.

10*

10° b

10 +

Magnitude (Ohms)
Phase (Rads)

107+

10" ‘5
10 10* 10 10
Frequency (Hz)

Figure 2-22: Typical impedance Zap.

2.4. Current and Voltage Distribution

The current and voltage distribution is another important issue for better understanding
of the operation of a generalized transmission structure. It is also one of the essential
basis for the relevant loss modeling [18]. However, the loss model in [18] is based on the
assumption of linear current distribution. This may not be true at high frequency as being

found for conventional transmission lines.

A generalized transmission structure with its parameters shown in Table 2-3 has the
current and voltage distributions at various frequencies shown in Figure 2-23 and Figure
2-24, respectively. Figure 2-23(d) and Figure 2-24(d) shows the current and voltage distribution

at 632kHz when the structure length equals the wavelength. The voltage and current
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magnitudes become much higher under this frequency (or frequencies at which the

structure length equals multiple integer wavelength) than those under other frequencies.

Table 2-3: PARAMETERS OF THE TRANSMISSION STRUCTURE

L 100puH/m
M 99uH/m
C SpuF/m
R 0.01Q%/m
G 0.01Q/m
1 0.5m
f=10kHz
1 ‘ :
0.8} B ’ ,
07 / 1
<
E 0.6} 2 B
§ 0.5 .
E 041 .
2 0af ) ’ .
02} o .
o1 7 |

0 - Il I
0 005 01 015 02 025 03 035 04 045 05
X (m)

(a) =10kHz

f=100kHz

i
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f=10MHz
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Figure 2-23: Normalized current (magnitude) distributions of the top and bottom conductors at various

frequencies.
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f=10MHz
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Figure 2-24: Normalized voltage (magnitude) distributions across the top and bottom conductors at various
frequencies.

2.5. Cascaded Transmission Line Model

Generalized transmission structures are the basis for modeling integrated
electromagnetic passives as developed [25]. However, a single transmission structure is
not generally used in an integrated module in practice. As a practical structure, a spiral
winding is normally used instead of a linear structure in passives integration
[1][4][14][11][25]. Figure 2-25 shows the spiral winding transmission structure with each

conductor labeled.

3 5

A
1\4 4/‘ 6/'
9 g

fio

Figure 2-25: Spiral winding transmission structure.
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The conductor voltages are given by

_E Vi,(xX)=(R, + joL, _JQ)Mz,l)[l (x)"'(JWMLz -R, - jol,)I, (x)"‘(./a’Mm —joM,, )17(x)+(./a’M1,g —JjoM, )1 (x)

- % Vz,A (x)=(Ry + jooLy — ja)MA,] Ms(x)+(joM ;4 — R, — joL,),(x) (2_47)

751/5‘6()():(1?5 +joLs = joM ) (x)+(joM s — R — joL) o (x)+(joM 5o — joM o) o (x)+ (oM 5 1o — joM ¢ 14 )] 1 (x)

_E 7.x(x) = (.1(”M7_1 _]a)Mm )11 (X)+(_](HM7.2 _](UMx,z )Iz(x)+(R7 +.](HL7 _.](HM&7)17 (x)+(JWM7,R _Rx _]LULX)IR(X)

*ZVMO(X) =(JaoM 5 — joM, )5 (x)+ (oMo — joM ) (X)+(Ry + joLy — joM4)14(x)+ (oM g, = Ryy = joLig) 1 (x)

When M 7 = Ma7, Mig = Mag, Msg = Mgo, Ms 1o = Mo, these equations are
approximately the same as the equation (2-3). Then this structure can be unwound into an
equivalent cascaded transmission structures.

The mutual inductances of four conductors in air are simulated in MAXWELL 2D field
solver, as shown in Figure 2-26. Each conductor has a width of w, and a thickness of Sum.
There is a spacing ¢ between land 2 as well as 3 and 4. d is the distance between land 3.
Figure 2-27 shows the difference between M, 3 and M, 4 as a function of ¢, d and w. From
the simulation results, the difference between M;; and M, 4 is normally below 1%,

therefore can be neglected.

Manwell 20 "k_study” i =1
Executive Commands
Variables Hodel Solutions ¥ Conwergence Profile
Solver: Eddy Current % -]
Drawing: X Plane +
Define Model jl v
R 1 3
—— i —————
-— > »
Setup Boundaries/Sources... | i - i P P
T————w——» 1
[ ¥
S o pomr 1] ¢ v —
[ d » >
Setup Solution gl 2 4
soiee oY
Post Process !l
Kl i _'l_I
| Zoom In Zoom Out Fit A4l | Fit Drawing Fill Solids
dolution Monitoring
Help gl
Exit |

Current wagnification is 57. |

Figure 2-26: MAXWELL simulation model for the study of mutual inductance.
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Figure 2-27: Difference between M, ; and M 4 as a function of t, d and w.

This simulation actually covers the worst case because the difference should be even
less if a magnetic core is used. This justifies the modeling of a spiral winding
transmission line structure as a linear cascaded transmission structures. A practical
integrated passive structure is shown in Figure 2-28(a), the equivalent unwound cascaded

transmission structure is given in Figure 2-28(b).

e

(a) A practical integrated passives structure
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(b) The equivalent cascaded transmission line model

Figure 2-28: A spiral winding integrated passives module and its equivalent model.

Therefore, the investigation on some applicable structures such as cascaded generalized

transmission structures becomes necessary. Figure 2-29 shows a series resonant cascaded

generalized transmission structures with n sections and each section may have different

parameters and length.

I A R P, P, F, F
pe * . ®------ -0 --
NWZw V2Zgn V3 Zy Vi Zy
______ —— " o
F B P F F, F,

Figure 2-29: Cascaded generalized transmission lines.

The voltage and current at the boundary of each two cascaded transmission structures

must be continuous. Therefore, we have

_ =7 nh _
VP.P.’ =Vq,e™" +V,e™ =V, ,+V,

Vi =

Ve e,

L

=V

14
1, (0)=—2—
DM ZOI

V
Loy () =27 — 2t
DM Zm

4 v,
Iy ( +1,) =~ g7t 02 g _ Va3
ZOZ Zoz ZO} ZO}

IDM(ll +12 +"'+ln—1):

Ipy U+ +- 41, +1)=

~72h 7ol
,€ +V,e" =V +V,,

Va("_l) e‘}/n—lln—l _ Vb(n—l)

0(n-1)

On

From the equations above, we obtain
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a(nfl)e%"]"’1 + Vb(nfl)ey"fll"f1 =V +V,,
Vi 1
Z, 2
Vi o _ Ve Vi
Zy, Zy Zy
Vs, Vs

Van eVl _ el =

e}/n—lln—l — _

(2-48)
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1 =FVa + GV = FVy + Gy

1 =FVa + GV = Fb,] Va + GlglVbl

2 =Fp Vg + Gy = FG’ZVal + G;ZVbl

= FyoVo + Gl = FVy + Gl

s =FaVp + GV, = Fipl, + Gy, (2-50)
3 = FsVar + GV, = FiiVy + Gy

D“ Q‘ @“ Q‘ '@‘ S‘

~

=FV +G Vi = Fo Vo + GV,

an an’ a(n-1) an an” al

r ’
Vip = Fy, Va(n—l) + Gbn Vb(n—l) =FVa+ Gbn Vi

in which,
F, =F a’l =1
Gal = G;zl = O
, (2-51)
Fbl = E)l = 0
Ghl = G};l =1
Fa'i = Fa’(i—l)Fai +Fb’(i—l)Gai
Gy =GyF, +Gy G,
o e (i=234...n) (2-52)
Fy = Fa(i—l)Fbi +Fb(i—l)Gbi
Gl’yi = G;(i—l)Fbi + G;(i—l)Gbi
Thus all the equations can be presented as
Va Vo _ 1
Zy Zy 2
V -1
an 877"1" _ " bn e;/,,ln - (2_53)
ZOn ZOn 2
Van = Fa’n Val + Gz;n Vbl
Vi = Fp Vo + GV,
Seeking solutions to (2-53), we obtain
V.=V, el _—IZOWey”l"
an n 2
2 ' Vul, ' ' 2 2 (2_54)
_ { ZOn (an + Gbn )e'//Y "+ ZOI (FanGbn - an Gan) . A
"2 (4G )et —(Fl, +G,) "

Therefore,

Ve =Ver, +Vep

= I(i—Rf *J ‘”(2Lf +M.) zl.j + i%[Vw (I=e7")+V,(A=e"")+V, e 7" +V, "
i=1

i=1

>

i=1

n R+ jo(L +M. n 1Z
= 1[ SO “’(2 M) lij+ z%[vm (A=e7")+V,,(1-e")]+2V,,e"" ——20" (2-55)
i=1

The impedance across P, and P,
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V ’ n
_Vep

Zpp = =2

Pe

1

R+jo(L+M), & iy 2V, Z
L+J“’(2'+ ’)li+Z;—I[Vai(l—e’“)+Vb,.(1—e/'1' )]+—1h" e’”l”—% (2-56)
i=1

As a series resonator with the same total inductance and capacitance, the impedances of
a single generalized transmission structure and a cascaded generalized transmission
structure are compared in Figure 2-30. The chief difference is the higher frequency
characteristics which are not so critical provided a good magnetic coupling between top

and bottom conductors is achieved.

‘“\H

Magnitude (Ohms)
=)
Magnitude (Ohms)

10" 10° 10° 10’ 10" 10° 10° 10’
Frequency (Hz) Frequency (Hz)

(a) A single generalized transmission line (b) Cascaded generalized transmission lines

Figure 2-30: Typical impedance characteristics of a series resonator.

2.6. Case Study

A transmission structure prototype has been constructed from copper plated ceramic
dielectric substrate. In order not to import complex high frequency material
characteristics, no magnetic core is used in this prototype and the dimension have been
chosen to show resonance in the sub-MHz region. The picture of the prototype is shown
in Figure 2-31. Some technical parameters are given in Table 2-4. It is realized that this
experimental structure does not approach the high power density and other favorable
practical characteristics of this class of integrated electromagnetic power passives as

already illustrated [18].
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e 116mm -

Figure 2-31: Picture and dimensions of the transmission line prototype.

Table 2-4: Technical parameters for the transmission structure prototype

Dielectric material BaTiO;3 (Y5V)
g, of the dielectric material 14000 (nominal)
Thickness of the ceramic tile 0.33mm
tand of the dielectric material <1%
Copper thickness ~2mil
Inductance per unit length L 879nH/m
Capacitance per unit length C 673nF/m
Mutual inductance per unit length M 782nH/m
Total length of the transmission line 328mm

The MATLAB calculation results and impedance analyzer measurement results of Zap

without load are shown in Figure 2-32(a) and (b), respectively.

41.255

+0.255

WMagnitude (Ohms)
T
Phase (rads)

H-0.745

1" w " w -1.745
4 N . B :
10 10 10 10 10
Frequency (Hz)

(a) Matlab calculation results
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A1zl 8 o MKA B32 455.532 Hz
g MAX g90.3827 mi

.0 0 MAG m
[0, deg PHASE  1.35576  deg

p= -l b e - o S ety vt | e Sha e s - |

A MIN 0.00 m@ START 10 ©00.000 Hz
B/DIV 0.00 dea STOP 40 Q00 000.000 Mz

[;ﬂ- L SR P

(b) Impedance analyzer measurement results
Figure 2-32: Calculation results and measurement results of Z,p without load.
The Matlab calculation results and impedance analyzer measurement results of Zsc are

shown in Figure 2-33(a) and (b), respectively.
10t 21.2M

Phase [ads)

Magnimde (Ohms)

1 L 1
10 1n 1IT|Ii 10 10

Fmquency (Hz )

(a) MATLAB calculation results

Azl B: 8 o MKR 2 0189 B46.832 Hz
A MAX 100.0 Q MAG 3.53848 Q
B MAX 100.0 deg PHASE B88.2875 deg

A MIN 50.00 mQ START
B/DIV 20.00 dea STOP 4C 80

(b) Impedance analyzer measurement results

Figure 2-33: Calculation results and measurement results of Zac.
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From Figure 2-32 and Figure 2-33, the calculation results correlate the measurement
results well. The error is about 10%.

Figure 2-34(a) shows the measurement results of Zag without load. However, it looks
different from the calculation results shown in Figure 2-34(b) since the lead inductance
connected to the impedance analyzer has been neglected. Assuming a lead inductance of
20nH, the calculation results are shown in Figure 2-34(c) which correlates the

measurement results well.

A 1zl B: & o MKR 1 6441 598,304 Hz
A MAX 100.0 Q MAG 77.7688 mQ
B MAX 100.0 deg PHASE -6.97693 deg

deg "

a) Impedance analyzer measurement results

10

Magnitude (Ohms)

-
o
T

I I .
10 10 10° 10 10
Frequency (Hz)

(b) MATLAB calculation results without considering lead inductance
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(c) MATLAB calculation results assuming 20nH lead inductance

Figure 2-34: Calculation results and measurement results of Z .

2.7. Discussion

An interesting phenomenon of an inversely balanced series resonant transmission
structure has been noticed: The high frequency resonant peaks occur when the structure
length equals to 1 (i=1,2,3,...) times of the wavelength while the fundamental resonance
has no obvious relationship with the wavelength, as shown in Figure 2-35. However, a
typical impedance of a classical series resonant transmission line has repetitive valleys

and peaks every A/4, as shown in Figure 2-22.

10° |

10° |

Magnitude (Ohms)

Fundamental resonance

10

&)

10* 10 10 10" 10
Frequency (Hz)

Figure 2-35: Typical impedance of an inversely balanced series resonant transmission structure.
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To fully understand this difference, an insight to the current patterns is again the key.
As discussed in section 2.1, the currents of a conventional transmission line are balanced.
However, I;(x,t) may not equal -I(x,t) in a generalized transmission structure. Instead,

the currents on the top and bottom conductors can be obtained from (2-13) as

I1+1
I (x)= -

1y (X) =1y (X)+ 1y (x) = IliCM (x)+117DM (x)

2-57
I1+1, ( )

I, (x)= =Ly (X) =1y (X) =1y (X) :Iz_CM (x)+12_DM (%)

The current on each conductor consists of two parts: common mode current I¢y and
differential mode current Ipv. The common mode currents on the two conductors are
exactly the same while the differential mode currents are same in magnitude but opposite
in direction. For example, the current distributions of a series resonant transmission
structure shown in Figure 2-13 at low frequency are shown in Figure 2-36. The common

mode and differential mode equivalent circuits are shown in Figure 2-37(a) and (b),

respectively.
A A
I I1_cm(x)
[1(x) 12
0 } > X
0 / > X Il—DMM
-12

(b) The common mode and differential mode

Th 1 h
(a) The total current on the top conductor currents on the top conductor

A
A

I I2_cMm(x)
1/2 /
I2(x) 0 } > X
0 > x I2 pM(X)
-12
(c) The total current on the bottom conductor (d) The common mode and differential mode

currents on the bottom conductor

Figure 2-36: Current distributions at low frequency.
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A DLoMx =12
I _T —
—> L-> I
B I2_cm(x,t)=1/2 D
(a) The common mode currents
A I1_pm(x,t) C
—
nd e
<+
B I2_pm(x,t) D

(b) The differential mode currents

Figure 2-37: The common mode and differential mode currents on the top and bottom conductors.
From Figure 2-37(a), the voltage generated by the common mode currents is given by
/ .
VADiCM = E [R+ jo(L+ M)] (2-58)

From Figure 2-37(b), the voltage generated by the differential mode currents is given

by

Vip ou :izo|: . 1 + 1 :| (2-59)
- 2 sinh(y) tanh()/)

According to basic circuit theory, the total voltage across A and D equals the sum of

the voltage generated by the common mode and differential mode currents separately, or

1 1 1 1
V,,=V +V =—[R+jo(L+M)|I+—Z + 2-60
AD AD_CM AD DM 2[ Jo( ) > OLinh(yl) tanh(yl):| ( )

Therefore, the impedance of Z,p is given by

Zp=

Vi:R+JaJ(L+M)Z+ﬁ{ 1 1 } 2-61)

+
1 2 2 | sinh() tanh(¥)
It is evident that these are the same as equation (2-23).
The common mode currents are evenly distributed in the two conductors, each equals
half of the total input current. The differential mode currents are actually internal

balanced currents that cause the high frequency conventional transmission line effects.

The fundamental series resonant frequency shows the resonance between the inductance
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(L+M)1/2 which is seen by the common mode current and the capacitance which is seen

by the differential mode current.

The wavelength, from (2-10), is given by

PR S (2-62)

F2(L-M)C

From (2-24), the equivalent series resonant inductance is approximately

1

fo= (2-63)
27\[(L+M)C /2

Provided the same series resonant frequency, the higher frequency peaks cannot be

pushed up to a higher frequency by reducing C because the structure length has to be

increased by the same value while the wavelength becomes larger. The only method may

be reducing the value of (L-M), or making a better magnetic coupling between the

conductors.

The input impedance of a conventional transmission line, as shown in Figure 2-22, also

has series resonance characteristics. The key differences between these two methods are:

(M

2

The generalized transmission line as Figure 2-13 utilizes almost the total
inductance of the structure as the resonant inductance while the conventional
transmission structure just utilizes the leakage inductances. Because the leakage
inductance is generally much lower than the self-inductances and it causes high
frequency oscillations, the conventional transmission line structure may not be

suitable for power integrated series resonators.

The resonance of a conventional transmission line occur periodically when the
structure length equals integer multiples of A/4. Therefore, the distance from the
first series resonant frequency and the first parallel resonant frequency is out of
adjustment. In terms of a series resonant transmission structure shown in Figure
2-13, since the causes of the fundamental series resonance and the high frequency
resonance are different, it is possible to minimize the high frequency resonance
peaks while keeping the fundamental series resonant frequency fixed. This is

another advantage over the conventional series resonant transmission line.
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2.8. Conclusion

An L-C cell is a basic building block of integrated passives such as an integrated series
resonator. However, the well-known conventional transmission line equivalent circuit as
well as the equations are not applicable for the unbalanced current in an integrated
passive module. This chapter presents a generalized transmission structure theory that
applies to both balanced and unbalanced current. The conventional transmission line is
just a special case when I;(x,t)=-I(x,t).

The impedances of a generalized transmission structure with various loads and
interconnections have been studied. An open-circuited load and a short-circuited load
lead to series resonance and parallel resonance, respectively. In addition, this theory has
been extended to cascaded structure. The equations are substantiated with experimental
results. Some preliminary study indicates the advantages of this unbalanced current
passives integration technique. Since the existing integrated passive components are no
other than some combination of this generalized transmission line primitive, the
theoretical analysis may be applied to the further modeling of all integrated passive

components.
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Chapter 3:  Multi-conductor Generalized Transmission
Structure

3.1. Introduction

A realistic integrated passive module is far from a simple two-conductor transmission
structure due to the magnetic and capacitive coupling between sections of the windings,
as illustrated in Figure 3-1. Therefore, the model presented in Chapter 2 is not sufficient
to model a practical integrated passives structure which can be clearly seen from the
significant difference between the model and the measurement results, as shown in

Figure 3-2.

Magnetic Coupling ’ ‘

Capacitive Coupling 4

Figure 3-1: Magnetic and capacitive coupling between sections of windings (top view, spiral winding

structure)
10 100
------ Two-conductor model ~:'\
K
. \ — Measurement results o
10 =T
\
P
o L]

T / V- _
£ 8
e ¥ g
@ 0 —
-}
3 ]
5 10 AV/ 3
= \‘ { \/V

10" v

10" 100

10° 10" 10° 10°
Frequency (Hz)

Figure 3-2: Discrepancies between the two-conductor model and the measurement results of an integrated
series resonator.
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A typical ISRM structure is shown in Figure 3-3(a). With high permittivity dielectric
ceramic substrate in between, the top conductor is in solid line and the bottom conductor
is in dashed line. Taking a cross-sectional view into the structure, a building block with
coplanar conductor on both sides of a dielectric substrate can be obtained, as shown in
Figure 3-3(b). As a further step to model any practical integrated passive components,
this chapter presents the extension of the generalized transmission structure theory
developed for the two-conductor approach. The developed multi-conductor transmission
structure theory will be applied to the modeling of integrated power passives with various

structures.

(a) A building block of an ISRM structure

W ——d—p— W —

Conductor /_le' I_\ Conductor
]

a

T
gr ng Ceramic Dielectric Material t
] ]
Conductor Conductor

(b) The cross-sectional view

Figure 3-3: The cross-sectional view of a building block of an ISRM structure.

3.2. Coplanar Structure Capacitance Calculation

In the modeling of the basic building block structure shown in Figure 3-3(b), the
determination of the capacitive coupling between conductors is one of the key issues. The
capacitance per unit length between a top conductor and its corresponding bottom

conductor can be easily obtained using equation C=goe,w/t. However, the capacitance

-62 -



between two adjacent conductors on the same side of a dielectric substrate is still to be

calculated.

The total inter-electrode capacitance per unit length is considered as the sum of the
capacitance in the upper region (air) Cg and the capacitance in the lower region
(dielectric) Cgqg, as shown in Figure 3-3(b). Since the relative dielectric constant of the
substrate is assumed very large (typically >80) compared to that of the surrounding
medium, all of the flux is considered confined to the dielectric while the fringing
capacitance can be neglected [28]. A Schwarz-Christoffel transformation is used to map
the Z plane of Figure 3-4(a) onto the ® plane of Figure 3-4(b). An inverse Schwarz-
Christoffel transformation is then used to map the ® plane of Figure 3-4(b) onto the {
plane of Figure 3-4(c). The dielectric region shown shaded in the Z plane maps onto the
shaded regions in the ® and C planes. Thus, the capacitance calculation is reduced to the
elementary calculation of the capacitance of parallel plates.

Ay
d/241t wd/2+it
L ]

727 i

z-plane

. >
2 wHd/2 x
(a)
w-plane v
&7
)G
A B C S I.)_>u
o 3 0
(b)
A‘.l?
¢-plane
R - o/ 2+1ws
e (L'f'
|/ (:'“: 0/2+iv;
B ®0/2+iw
{(
-0/2 ‘ 0?2 >$
()

Figure 3-4: Schwarz-Christoffel transformation.
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The mapping relating the Z and o planes is readily obtained by the method of Schwarz-
Christoffel as

=2 tanh = (3-1)
2t 2t
so that,
=" tanh ™ (3-2)
2t 4¢
T z(w+d/2)
=—tanh——— 3-3
p 2t 2t (3-3)
T 1
ym (3-4)
2t tanh z(w+d/?2)
2t
V4 1
== (3-5)
2 tanh L
4¢
Similarly, the transformation relating the { and o planes is
do (3-6)

¢= JO \/(wz _az)(wz —92)
According to [29][30][31], it is obtained that

22
vi=v,—v, =" do :ldn-‘(ﬁ,k;j _1p sin"w/%,k; (3-7)
7\/(wz_az)(92_wz) 7 7 0 0" -«

o = 20 2 k(k,) (3-8)

0\/(602_0[2)(0)2_02) :9

in which,

F(¢,k,) = the incomplete elliptic integral of the first kind for the argument ¢ and
modulus k.

F(¢,k}) = complement of F(¢,k, )

ky = (3-9)

a
0
Ky = 1-k? (3-10)

K(ky) = the complete elliptic integral of the first kind

From above equations and Figure 3-4(c), it is obtained that
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Cp = 205, % (F/m) (-11)

Table 3-1 demonstrates three prototypes of this symmetric coplanar structure, each with
different parameters. The calculation results correlate well with the measured results,

with only less than 3% error.

Table 3-1: Inter-electrode capacitance calculation examples

Pictures Parameters Calculation results Measured results

w=100mil
d=20mil
1=27.8mm C=881pF C=860pF
t=0.33mm
€,=14000

w=156mil
d=30mil
1:27.8mm C=627PF C:610pF
t=0.33mm
£=14000

w=225mil
d=39.5mil
1=25.8mm C=461pF C=468pF
t=0.33mm
£~=14000

The normalized capacitance per unit length of the structure shown in Figure 3-3(b) is
plotted as a function of d, w and t in Figure 3-5. From Figure 3-5, Cyq drops dramatically
with an increasing d and increases with t. However, the value of Cyq is not sensitive to the
variation of the conductor width w, as illustrated in Figure 3-5(a). Therefore, a large
spacing between winding turns rather than a smaller conductor width can really help to

reduce the inter-winding capacitance.
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(a) Normalized capacitance versus d and w when t=0.33mm.
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(b) Normalized capacitance versus d with various t when w=2mm

Figure 3-5: Normalized Cyq as a function of d, w and t.

3.3. Formulation of Generalized Multi-conductor Transmission Structure

Let us consider the n-cell integrated passives structure depicted in Figure 3-6,
comprising 2n parallel conductors. The whole structure with a length / is supposed to be

uniform along the longitudinal x axis.

Figure 3-6: An n-cell integrated passives structure.
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Neglecting the losses for clarity of presentation, the equivalent circuit of the structure

is shown in Figure 3-7.

Gi-2,i Gi,i+2
| WA
[ Ci2,ig 11 Cii+2
...... 1l 1l
Ciigf| S Gijit
Ci-Li+11] ) I
| 1TCi+1,i+3
Li
GiAi+1 Gi+l,i+3
L]
. Mi,i+
[ ]
o ° Lit+1
o o
Ri+1

Figure 3-7: The lossless distributed equivalent circuit of the structure in Figure 3-4.
Apparently, the modeling should be based on matrix representation due to the magnetic
and capacitive coupling between more than two conductors. Taking the basic circuit
equations and using the phasor representation, the basic voltage and current equations can
be obtained. Vi(x) and Ii(x) (i=1,2,3,...,2n) represent the voltage and current on the i"
conductor, respectively.

The conductor voltages

d . w
_EVl(x) = (R + joL)I (x)+ ;]a)Ml,ili(x)

d . . 2n

=LV = JOM, 1)+ (R, + Jl) o (x) + S joM, 1)

=LV (3) = £ M, 1,00 + (R + 0L + 3 joM, 1,2 (3-12)
X i=1 i=4

d 3. . n
_EVA}C) = ZZIJWMMI,'(X)"' (Ry + joL)I,(x)+ EJWMMI,'(X)

d 2n-1 .
- aVvZn (x) = ;]wMZn,i]i(x) +(R,, + joLy,)1,,(x)

The current flowing through each conductor

d . . . .
- Ell (x)=(G, +joC,, +G; + ]a)cl,z)Vl (X) = (G, + jaC )V, (x) = (G, 5 + ]a)cl,z)Va(x)
d . . . .
’;Iz (%) ==(Gy, + jOC LV (X) + (G, + joC, + G, 4 + joC, V(%) = (G, 4 + joC, 4 )V, (x)
d , . . . : . (3-13)
—Elz(x) =G5+ joC V(%) + (G 3 + joC, 5 + Gy, + joCs 4 + Gy s + joCy )V3(xX) = (G 4 + jCs V(%) = (G 5 + jaCs 5)V5(x)
d . . . . . .
- ;IA () ==(Gyy + jOC, V(%) = (Gy 4 + jOC5 IV3(x) + (G y + jOC, 4 + Gy 4 + jOCs 4 + Gy g + jOC, )V (X) = (Gy 6 + JOC, )V (x)

d . . . .
- 512/171 (x)= _(GZ/zf_?,Z/zfl +JOCy, 50, Vo, (x)+ (GZ/zf_?,Z/zfl +J0Cy, 32,0+ Gypyny ja}cl»wfl,Zn)I/Z/zfl (x) - (GZ/zfl,Zn +joCy, 15,5, (X)

d . . . .
- EIZH (%) = (G200 + JOCy, 52V 202(X) = (G20 + JOCoy 120V 21 (%) + (G + T OCy, 5 + Gy + JOCo, 15, )V2 ()
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in which the calculation of the co-planar inter-electrode capacitance Cij:» (i=1,2,3,...,2n-
2) has been given in section 3.2.

Presenting in a matrix form, we have

_i V=71
‘zc (3-14)
-——I=YV
dx
in which,
_Rl + joL, JjoM,, JoM |, JjoM, , JoM,,, JoM,,, ]
JoM, R, + joL, JoM, , JjoM, , e JoM,,, JoM, ,,
JjoM;, JoM;, Ry + jolL, JoM, , JoM,, JoM,,
7= joM,, JoM,, joM,; R, +jol, - JoM ,, JjoM,,, (3-15)
JoM,, ., joM,, ., joM,, s joM,, ,, - R, +joL, , joM,, ,,
L jwMZn,l ja)M2n,2 ja)M2n,3 ja)M2n,4 o ja)MZn,anl R2n + ijZn i
Gia+ joCy2 + Gy + joCy; Gz +jCi) (Gt jC3) 0 0
“GatjeCy) Gt el + Gyt joCyy 0 (G + joCy ) 0
roly  ~Gatiecy 0 G+ JjoCi3 + Gy + jaCs 4 + G + joCys (G joCy ) - 0
- 0 —(GyytjaCyy) —(Gy 4+ joCy4) Gyt joCyy+ Gyt joCyy+Gyg+ joCse - 0
{1 (:1 <;1 (:> Gznfz_mf/")Cszz‘zn:*Uznf!,zn";/(U(‘znf!,zn
(3-16)
V= [Vl V, Vs Vi - Vo, Vzn]T (3-17)
I:[Il I, I, I, - I, Izn]T (3-18)
Two sets of coupled wave equations can be obtained from (3-14) by variables
elimination.
d>
-—V=2YV
dx (3-19)
d 2
-—1=YZ
dx

For the purpose of decoupling the equations, a transformation matrix T is introduced
relating real voltage V to modal voltage V [32] such that
V=TV (3-20)

Similarly,
1=wWI (3-21)

Substituting (3-20)(3-21) into (3-19), it yields
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d2

—V=(T"'ZYT)V
dx 322
e (3-22)
L 1=wW'yzwi
e ( )
We must find that
T'ZYT=W'YZW =y’ =diagly].y3.73.74, 72} (3-23)

T is composed of 2n linearly independent eigenvectors of ZY and W is composed of 2n
linearly independent eigenvectors of YZ.
After decoupling, each row of (3-22) is in the standard form of a transmission line

equation. Seeking solutions to (3-22), it can be found out that

(3-24)

(3-25)

7 _7 ~V2nX 7 veres
12}1 (X) - 1211(a)e + 12n(b)e

To establish a link between modal voltages and modal currents such that

L(x) =Y, (Ve +V,,e") (i=1,2,34,....2n) (3-26)

wi

the characteristic wave modal admittances
\A(w = diag{YAwl > )}wz 5 YAws > ?‘1/4 PR I}wzn } (3-27)

need to be obtained so that

(3-28)

V,

w> 1w and V, , I, represent the incident wave and reflected wave, respectively.

Considering one of the equations in (3-14), and replacing natural quantities by modal

ones, we have
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Y, =(T"Z ' Ty (3-29)
The characteristic modal impedance
zw = Q;l = dlag {Z’\wl b ZAwZ s ZAw3 ’2w4 sttt ’2w2n } (3-30)

From (3-20)(3-21)(3-24)(3-25)(3-26), we get the modal solution of the multi-

conductor transmission line equations as

A 2n ~ A
V&) =TVEX) =2 t, (Ve +Ve"™)
i

. (3-31)
I(x) = WI(x) = EWiYw[(Vf(a)eiy'x - V[(h)em
or
V=Te " T'TV, + T "T'TV,,
. . R (3-32)
I=WY T (Te""T"'TV, —Te""T'TV,,)
where ¢ and ¢'* are diagonal matrices
e’ =dia e*'m,e*)':x,e-yxx’e*hx’ . ,.’e-z'znl’
A g1 7 N H (3-33)
e’ =diag{e™, &>, &, &,

and V, and V,, are column matrices collecting the amplitudes of the incident and

reflected waves of the modal voltages at x=0, respectively.

1(a) 1(b)

2(a) 2(b)

| 3 G| T
V(a)_ A ’ V(b)_ A (3-34)

4(a) 4(b)

_Vln(a)_ L Zﬂ(b)_

Referring to (3-32), we introduce the following quantities:

incident wave amplitudes of real voltages:

A

Vo =TV, (3-35)
reflected wave amplitudes of real voltages:

Ve =TV, (3-36)
incident wave amplitudes of real currents:

I, =Y,V (3-37)
reflected wave amplitudes of real currents:

Ly ==Y, Vg, (3-38)

characteristic wave admittance matrix in natural coordinates:

Y, =WY, T'=2'T=vyr" (3-39)
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characteristic wave impedance matrix in natural coordinates:
Z,=Y'=T"Z=1Y"

in which,
r=TyT"

Denoting that
EXP(#I'x) = Te*™" T

COSH(I'x) = %[EXP(H“x) +EXP(-T'x)]

SINH(I'x) = %[EXP(+Fx) — EXP(-Tx)]

Equation (3-32) can be rewritten as

V(x)= %[EXP(H"x) + EXP(-Tx)]V(0) - %[EXP(H"x) — EXP(~I'x)|Z.,,1(0)

I(x)=-Y, %[EXP(H"x) —EXP(-T'x)[V(0)+Y,, %[EXP(H“x) +EXP(-I'x)|Z,,1(0)

in which,

(7,0 ]
1,(0)
V(0) =| 75(0)

1V2,(0)]

L0 ]
1,(0)
10)=| £,(0)

| 15,(0) ]
Vi(x)
V,(x)
V(x) =] V3(x)
Vy, (%)
1,(x)
1,(x)
I(x) =| I;(x)
1,,(x)
Equation (3-45) can be presented as

V(x) = F, V(0) + G, 1(0)
I(x) = F,V(0) + G,1(0)

-71 -

(3-40)

(3-41)

(3-42)

(3-43)

(3-44)

(3-45)

(3-46)

(3-47)

(3-48)

(3-49)

(3-50)



in which,

F, (x) = %[EXP(H‘x) + EXP(-I'x)|= COSH(I'x) (3-51)
G,(x)= —%[EXP(H"x) —EXP(-Ix)]Z,, = —SINH(I'x) - Z,, (3-52)
F,(x)=-Y, %[EXP(H"x) — EXP(-Tx)]=-Y,, -SINH(I'x) (3-53)
G,(x)=Y, %[EXP(H“x) +EXP(-I'0)]Z,, = Y, -COSH(I'x)- Z,, (3-54)

These allow us to determine V(x) and I(x) in terms of V(0) and I1(0),

{V(X)} _ {Fv () GV(X)}[V(O)} ~FG(x) _[V(O)} (3-55)
Ix) | [F()  Gi(x) | 10) 1(0)

3.4. Application of Multi-conductor Transmission Structure to Integrated

Passives

Excited by the idea of cascaded transmission structure discussed in section 2.5, the L-C
cells in a multi-conductor structure can also be connected in a similar method. Figure 3-8
shows the interconnections between L-C cells as a series resonator and a parallel
resonator. A typical impedance of a 3-cell series resonator shown in Figure 3-8(a) is
illustrated in Figure 3-9 while that of a parallel resonator shown in Figure 3-8(b) is
illustrated in Figure 3-10. The details of calculation will be presented in Chapter 5.
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L
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(a) Series resonator (b) Parallel resonator

Figure 3-8: Interconnections for series resonator and parallel resonator.
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Figure 3-9: Typical impedance of the series resonant structure shown in Figure 3-8(a).
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Figure 3-10: Typical impedance of the series resonant structure shown in Figure 3-8(b).
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3.5. Conclusion

As a more generalized study of distributed passive structures, two-conductor
transmission structure model presented in Chapter 2 has been extended to the modeling
of multiple conductors. As multiple two-conductor structures are putting together in
parallel, both magnetic and capacitive coupling between cells need to be considered as
well. To determine the capacitance between two adjacent conductors on top of the same
dielectric substrate, Schwarz-Christoffel transformation and its inverse have been applied
with the calculation results verified by measurement. Based on the original voltage and
current equations written in matrix form, state space transformation has been conducted
to decouple the voltages and currents so that the equations can be solved easily. Through
modal analysis and matrix manipulations, the relationship between voltage and current at
one point and those at another can be determined. All these provide the basis for any
further modeling of an integrated passive structure. The possible applications to

integrated resonators have also been discussed.
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Chapter 4: Case Study: The Frequency Plane Modeling of
the Conventional Spiral Winding Structure
Integrated Power Passives

4.1. Introduction

In Chapter 2 and Chapter 3, two-conductor and multi-conductor generalized
transmission structures and their formulations have been introduced, respectively. In this
chapter, these generalized transmission structure equations will be extended and applied
to the modeling of the conventional spiral winding structure integrated passives (see

Figure 1-12).

4.2. Modeling of a Conventional Structure Integrated Passives

An integrated L-C module can be divided into 5 sections, from A to E, as shown in
Figure 4-1. Of the 5 sections, B and D are already perfect parallel multi-conductor
transmission structures. However, equations in Chapter 3 cannot be applied to section A,

C and E unless appropriate transformations can be conducted.

From the two-conductor transmission structure equations, it is noted that the
characteristics would not change as long as the product of y (propagation coefficient) and
| (structure length) does not change. From equation (2-8), same vyl leads to
same Rl, GIl, LI, Ml and CI, or same total impedance. Therefore, theoretically, the
impedance per unit length can be changed to suit the normalized length of a section while
keeping the characteristics of that section still the same. As a result, all conductors in the
same section can be normalized to the same length. The numbering of the conductors of a
3-turn integrated passives structure is shown in Figure 4-2(a). The entire module can be
treated as 5 sections of multi-conductor transmission structures with their

interconnections shown in Figure 4-2(b).
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Figure 4-1: 5 sections of a conventional structure integrated passives (top internal view).

c1
C3
cs
Bl B3 B5 D5 D3 D1 High ¢
Dielectrics
E5
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El c4
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B2 y D6 D4 D2
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E2
(a) Conductor numbering
* Al Bl c1 D1 El J
A2 B2 2 D2 E2
A3 B3 c3 D3 E3 = |
A4 B4 c4 D4 E4 CHEEEE
—= A5 BS cs D5 E5
A6 B6 c6 D6 E6 =

—|<— lao —>|<— Io —>|<— Ico —>|<— Ipo —>|<— Ieo —>|

(b) Equivalent cascaded multi-conductor transmission structures.

Figure 4-2: Conductor numbering of a 3-turn structure and its equivalent cascaded multi-conductor

transmission structures.

The normalized length of each section

1A0:(lin'lcore)/2+n(W+d)_d (4- : )
1B0:lD0:100rc (4_2)
1COZVVi11-"_2V\/—}_lin'lcorc (4_3)
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lEOZWin+W' d+(lin' lcorc)/2 (4-4)

in which n is the number of turns and liy, Win, lcore, Weore have been given in Figure 4-1.

The real length of each conductor track

Lar=lar=lao (4-5)
Ias=las=1agH(n-2)(W+d)+d (4-6)
lazii=lazi=lagt[n-2(-1)](w+d)+d  (i=2,3,...n) (4-7)
15=Tgo (4-8)
lozio=le=leet4(m-i)(w+d)  (i=1,2,...n) (4-9)
Ip=Ipo (4-10)
lgzii=lg=lget2(n-1)(w+d)  (i=1,2,...n) 4-11)

The real length of an inter-winding gap with which two adjacent conductors are

involved
La13=1a2.4=1a0 (4-12)
laiio= laiotw  (i=3,4,5,...2n-2) (4-13)
Igii02= lo (i=1,2,3,...2n-2) (4-14)
leio=leia 2w (i=1,2,3,...2n-2) (4-15)
Ipii+2= Ipo (i=1,2,3,...2n-2) (4-106)
lgiio=lgintw  (1i=1,2,3,...2n-2) 4-17)

In the capacitance matrix Cx of each section (X=A,B,C,D,E),
CX2i—l,2i = szf,zf-l = CulXZi—l,Zi /1o (F/m) (i=1,2,3,...n) (4-18)
CXZi—l,ZiH = CXZi,2i+2 = CngZi—l,ZHl /1o (F/m) (i=1,2,3,...n-1) (4-19)
while all the other elements in matrix Cx are 0.

in which,

C=tgoe,w/t (F/m) (4-20)

g

C, =¢gy¢, ﬁ(F/m) (see Chapter 3) (4-21)
o

Since the structure-based inductance calculation is not the main focus of this modeling

work, the lumped inductance matrix of the conductors of each section Lx¢ (X=A,B,C,D,E)
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can be obtained by FEM simulation. The matrix of inductance per unit length Lx of each

section (X=A,B,C,D,E) can be obtained by
Lx =Lxo/Ixo (X=A,B,C,D,E) (4-22)

Thus each section in a spiral winding structure integrated passives can be transformed
into an equivalent standard multi-conductor transmission structures while keeping the
total inductance and capacitance associated with each conductor still constant after the

transformation.

Equations (3-12)-(3-55) can be applied to each section after transformation. These

allow us to determine V(x) and I(x) in terms of V(0) and I(0) of each section.

Vi(xy) _ Fy(x,) Gya(xy) VA(O):|=FGA()CA)~|:VA(0):| (4-23)
L Ta(x) ] [Fu(x) Gu(x,) | 1,(0) I,(0)
Vi (xp) _ Fyg(xz) Gyglxy) VB(O):|=FGB(XB)-|:VB(O):| (4-24)
| Le(xp) | [ Fie(x) Gr(xg) | 1:(0) I;(0)
Vo) | _[Fye(xe) Gyelxc) VC(O)}:FGC(XC){VC(O)} 425)
L Lc(xe) | [Fie(xe) Gre(xe) | Ic(0) I.(0)
Vi (xp) ] _ [Fyp(x)) GVD(xD)__VD(O):| =FGD(x ).|:VD(0):| (4-26)
1) ] [Fip(xp) Gpp(xp) ] 1,(0) YL
'V, (x, )} _ {FVE () Gyp(x, )}{VE (0)} _ FGE(x,). {VE (0)} (4-27)
_IE('xE) Fie(xz) Gg(x;) | Ig(0) 1:(0)

For a conventional spiral-winding structure integrated series resonant module, the

voltage boundary conditions are given by
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Vi) =V (0)
Vo (L) =V, (0)

Voi2a Lso) =V, (0)
Vi (Upg) =V, (0)
Vi, (130) = V('z )

V2 (130) =Ve2,(0)
Ver(eo) = Vi (0)
Vea(ley) =V, (0)

Vea o) =V, (0)
Voi(Upo) =V, (0)
Vpalpe) =V (0)

Voo Upo) =V, (0)
Vir(lgo) =V 45(0)
Via(lpo) =V 44(0)
Vis(Uge) =V ,5(0)
ViaUpo) =V 46(0)

Virns(Ugo) =V 42,4 (0)
Vezua(Ugo) =V 12,(0)

The current boundary conditions are given by
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IA](O) =1
1,0)=0
14(14) =15(0)
1,(140) =14,(0)

15, (L40) =155, (0)
Iy (130) =1 (0)
[BZ (130) = Icz ()

Iy, (IBO) =1c,,(0)
IC] (lco) = ]Dl (O)
Ic2(lc0) = IDZ(O)

Ies, (lco) =1p,,(0)
[DI(ZDO) = 151(0)
IDz(lDO) = 152(0)

Iy, (Ipg) = 1,,(0)
Iy (lgo) =1,5(0)
[EZ(ZEO) =1,,(0)
Iy5(1ge) =1,5(0)

Iy () =1,45(0) (4-29)

Lo 3(py) =1 4, (0)
Ipos (ZEO) =1,,,(0)
I (lEO) =0
Tppu(lgo) =1

From the boundary conditions above, we have
P-VI(0)=Q
(4-30)

in which,

1~4n:1~4n:1~4n:1~4n:1~4n

[FGA -E O 0] O |U~4n

O FGB -E O O |U~4n

o O FGC -E O |J~4n (4-31)
o o O FGD -E |}l~4n

El O o O FGE1|}1~4n-2

E2 O o o o [}1~2
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V(0]
I,(0)
Vi (0)
I;(0)
V. (0
VI(0) = <O
1.(0)
V5 (0)
1,(0)
Ve (0)
| 15(0) |
Q= o 01 1 o
1~4n
10 0 0 0
0 00 0 0
0 0 0
E=
0 0 0
00 - 00 0
10 0 00 0 1
1~2n 1~2n
(0 0 -1 0 00 0 0
0 0 -1 00 0 0
00 0 0 100 0 0
0 0 0 - 00 -1 0
El=
0 0 0 - 00 0 -1
00 0 0 0 00 0 O
0 0 00 0 0
i 0 0 00 0
1~2n 1~2n
00 01 00
E2=
00 - 0010
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1~4n

1~2n-2

1~2n

(4-32)

(4-33)

(4-34)

(4-35)

(4-36)



[ FGE, () |
FGE,.()

FGE,,,.())
FGE,,,,. (D)
FGE,,,.())

FGE1 = (4-37)

L FGE4n,: (l) i
in which FGEy.() (i=1,2,...2n-2,2n+1,2n+2,...4n) represents the i row of FGE(/).
Thus, VI(0) can be obtained from) by (4-30)
VI(0)=P'Q (4-38)
When a total current I flows through the module, the voltage across A and B is given by
Vig =V (0) =V, (1) (4-39)

Therefore, the total impedance Z,p can be simply obtained as

Zy=Vyll (4-40)

4.3. Case Study

4.3.1. A Prototype and The Technical Parameters

A 3-turn integrated series resonant module prototype has been constructed with its

pictures and parameters shown in Figure 4-3 and Table 4-1, respectively.

uil 1 .ll."l_l”||'|||1||||||||||||'|
[ 4« S

INCH 1 18THs 2

',1l|‘|||||||||l:l|l|iaI|I|I|f-- \

(a) The winding pattern
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(b) The module

Figure 4-3: The pictures of the prototype.

Table 4-1: Parameters and dimensions

W S

d 26.51nil

t (). 33mum
Wi, 11.2mm

Iy 30 2mm

Iy 3

£ 14000

Magnetic Philips E43/10/25-3F3 and

COre PLT43/28/4-3F3

4.3.2. Parameters Extraction

To obtain the inductance of section A, C, E and B, D, MAXWELL Q3D and 2D

simulations have been done, respectively. The schematics are shown in Figure 4-4.
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PAEe E

Err—
[D)=E) AR (o] Bl R Sl @2 Qe @

Maswell % Version £.0.20  Copyeight 1364-2001 Ansofr Csrporation

(a) Schematics for section A, C and E

(b) Schematics for section B and D

Figure 4-4: MAXWELL simulation schematics for different sections.

The inductance matrices of the 5 sections obtained from MAXWELL simulation are

given below:

Lao=

[5.6291e-009 4.986e-009 2.2958e-009 2.2699¢-009 8.5282e-010 8.5406e-010
4.986e-009 5.583e-009 2.2763e-009 2.2714e-009 8.4834e-010 8.5126e-010
2.2958e-009 2.2763e-009 5.9963e-009 5.235e¢-009 1.4406e-009 1.4342¢-009
2.2699¢-009 2.2714e-009 5.235e-009 5.9533e-009 1.4227¢-009 1.4305e-009
8.5282e-010 8.4834e-010 1.4406e-009 1.4227e-009 2.2447e-009 1.9367e-009
8.5406e-010 8.5126e-010 1.4342e-009 1.4305e-009 1.9367e-009 2.2557e-009]

Lpo=

[7.1837E-007 7.174E-007 7.1143E-007 7.116E-007 7.0776E-007 7.0793E-007
7.174E-007 7.1999E-007 7.1188E-007 7.1215E-007 7.0816E-007 7.0835E-007
7.1143E-007 7.1188E-007 7.2119E-007 7.1995E-007 7.1576E-007 7.1599E-007
7.116E-007 7.1215E-007 7.1995E-007 7.2226E-007 7.1598E-007 7.163E-007
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7.0776E-007 7.0816E-007 7.1576E-007 7.1598E-007 7.2744E-007 7.2623E-007
7.0793E-007 7.0835E-007 7.1599E-007 7.163E-007 7.2623E-007 7.2859E-007]

Lco=

[2.5638e-008 2.3222e-008 9.2204e-009 9.2949¢-009 3.3056e-009 3.3134e-009
2.3222e-008 2.5431e-008 9.1429e-009 9.3006e-009 3.2781e-009 3.2902e-009
9.2204e-009 9.1429¢-009 1.4226e-008 1.2807e-008 4.3601e-009 4.3566e-009
9.2949¢e-009 9.3006e-009 1.2807e-008 1.4496e-008 4.3505e-009 4.3886e-009
3.3056e-009 3.2781e-009 4.3601e-009 4.3505e-009 7.1952e-009 6.4201e-009
3.3134e-009 3.2902¢-009 4.3566e-009 4.3886¢-009 6.4201e-009 7.2168e-009]

Lpo=

[7.1682E-007 7.1585E-007 7.0989E-007 7.1006E-007 7.0624E-007 7.0642E-007
7.1585E-007 7.1844E-007 7.1034E-007 7.1061E-007 7.0664E-007 7.0683E-007
7.0989E-007 7.1034E-007 7.1967E-007 7.1843E-007 7.1426E-007 7.1449E-007
7.1006E-007 7.1061E-007 7.1843E-007 7.2074E-007 7.1448E-007 7.148E-007
7.0624E-007 7.0664E-007 7.1426E-007 7.1448E-007 7.2593E-007 7.247E-007
7.0642E-007 7.0683E-007 7.1449E-007 7.148E-007 7.247E-007 7.2704E-007]

Lgo=

[1.586e-008 1.4265¢-008 6.6234e-009 6.5818¢-009 3.0758e-009 3.0667e-009
1.4265e-0081.5745e-008 6.5687e-009 6.5801e-009 3.0607e-009 3.0569e-009
6.6234e-0096.5687e-009 1.0597e-008 9.4594e-009 3.9364e-009 3.9041e-009
6.5818e-0096.5801e-009 9.4594e-009 1.0591e-008 3.9091e-009 3.9106e-009
3.0758e-0093.0607e-009 3.9364e-009 3.9091e-009 6.3442e-009 5.6219e-009
3.0667e-0093.0569¢-009 3.9041e-009 3.9106e-009 5.6219¢-009 6.3342e-009]

4.3.3. Calculation Results and Small-Signal Measurement Results

In practice, an integrated passive module is always used with input leads, connecting to
either a circuit or a measurement setup. Therefore, the measured impedance also includes
the impedance of input leads that may not be negligible at high frequency. In this
calculation, the inductance of each lead is assumed to be Ly,=15nH.

The calculation and measurement results are compared in Figure 4-5. They correlate

well with error within 10%.
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(b) Measurement results

Figure 4-5: Calculation results and measurement results.

- 86 -



4.3.4. Large Signal Measurement Results

To wverify the accuracy of the proposed model at large signal, a large-signal
measurement setup shown in Figure 4-6 has been developed. The LC module under test
is the one shown in Figure 4-3. A 0.0974Q precision shunt is used to measure the current.
Varying the frequency of the sinusoidal output voltage of the power amplifier, the
impedance of the integrated LC module at each frequency can be obtained by dividing V>
by V1/0.0974. The peak-to-peak magnitude of the input current is kept as 2A.

Signal Power
generator Amplifier Vi
+ —
0.0974Q shunt V2 |T
Load
0.89 Q

Figure 4-6: Large-signal measurement setup.

The small-signal and large-signal impedance measurement results are compared in
Figure 4-7. There is a good correlation between them. The significant discrepancy
between large-signal and small-signal measurement results around resonant frequency is
due to the waveform distortion introduced by the power amplifier. This can be seen from
the difference between the waveforms at resonant frequency as shown in Figure 4-8(b)

and those at other frequencies as shown in Figure 4-8.
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Large signal o

Impedance magnitude (Ohms)

Frequency (Hz)

Figure 4-7: Comparison between small-signal and large-signal measurement results
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Figure 4-8: Waveforms of V1 and V2 at various frequencies.

4.4. Discussion

Previous sections demonstrate the modeling process and calculation results of a spiral
winding structure integrated passive module. However, the causes of the high frequency

resonance are still to be identified.
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Firstly, overhang section A, C and E are outside the magnetic core and may have a
much lower coupling between conductors. Removing the inductance of section A, C and
E by letting inductance matrix La=Lc=LE=0, the calculated impedance is shown in
Figure 4-9(a). Compared with Figure 4-5, it can be seen that only the characteristics at
very high frequency range has changed a bit. The removal of La, Lc and Lk has little

effect on the 1%, 2™ and 3™ resonant frequencies.

Let us continue to study the influence of the leakage inductance of section B and D.
Assuming a perfect coupling at the in-core sections B and D, or Kg=Kp=I, the impedance
versus frequency characteristics are shown in Figure 4-9(b). Kg and Kp represent the
coupling coefficient matrix of section B and D, respectively. I is a matrix in which every
element is 1. From Figure 4-9(b), the high frequency resonance above the 3™ resonant
frequency disappears with a perfect coupling in section B and D while still having little

effect on the 1%, 2™ and 3™ resonant frequencies.

With the other parameters same as those in Figure 4-9(b), Figure 4-9(c) shows the
characteristics without taking lead inductance into account. Obviously, the 3™ resonance
is gone when L,,=0. Then its cause can be identified as the series resonance between the

lead inductance L, and the inter-winding capacitance C,.

From Figure 4-9(c) to (d), the spacing between turns d (see Figure 3-3) has been
increased to 3mm instead of 0.67mm. As a result, the 2™ resonant peak moves to higher
frequency. From section 3.2, the inter-winding capacitance decreases when increasing d.
Therefore, the 2™ resonant peak of an integrated passives may be ascribed to the parallel
resonance between the winding inductance and the inter-winding capacitance. This can
be verified by the impedance test results of the module at the terminal AD and BD, as
shown in Figure 4-10. As a series resonance interconnection, external terminals are
connected to A and D, as shown in Figure 4-10(a). The winding impedance at one side of
the substrate can be observed at the terminal BD shown in Figure 4-10(c). It is very
interesting that the impedance curve around the parallel resonant frequency in Figure
4-10(b) is almost the same as that of Figure 4-10(d). Thus, the high frequency 2™
resonant peak can be modeled as a parallel resonance between the winding inductance

and the inter-winding capacitance.
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Figure 4-9: Changing trends of the impedance when varying parameters.
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(b) Impedance test results at the terminal AD
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terminal BD

Figure 4-10: Impedance tests across terminal AD and BD.

4.5. Conclusion

Based on the modeling of multi-conductor transmission structures in Chapter 3, this
chapter presents the modeling of the conventional structure integrated series resonant
module. The spiral winding of an integrated SR module can be divided into 5 sections in
which only section B and D are standard multi-conductor transmission structures while
the other three sections are not. An impedance transformation has been conducted to map
section A, C and E into the corresponding equivalent multi-conductor transmission
structures in which all the conductors in each section are in the same length. Impedance
of the structure can be obtained by applying the voltage and current boundary conditions
to the transmission structure equations. The calculation has been verified by small-signal

measurement results. The causes of the resonance at different frequency range have been

identified.
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Chapter 5: Case Study: The Modeling of an Alternative
Multi-cell ~ Structure  Integrated  Reactive
Components

5.1. Introduction

A typical structure of an integrated series resonant module based on the spiral winding
technology [5][6] is shown in Figure 1-12. However, in this structure, part of the winding
is outside the core leading to ineffective utilization of volume. Additionally, the spiral
form copper winding on the ceramic dielectric material results in more mechanical stress
concentration due to the CTE mismatch between copper and dielectric material in
comparison to a linear structure. Since the ceramic substrates in an integrated resonant
module are generally very thin and fragile, the mechanical stress --especially in medium
and high power applications --and the insufficient mechanical protection of the overhang

outside the core results in a fragile construction.

Based on the basic L-C cell (see Chapter 2), this chapter presents an alternative
approach to the integration of reactive components and establishes the principles for its
design and operation. A PCB-mount chip-like structure which may have the potential to
be more manufacturable, modularizable and mechanically robust is proposed. Different
functional equivalents can be obtained by different PCB interconnections. The
experimental results confirm the functionality as integrated reactive components for
applications such as high frequency resonators.

In terms of the modeling of a multi-cell structure integrated passive module, the
theoretical analysis of the multi-conductor transmission structures (see Chapter 3) can be
easily applied to this structure. Interconnections between cells determine the voltage and
current boundary conditions with which the equations can be solved. The calculation
results are verified by small-signal measurement. The influences of the stray inductance

of interconnects and input leads are also discussed.

-03 -



5.2. Proposed Structure

To overcome the disadvantages of the structure shown in Figure 1-12, an alternative
structure is proposed. Development of the new structure can be explained by visualizing
the evolution of an L-C cell with a magnetic core, referring to Figure 5-1(a). Through a
different construction arrangement, the structure shown in Figure 5-1(b) avoids having an
undesirable overhang outside the core. The evolution from Figure 5-1(c) to (d) may
utilize the copper on a PCB as the interconnection. Figure 5-1(d) can be easily extended
to a multi-cell structure as shown in Figure 5-1(e). The dashed lines represent the
interconnections between cells. Consequently, it offers the opportunity to integrate the
reactive components as a PCB-mounted, user-programmable, chip-like module. The
detail of the proposed structure of the integrated module is shown in Figure 5-2.

The proposed structure has a copper-plated ceramic substrate enclosed in a planar
ferrite magnetic core with interconnections essentially in the third dimension by side-
straps in a dual-in-line fashion. Figure 5-2(b) shows the top view of the part inside the
magnetic core. Straight copper strips are plated on both sides of a high permittivity
ceramic in parallel with each other. Each pair of copper strips with the dielectric material
in between form an L-C cell. Four pins are connected to each cell with two on the top
copper layer and another two on the bottom copper layer. Each L-C cell is actually based
on the structure shown in Figure 5-1(d) with two more pins connected to top and bottom

copper layers respectively for the possible interconnections among the cells.

Dielectric

Ferrite

Dielectric
Material

(a) An L-C cell (b) Conductor folded underneath the core

Ferrite
Conductor

Dielectric Dielectric

Conductor

Ferrite

(c) Interconnections rearrangement (d) Using PCB as the interconnection
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Ferrite
Conductor

Dielectric

(e) Proposed structure

Figure 5-1: Conceptual evolution from an L-C cell to a new planar integrated reactive module.

s

(a) External view (b) Internal top view

s (] .

Copper Dielectrics Ferrite Core

(c) Front view

Figure 5-2: Proposed structure for integrated reactive components.

5.3. The First Order Models for Various Interconnections

A proposed lumped equivalent circuit model for one L-C cell is shown in Figure 5-3.

P hl
LH??H
e VWA Al
- 1 =1
- sz‘: / 2 -T — -1 Cum.t / 2
Dielectric B O LI VY O D
Lo Lo . Material it
L __ 27
(a) An L-C cell (b) The lumped model

Figure 5-3: An L-C cell and its lumped equivalent circuit model.

The inductance for an L-C cell
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L, :% (H) (5-1)

in which, A= effective core area (m?)
1= effective window perimeter (m)
l,= air gap distance (m)
1= permeability of vacuum (41x10"N/A?)

p,= relative permeability of the magnetic core

The capacitance for an L-C cell

_ 8087' Aunit (F) (5_2)

it =
in which, A= copper area for one L-C cell (mz)

hp= thickness of the ceramic tile (m)

go= permittivity of vacuum (8.854x10"*F/m)

&= relative permittivity of the dielectrics

Figure 5-4 shows some examples of the various interconnections and their equivalent
circuits. The dotted lines and dashed lines represent the copper strip on the PCB
completing the bottom part of the module. With different interconnections, we may
achieve integrated series and parallel resonators, a low-pass filter, a resonator-transformer
and an EMI filter as shown in Figure 5-4. The first approximation models and their
parameter calculations are shown in Figure 5-4 as well, in which N represents the number
of L-C cells in the connection.

4 L c
Aol o8B
L=N’L
C=NC,,;
(Large L, large C)

unit

B —""“‘

(@)
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A.o—ﬂéa\——ﬁ—o B
L= NZLunit
c=C,. /N

(Large L, small C)

(b)

A0V _|lo&
L = Lunit

C = NCunit
(Small L, large C)

(©

L=(2N)’L,,,
C=NC,, /4
(Large L, large C)

A'OISQKETO B
C
L=2N)'L,,
c=¢C,, /4N
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(d)

(e)

A O-E!U!j-o B
C
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L = NzLunit
P2
. C = NCunit
(2) Low pass filter
Lo C NN,
P1 oM : 51
51 ) -
P2 S2
2
L = Nl Lunit
5 C = Nl Cunit
."... _ P
N ' L2 - N2 Lunit
(h) Resonator-transformer
o P10k 0 P2
51 J- \ J_
& e C
s10 T N\{V\ T o2
L = N2Lunit
P2
- C = NCunit /4

(1) EMI filter

Figure 5-4: Various interconnections with their equivalent circuits.

5.4. Design Issues

The following presents only a first order approximation in modeling the structure for an

initial design. The following simplifying assumptions are made:

1). Fringing capacitance is negligible.

2). The current flow across the two skin depths of conductor is uniform.

5.4.1. Conductor Design

As a typical example, the design of a series resonant module is discussed in this section.

The resonant frequency of an LC resonant module is given by

1

o= i

(5-3)
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The definitions of the module dimensions are given in Figure 5-5. Taking into account
the skin effect, the conductor thickness h, is generally set to less than 2 times skin depth

at resonant frequency.

2 !
n [h 7

s

Figure 5-5: Definitions of the dimensions.

With the current density J fixed, the conductor width follows as

1
W= rms 5_4
i (5-4)

c

5.4.2. Dielectric Material Selection

Using dielectric material with relative permittivity € and thickness hp, the conductor

area needed to form the capacitance C is

C-h,

80 grD

Ay =

(3-5)

5.4.3. Magnetic Core Selection

With known hp, w, w and number of turns N, the minimum size core in which the
windings can fit is determined. The core window width wy, should be a little larger than

the width of the ceramic tile

wp = N(w+w,)+w, (5-6)
The core window height w, must be a little higher than 2h.+hp, in which hp is the
thickness of ceramic material.

From given Iy, L and By, the core middle leg cross-section area

I,L
4, =—"—=al (5-7)
BmaxN

in which / is the length of the core, a is the thickness of the core, as shown in Figure 5-5.

The total length of magnetic path
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l,=2(w,+w,)+4a (5-8)
The air gap length

:uO/uerAcore —l

L e
| =— & 5-9
i P (5-9)

Though an air gap is currently being used in the integrated resonant module design, it
should be noted that an air gap can adversely affect the field distribution, causing eddy
currents, particularly with planar conductors and multi-turn windings. The solutions to
the gap problem may be the use of a low-permeability magnetic material to act as a
distributed gap across the top and/or the bottom of the conductors [33][34] or the so-
called “quasi-distributed gap” technique [33][35].

If a design is achievable mathematically, the equation

Ay =N-I-w (5-10)
must be satisfied. If it does not, we may vary Bp,.x and J until it does.
5.5. Design Examples and Experimental Results

5.5.1. The Design Specifications

The design specifications for a series resonant module are shown in Table 5-1.

Table 5-1: Design specifications for a series resonant module

L Inductance 30uH
C Capacitance 77nF
Limns RMS current 2A
Lo Peak current 2.8A
fo Resonant frequency 104kHz
Binax Maximum flux density ~150mT

5.5.2. Technical Aspects of the Prototype

Based on the design equations in section 4.4, a prototype has been constructed with
planar core and ceramic dielectrics. The ceramic is directly metalized by RF sputtering

and subsequent electroplating the bulk of the copper layer on the ceramic. It is then
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patterned and chemically etched. Its dimensions and some technical parameters are

shown in Table 5-2. Figure 5-6 shows the photographs of the module.

Table 5-2: Technical parameters for the module

Magnetic core Philips E43/10/28-3F3
and PLT43/28/4-3F3

Air gap ~80um

Dielectric material Y5V

g, of the dielectric material 4400 (nominal)

Dimensions of the ceramic substrate 28mmx33mmx0.41mm

tand of the dielectric material 2% at IMHz

Width of the copper strips ~6mm

Copper thickness ~50pum

Dimensions of the module 28mmx43mmx 12mm

(a) External view (b) Internal view

Figure 5-6: Photographs of the prototype.

5.5.3. Test Results

5.5.3.1. Series resonance test

In order to test the series resonant characteristics, a PCB shown in Figure 5-7 is made
with the interconnections given in Figure 5-4(a). The magnitude and phase characteristics
with frequency are plotted in Figure 5-8, measured with an impedance analyzer
HP4194A. The series resonance occurs at around 104kHz and the first parallel resonance
at more than 10 times higher. The inductance and capacitance for the equivalent circuit

are 30.5uH and 77.4nF that fit our calculation (30uH and 77nF) well.
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Figure 5-8: Impedance analyzer test results for series resonance.

As a power test, the module is connected as part of a half-bridge converter, as shown in

Figure 5-9. The module is connected to the terminals A and B with C and D shorted. In

our test, Vg is fixed at 48V.

[ 11

=
[1-

I

11

Figure 5-9: The topology of test circuit.

The voltage gain versus frequency characteristics with various load resistance RL are

shown in Figure 5-10. The analytical results which are shown in solid lines are compared
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with experimental results. The analytical equation is given below which is based on the
first harmonic assumption [36].
RL
M, = 2R, 1) (5-11)
\/1 + 0 (2 4 Doy
w0, o

in which,
M, = the normalized output voltage gain
Ry = the load resistance
r = the equivalent resistance of the total power loss in series with the module
o = the switching frequency
o = the resonant frequency

Q = quality factor = woL/(Rp+1)

0.5 T T T T T
A RL=25 Ohms
0.45 + RL=9.6 Ohms | T
e} RL=6.3 Ohms

0.4

0.35f

o
w
T

o
[N

o©
N
a

Normalized output woltage gain
o
N
(%2}

0.5 1 1.5 2 2.5
Normalized frequency

Figure 5-10: The voltage gain versus frequency characteristics with various load resistance R;.

Figure 5-11 compares the PSPICE simulation waveforms and the experimental
waveforms at RL=9.6Q2 and f=100kHz. The experimental results agree well with both the
analytical and simulation results. The maximum RMS and peak current flowing through
the module is about 2.2A and 3.1A respectively. It can be seen that the module functions

effectively as a high frequency series power resonator.
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148.3us 158. Bus
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Chi  20.0 vy

Md4.000s Chi 7 23.2V

(a) PSPICE simulation waveforms (b) Experimental waveforms

Figure 5-11: Vgg and Vo waveforms at R;=9.6Q2 and =100kHz.

5.5.3.2. Parallel Resonance Test

The design specifications for a parallel resonant module are given in Table 5-3.

Table 5-3: Design specifications for a parallel resonant module

L Inductance 75uH
C Capacitance 15nF
Vims RMS voltage 28V
Vik Peak voltage 40V
fr Lowest operating frequency 10kHz
fi Highest operating frequency 300kHz
fo Resonant frequency 150kHz
B Maximum flux density ~150mT

The PCB for the parallel resonance test is shown in Figure 5-12, implementing the
interconnections as in Figure 5-4(d). The impedance test results are given in Figure 5-13.
The inductance and capacitance for the equivalent circuit are 72uH and 15.1nF which fit

our calculation (76uH and 15.4nF) well. It has a parallel resonant frequency about

150kHz with the first series resonant frequency more than 10 times higher.
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Figure 5-12: PCB for parallel resonance test. Input terminals AB (see Figure 5-4(d)).

A 1zl B: & o MKR t54 B34.973 Hz
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B/DIV 20.00 deg STOP 5 000 000,000 Hz

Figure 5-13: Impedance analyzer test results for parallel resonance.
Connecting the module to the terminals A and B in the test circuit with C and D shorted,
the voltage gain versus frequency is shown in Figure 5-14. The experimental results are
compared with PSPICE simulation results at RL=80C2 in Figure 5-15. The experimental
results agree well enough with the simulation results as shown in Figure 5-14, confirming

together with Figure 5-13 that the structure functions effectively as a parallel power

resonator.
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Figure 5-14: PSPICE simulation results and experimental results at R; =80€..
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(a) PSPICE simulation waveforms. (b) Experimental waveforms.

Figure 5-15: Vgg and Vg waveforms at R;=9.6Q and f=150kHz.

5.6. Generalized Modeling of a Multi-cell Integrated Series Resonator

As discussed in previous sections, various circuit functions can be obtained by different
interconnections between the cells of the module. Figure 5-16 shows a typical series
resonant interconnection with each conductor numbered. Normally, the interconnections
are realized by copper tracks on PCB underneath the module which are represented by

dotted lines in Figure 5-16. From a modeling point of view, different interconnections
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just lead to different boundary conditions on which the solutions of the equations are

based.

0 |
I | | > X

A 1

2 2

3 3

4 4

5 5

6 6

2n-1 2n-1
2n 2n

B -1—.-“"‘

I

Figure 5-16: A typical series resonant interconnections.

Ri and Ly (1=1,2,3,4,...,2n-2) represent the resistance and inductance of each
interconnection copper strip. Considering the voltage drop on the interconnections
between cells, the voltage boundary conditions are given by

V() =V5(0)+ 1;,(0)(R,, + joL,,)
Va() =V, (0)+ 1,(0)R,, + joL,,)
Vi) =Vs(0) + 15(0)R 5 + jooL.5) (5-12)

V2n72 (l) = VZn (0) + 12n (O)(RCZIHZ + ja)LchﬁZ )

The current boundary conditions are given by

L(0)=1

5L,(0)=0

1,(1) = 15(0)

1, (1) =1,(0)

15(1) = 15(0)

1,(1) = 14(0) (5-13)

1y, 5 (= Ly, (0)
1, ,(0)=1,,(0)
Ly, H=0
L,(Oh=1

From equation (3-55) and the boundary conditions given in (5-12)(5-13), it can be
obtained that
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D{V(O)} =E (5-14)

1(0)
in which,
[ FG () FG,() FG(D=1 = FGyy, () FGon()  FG,,n() FG,, (D= (R, +joly) - FG,,, (D)
Fsz.l(l) FG,, ,, () FGZ,.—Z,z(l) Fsz.zn(l)—l Fszz.zm(l) FGZM*Z,Z’H’Z(I) FGZM*Z,Z!H’}(I) FGZn*lAn(I)_(RzanZ+ij<Zn72)
0 0 0 0 1 0 0 0
b 0 0 0 0 0 1 0 0
N FGZV!H.I(Z) FGZ;MJU) FGZM+IJ(I) FGlnH.ln(l) FGZMI.ZnH(l) Fszl,Zmz(l) FGZ!I+1.211+3(1)_I FGlnﬂAn(l)
FG,, ,,() FG,, ,() FGyo5() - FGy oy, () FGy 5, FGy, s, (0) FG,, 555D FG,, 0 (D -1
FG,, ,() FG,, ,() FG, ;() - FGy ,, ()  FGy () FGy, ,,,0) FG,205(D) FG,, 14, (D)
| FG,.. () FG,,()  FG, () - FG,,, 1) FGy o) FGy, (D) FG,,,,.5(0) FG,,., () |
(5-15)
7
E=[0 - 07 00 - 0 0 I] (5-16)
Thus, V(0) and I(0) can be obtained from (5-14) by
V(0)
=D'E (5-17)
1(0)

When a total current I flows through the module, the voltage across A and B is given by
Vs = %[VZH(O) =V DI+ 21121'71(1)(&2;'71 +JOL i) + V(D =V, (1) (5-18)

Therefore, the total impedance Zap can be obtained as

Zy =Vl (5-19)

5.7. Case Study

A prototype of multi-cell structure integrated passive has been implemented, as shown
in Figure 5-6. Its dimensions and some technical parameters are shown in Table 5-2. 3 L-

C cells are involved in the test and the interconnections are illustrated in Figure 5-17.

A

B

Figure 5-17: interconnections the prototype.
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The determination of impedance matrix Z and admittance matrix Y are based on the

inductance matrix L and capacitance matrix C which represent the magnetic and

capacitive coupling between conductors, respectively. The inductance matrix is obtained

from measurement while the capacitance matrix is obtained from calculation. They are

given by

25.3571
24.7500
21.2679
20.8036
20.1429
19.9821

0

0
0
0

0.5000
0.0150

24.7500
25.3571
20.8036
21.2679
19.9821
20.1429

0.5000
0
0
0.0150
0
0

21.2679
20.8036
25.3571
24.7500
21.2679
20.8036

0.0150
0
0
0.5000
0.0150
0

20.8036
21.2679
24.7500
25.3571
20.8036
21.2679

20.1429
19.9821
21.2679
20.8036
25.3571
24.7500

0 0 0
0.0150 0 0
0.5000 0.0150 0

0 0 0.0150

0 0 0.5000
0.0150 0.5000 0

19.9821 |
20.1429
20.8036
21.2679
24.7500
253571 _

pH

uF

The MATLAB calculation results and the measurement results of its impedance

characteristics are compared in Figure 5-18. The curves of calculation predict the

measured impedance well with errors less than 10%.
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(a) Calculation results
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(b) Measurement results

Figure 5-18: Calculation and measurement results of the impedance of the prototype.

5.8. Discussion

A critical examination of Figure 5-10 and Figure 5-14 indicate some discrepancies
between the theoretical results and the experimental results:

a) The resonant frequency under load is slightly different from the small signal
measurement by impedance analyzer by less than 8§%.

b) The series resonant frequency varies with the load. The resonant frequency initially
is lower with the low load current and then moves to a higher frequency when the load
current becomes higher and changes by approximately 15%.

¢) The quality factor Q varies from 5 to 7.1, depending on the load resistance. Q
decreases with increasing load current.

d) The measured results below resonance agree with the theoretical results better than
those above resonance for both the series and the parallel resonator. The maximum
deviation is 12%.

The reasons for these differences may be:

1) The material properties are dependent on voltage, current, frequency and
temperature. For instance, the permittivity of the dielectric material and the permeability
of the ferrite material as well as their loss factors vary with voltage, frequency and
temperature. That may contribute to the variations of the resonant frequency and Q with

R;.
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2) The equivalent resistance in calculating the quality factor Q includes all the power
losses in series with the module except the load resistance. The current and frequency
dependent losses associated with the switching devices and so forth should be taken into
account as well.

3) The theoretical calculations are based on the first harmonic assumption [36] which
becomes less valid further from the resonant frequency.

4) Experimental error is not established to be a major contributor to the differences
between the models and the experimental verification. In continuation of the work it will
be especially necessary to include more accurate material models.

The discussion above is also suitable for the explanation of the difference between the

simulation results and the measured results in Figure 5-14.

In the calculation that plotted in Figure 5-18, the internal interconnection inductance Lc
in (5-12) is estimated to be 14nH each. Figure 5-19 shows the influences of different
values of Lc on the impedance curves. One of the most obvious phenomena is that the
small impedance “bump” marked in Figure 5-19 moves to lower frequency with an

increasing Lc.

(a) Le=5nH

Magnitude (Q)

(spex) aseyq

=)

Frequency (Hz)
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Lc=50nH

(b) Le=50nH

Magnitude (€2)

(spex) aseyq

ot

Frequency (Hz)

Lc=500nH

(c) Lc=500nH

Magnitude (QQ)

(spe1) aseyqd

0o L

Frequency (Hz)
Figure 5-19: Sensitivity of impedance to interconnection inductance Lc.

On the other hand, the impedance measurement is very likely to introduce some
external interconnection inductance which is represented by L. The sensitivity of the
impedance to Ly, is shown in Figure 5-20. It can be seen that Ly, does have an effect on
high frequency impedance characteristics but does not change the position of the small

“bump” shown in Figure 5-19.
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Figure 5-20: Sensitivity of impedance to external interconnection inductance L.

5.9. Conclusion

An alternative approach for implementing an integrated power resonator module is
presented, based on structural changing to some original suggestions. With a multi-cell
structure, the chip-like module may be configured for different equivalent functions
through different PCB interconnections. The first approximation models as well as the
fundamental design formulas are presented. Some design examples are given and the test
results with different interconnections fit the used model calculations adequately. Though
the designs have not been optimized, it has been shown experimentally that two of these
structures work as series or parallel integrated high frequency power resonators. Some
advantages and potential advantages of these structures are:

1. Potentially higher power density than the previous structures due to the different

active volume arrangement.
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2. Better mechanical properties (less mechanical stress, better protection of the
ceramic tiles, etc.).
3. Potentially improved manufacturability and modularization.

4. Multi-functionality.

5. The potential to achieve true 3-D-integrations, since the vertical dimension is used

for interconnection.

This chapter also presents the impedance modeling of the multi-cell integrated passive
based on the generalized multi-conductor transmission structure modal analysis. A
typical integrated multi-cell series resonator has been studied as an example. The
interconnections determine the voltage and current boundary conditions necessary to
solve the matrix equations. The MATLAB calculation results correlate well with the
measurement results. The influences of the magnitudes of interconnection inductance on

the calculation results have been presented as well.
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Chapter 6: Case Study: Electromagnetic Modeling of an
Integrated Differential Mode RF EMI Filter

6.1. Introduction

Presently there is a move towards standard blocks of integrated power electronic
modules (IPEMs), that can be connected together to perform the desired power
conversion, as part of a drive to increase the power density of power electronic units.
However, the increasing frequency and close proximity of active, passive and logic
devices in IPEMs dramatically increases the susceptibility to RF-EMI between the
various components. An integrated conducted RF-EMI power line filter to be used
between IPEMs and between IPEMs and power supplies has been proposed in [22] and

experimental results presented in [23].

Used as a lossy busbar feeding power to an IPEM, the filter is specifically aimed at the
planar layout and interconnect technologies presently being favored in designs. As
illustrated in Figure 6-1, the filter consists of two outer copper layers and an inner
attenuator which is made from a high permittivity dielectric ceramic metalized on both
sides with nickel. The outer conductors are separated from the nickel by a layer of
insulating substrate. The two top conductors are connected at each end and the two
bottom conductors are connected at each end, forming a 4-terminal device. The outside
conductors are designed to carry the full load power. The attenuator is built to absorb the
higher frequency components. At very low frequencies, more current is being carried by
the less resistive outer conductors. As the frequency increases, the proximity effect starts
to concentrate the flow towards the center of the conducting structure. This means that
the current density in the nickel starts to increase. Nickel has a higher resistivity and
higher relative permeability than copper. This decreases the effective conduction area and

further increase the losses at high frequency.

+
SOURCE | RF Filter

Integrated Power ||

; LOAD
Electronic Module [=

(a) System overview
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(b) The configurations of the integrated RF-EMI filter

Figure 6-1: Integrated RF-EMI filter for IPEM.

A prototype filter was built to demonstrate the feasibility of the construction processes
with a two-conductor- transmission-line-based model presented [23]. However, this
structure has shown some unique high frequency characteristics that could not be
accurately modeled by either lumped model or two-conductor transmission-line model.
On the other hand, a design-oriented model is highly desirable aiming to improve the
filter module design. Based on generalized multi-conductor transmission structure theory
[37], this paper presents the electromagnetic modeling of an integrated RF EMI filter.
The measured performance of the prototype is compared with the calculation results.
Some useful conclusions have been drawn to further facilitate the integrated RF EMI

filter design.

6.2. Multi-conductor Generalized Transmission Structure Modeling of the
Filter

6.2.1. The Preliminary Model Based on Multi-conductor Generalized

Transmission Structure

Generalized multi-conductor transmission structure theory has been applied to the
modeling of integrated passive components [37] and can be applied to that of the
integrated RF-EMI filter as well. The structure in Figure 6-1 can be treated as four
parallel conductors with magnetic and capacitive coupling with each other, as shown in
Figure 6-2. The total length of the structure is /. Conductor 1 and conductor 2 are

connected at each end, as well as conductor 3 and 4.
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Figure 6-2: 4-conductor model of the integrated RF-EMI filter.

The voltage and current equations presenting in a matrix form are given by

—iV =71
dx
—il =YV
dx
(6-1)
in which,
R +joL,  joM,, JoM, JjoM, ,
7 JoMy, Ry + joL,  joM,, JjoM, , (6-2)
JoM, JoM;,  Ry+ joL;  joMs,
JoM JjoM,, JoM 4, R, +joL,
G, +joC, = (G, + joC,,) 0 0
vl (G +jaC,) G+ jaC,+Gy,+ joC,, —(Gyy +jC,5) 0 (6-3)
0 - (G2,3 + ja)cz,s) G2,3 + ja)cz,s + G3,4 + jwc3,4 - (G3,4 + ja)C“)
0 0 - (G3,4 + ij3'4) Gy, + ja)C3’4
v=n v, v Wl (6-4)
I:[]l I, I 14]T
(6-5)

Through matrix manipulations [3], V(x) and I(x) can be determined in terms of V(0)

and I(0).

{V(x)} _ {Fv(x) Gv(x)}{vw)} _FG()- {V(O)} 66)
I(x) | [F(x) G (x) | 10) 1(0)

Assuming Vin=V;(0)-V3(0)=1, the voltage and current boundary conditions can be
given by
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or

in which,

v, =V ()= Z,[1, )+ 1,(D)]=0
V,(0)~V,(0)=0

Vi()=V,(1)=0

V(0)=V,(0)=0

Vi()-V,()=0
1,(0)+1,(0)+15(0)+1,(0) =0
]1(Z)+]2(Z)+13(Z)+14(l):O
V,(0)-7;(0) =1

D{V(O)} .
1(0)

[ FG,.()~FG,.(1)~Z,[FGy.()+ FG,, (D] |
1 -1 0 0 0 0 0 0
FG, (1)~ FG,.(I)

0 0 1 -1 0 0 0 0
FG, ()~ FG,_(I)

o 0 o o0 1 1 1 1
FG,.(I)+ FG, (I)+ FG, (I)+ FG.(I)

0 1 -1 0 0 0 0 0

E=[0 0 0000 0 1]

The transfer gain of the filter can be obtained as

Vou _ V2()=V3() _

M, :ﬂ_——Vz(l)_IG(I)

6.2.2. Improved Model Considering Measurement Issues

V

in

V,(0)=75(0)

(6-7)

(6-8)

(6-9)

(6-10)

(6-11)

The measurement setup of the transfer gain with an impedance analyzer HP4194A is

shown in Figure 6-3(a). However, the input and output terminals share the same ground

as illustrated in Figure 6-3(b), thus the measurement results do not reflect the real transfer

gain.
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(a) Connections to the impedance analyzer

Single Ref  Test

Filter

(b) Equivalent connections

Figure 6-3: Measurement setup
To evaluate the discrepancy it results in, an improved model which includes the ground
impedance has been proposed, as shown in Figure 6-4. As a matter of fact, the previous
model is just a special case of this more generalized model when Z, is open-circuited.

After changing the model, equations (6-1)-(6-5) still apply but with new boundary

conditions.
I A C Iz
— 1
+
. o) +
Vin 3 Z1 Vout
1 |B 4 D
I
Zg Izg
| | »
0 /] X

Figure 6-4: The improved model.

The voltage and current boundary conditions for the improved model are given by
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V()= (D=Z,[1,()+ 1, (D]=0
V,(0)=7,(0)=0
V(D)=V,()=0
V(0)=V,(0) =0

(6-12)
y(=V,())=0
Vi()=V5(0)=Z,[1,(0)+1,(0)+15(0)+1,(0)] =0
Vi()=V50)=Z, I, () +1,(D+1;(D+1,()]=0
V,(0)=75(0) =1
or
V(0)
D =K (6-13)
1(0)
in which,
FGK1=FG, (I)~ FG, (1)~ Z,[FG () + FG.()] (6-14)
FGK7 = FG, ()~ Z,[FG,,(I) + FG, (1) + FG, (1) + FG,,(1)] (6-15)
E=[0 0 0000 0 1] (6-16)
FGK1,, FGK1,, FGK1,, FGK1,, FGK1, FGK1, 4 FGK1,, FGK1,
1 -1 0 0 0 0 0 0
FG\ () = FG,, (1) FG,() = FGy, (1) FG () - FG,; (1) FG,(I) - FG,,(I) FG,;(I) - FG,5(I) FG () - FG,,(I) FG,;(I) - FG,, () FG,5(I) - FG,5()
0 0 1 -1 0 0 0 0
TVFG,, ()~ FG, () FG,, ()~ FG,, () FGy3() = FG () FGy () = FG, () FGy5(1) = FG (1) FGys(I) = FG () FGy; (1) = FG,;(I) FGy5() = FG 5 (1)
FG,, (D) FGy, (D) FG,;() -1 FG,,() FG,_S(/)—ZL, FG,V(,(/)—ZK FG,.(/)—ZL, FGy()-Z,
FGKT,, FGKT,, FGK7,, -1 FGK17,, FGKT, FGK7,, FGKT,, FGKT,
0 1 -1 0 0 0 0 0
(6-17)

6.2.3. Loss Modeling

The loss modeling is one of the key challenges of the modeling of the entire
electromagnetic characteristics. On one hand, each conductor has losses due to the skin
effect of itself. On the other hand, it experiences additional losses due to the influence of
its neighbours’ high frequency magnetic fields, as shown in Figure 6-5.

“— W —>

External

field
~—h

Figure 6-5: A conductor foil with external magnetic field
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Based on the one-dimensional assumption, there is inherent orthogonality existing

between the skin and proximity effects [38]. The total losses of one conductor can be

written as:
P=R, &|sinh&+sing 17 14w’ sinh & —sin & He2
2| cosh&—cosé cosh&+cosé
(6-18)
in which,
h
= 6-19
¢ 5 (6-19)

in which h is the thickness of the conductor sheet and & is the skin depth.

It is important to note that equation (6-18) equals the sum of the independent solutions
for skin effect and the proximity effect, one for an isolated foil conductor and the other
for a single foil subject to a uniform magnetic field He. In this application, each external
field is generated by the current in another conductor. Therefore, (6-18) can be rewritten

as:

P=FI*+GH, =FI* +G'l} ( 6-20)
Consequently, the losses along each conduction path can be modeled as four resistances:
one representing the skin effect losses of the conductor itself and the other three related to

the current in the other three conductors, respectively, as shown in Figure 6-6.

Ri Ri2 Riz3 Ris 1

4

Figure 6-6: Self and mutual resistance at one conduction path.

6.2.4. Modeling of the Inductive Couplings

Considering the inductive couplings between the conductors (without considering the

mutual resistances), this four-conductor structure can be modeled as in Figure 6-7(a). At
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high frequencies, proximity effect starts to take hold and influence the patterns of current
flow, which enhances the high frequency attenuation. Since conductor 1 and 2 (also
conductor 3 and 4) are connected at both ends and forms a conductor loop, the current in
the other two conductors will induce voltage in the loop thus change the current
distribution in the two conductors. A simplified approach to model this proximity effect
is adding another two mutual inductances at each conductor loop, representing the
corresponding induced voltages by the other two conductors. To be fit into the existing
model, each added mutual inductance can be split into two equal mutual inductances on
different conductor paths of each loop, as shown in Figure 6-7(b). For example, M,
(H/m) represents half of the mutual inductance between conductor 3 and the loop a
formed by conductor 1 and 2.

As aresult, the Z matrix in (1) and (2) changes to

R +jaL, R, +joM,, Ry+joM;-M,;) R,+joM ,-M,,)
_ Ry +joMy, R, + joL, Rys+joMyz;+M,5) Ryy+joM,,+M,,) (6-21)
Ry +joM; +M,)) Ry, +jo(M,,+M,,) R+ jolL, Ry, +joM,,
Ry +joM, —M,,) Ry,+joM,,—M,,) Ry +joM R, + joL,

L(x,t) RiAx LiAx Li(x +AX,t)
..... / —Pp e

CnAx== EE Gi2Ax
...... o
Ia(x,t) ReAx © L2Ax Io(x +Ax,t)
CuAx== EE GuAx
I3(x,t) RsAx L3Ax I3(x +Ax,t)
...... _>_w\,_.IYYYL caren

CuAx == EEG34AX
...... _>_4M,_IVW\_-|-__’.

L]
la(x,t) RaAx LsaAx Is(x +AX,t)

(a) Model without considering proximity effect
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Rle Ri2Ax Ri3AX Ri4Ax LiAx Mas3AXx MagAx

. r M= _N_WM_...
R2AX R21AX R23Ax R24AX LzAxMa3Ax Ma4Ax

CuAx== ' > G23AX
R3Ax R3 1AX R32AX R34Ax  L3AX Mb2AXx Mb 1Ax|
e =m0

_| Q C“A"Tj_‘}i“

R4Ax R4,1AX R42AX R43Ax L4Ax Mo, 2Ax Mb,1AX

(b) (b) Model with proximity effect considerations

Figure 6-7: Model improvement with proximity effect taken into account (an infinitesimal length).

6.3. Case Study

6.3.1. The Prototype

The picture and dimensions of the prototype of an integrated RF-EMI filter [22] is

shown in Figure 6-8.

(a) Prototype picture

10 mm

25 ym [ Copper
0.65 mm [ ] Alumina
17 ym M Nickel
150 pm [ Ceramic

(b) Cross-sectional view and dimensions

Figure 6-8: The prototype of an integrated RF EMI filter.
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Some technical parameters are shown in Table 6-1.

Table 6-1: Technical parameters of the RF-EMI filter prototype

Ceramic dielectric material (middle layer) Y5V (BaTiO;)
¢, of the dielectric material (middle layer) 14000 (nominal)
Thickness of the dielectric material (middle layer) hg,ios 0.15mm

Loss factor of the BaTiOj; layer tand, 1%

Thickness of the Alumina layer hapymina 0.65mm

g, of Alumina 9.9

Loss factor of Alumina tand, 0.01%

Copper layer thickness ~ 25um
Nickel layer thickness ~ 17pum
Conductor Width w 10mm

Total length of the structure 130mm

6.3.2. Parameters Calculations and Extractions

The inductance matrix used in our calculation is obtained by MAXWELL Q3D

simulation. The simulation results are given below with the simulation model shown in

Figure 6-9.
L M, M, M, [93227 76887 59.941 54334
LMy L May M| | 76887 10941 81857 61.292 ) (6-22)
— = n
"M, M,, L M,| [59.941 81857 118.63 79.464
M, M,, M,, L, | [54334 61292 79.464 96279

Maxwell QID Extrackor  Versios 4.5.00  Copyright 1984-1999 Assofr Corporatics |

Figure 6-9: MAXWELL Q3D model for inductance matrix extraction.
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However, the inductance of the nickel layers change significantly with frequency
though those of the copper layers do not change much according to the measurement
results. Figure 6-10 shows the variation of the self-inductance of a nickel layer with
frequency. With the help of curve-fitting and assumption of unchanged coupling
coefficients between conductors, the frequency-dependent inductance matrix can be

figured out.

Figure 6-10: Inductance of a nickel layer as a function of frequency.

The four mutual inductances shown in Figure 6-7 are obtained by MAXWELL 2D field

simulation.
M,, =M,, =28925nH (6-23)
M,, =M, =12.8052H (6-24)
Neglecting the fringing effect, the capacitance matrix is given by

0 C, 0 0
C 0 C 0

c=|"? 23 (6-25)
0 ¢, 0 C(Cy

0 0 C, 0

in which the capacitances can be obtained by

C,y=C, =Cyy = C,, = 205 atumina () (6-26)

Alu min a
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C,=C, = €08 parios W (F I m) (6-27)

hBaTi03

However, capacitance may also be a function of frequency. Figure 6-11 shows
measurement results of the capacitance of a copper-plated ceramic dielectric tile. The
measurement result demonstrates that the relative permittivity of the ceramic material

drops from about 14000 at 40Hz to about 6000 at 110MHz.

. /44— 6mm —’| Cu
/ dielectric
0.15nim| Cu

(a) The dimension of the sample

A: Cp TOP 18 _nF BOTTOM 18_gF 2.04988 nf oo
B: 6 SCALE  199.550 m3/div REF 797,786 nf 259.636 m3 Sove:
Pl [ P [ : 1884 23205096 FHZ| STATE 3
5.77nF ¢ . el
PRE :
cHE 3 path 3
i 12.55nF
\
b b ]| GRAPHICS

| TOUCHSTOME B

33285096 HHz
; -

WAL — ‘ IhE ——:— — — \.-'/[DlE ———
START 48 Hz 03C 568@ miolt STOP 118 MHz
(b) Capacitance vs frequency measurement result

Figure 6-11: The ceramic dielectric material permittivity measurement sample and results.
The conductance matrix is obtained directly from the capacitances using loss factors
given in Table 1.

0 G, 0 0

G= (6-28)
G32 0 G34
0 0 G, 0
in which the capacitances can be obtained by
GL(f)=0,(f)=04(f)=G0,(f)=w-C, -tan, (S/m) (6-29)
Gy (f) =Gy (f)=w-Cy -tan 5, (S/m) (6-30)
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6.3.3. Calculation Results and Measurement Results

The measured transfer gain with the standard 50 Q impedance as the load is shown in
Figure 6-12. Preliminary calculation results based on the proposed model are shown in
Figure 6-13. Compared to the previous model [23], the model proposed in this paper
shows remarkable improvements predicting the resonant points and the overall trend.
However, there is still significant discrepancy in terms of the high frequency damping.

This is due to the simplified loss assumptions that have been used.

0dB

-50

Slope:

\ |
10 kHz ‘1

MHz

100
~22 MHz

Figure 6-12: Measurement results of transfer gain at Z; =50C2.
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Figure 6-13: Calculation results
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6.4. Discussion

As discussed in section II, the measurement setup having been used cannot obtain the
real transfer gain. Setting the impedance of Z, to nearly open-circuited and short-
circuited in the model shown in Figure 6-4, the difference caused by the measurement
can be calculated, as plotted in Figure 6-14. One obvious difference is that the first
resonant frequency shifts to a higher frequency with the common-ground measurement.
Although the discrepancy is rather insignificant for this particular module, study has

shown that it could be more significant when the inductances are higher.

20

IR
RN T
0 ,
P RN T
Q R
=~ 0L -t dbihr -
£ RN T
1) IR
i — Rg=1M Ohms |
—— Rg=1m Ohms
_60 . T T
10° 10*
200 S T
—— Rg=1M Ohms
= 100l = Rg=1m Ohms |
% R
|5 RN
k=2 0
o RN
a R
S J100F — 4+ 4 R HE — 4
o RN
RN
_200 IR | |
10° 10

Frequency (Hz)
Figure 6-14: Difference made by common-ground measurement setup.

Proximity effect has been taken into account in the proposed model. An apparent effect
of the added magnetic coupling between conductors and loops is the decrease of the
current in the outer conductors while increasing the current in the inner conductors. This
effect not only influences the attenuation but also shifts the resonant points, as compared

in Figure 6-13 and Figure 6-15.
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Frequency (Hz)
Figure 6-15: Calculation results without considering proximity effects.

The FEM simulation results given in Figure 6-16 show that current crowding occurs at
the Nickel-BaTiOs interface at high frequencies. Meanwhile, the current flows in both
copper and nickel layers concentrate more and more to the edges with an increasing
frequency. These may significantly reduce the accuracy of the high frequency losses
calculation based on equation (6-18). Another method could be curves fitting of the FEM

simulation results, which is expected to be more accurate but takes much longer

simulation time.

Figure 6-16: Current density distribution inside conductors at IMHz (Only one edge of a cross section is

shown).

Basically, this type of integrated RF EMI filter behaves like a R-C filter but with a

variable resistance with frequency, as shown in Figure 6-17. Certainly, the mechanism of
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this filter is far more complex than a R-C filter due to the presence of inductance and

magnetic couplings as will be discussed next.

R(f)

S

Figure 6-17: Behavioral model of an integrated RF EMI filter.

To study the effect of losses of the nickel layer on the filter performance, the filter
transfer gain with different nickel ac resistance has been calculated, as shown in Figure
6-18. Apparently, a filter with a more lossy nickel layer demonstrates a higher roll-off

slope.

35

251

151

Resistance of nickel layer (Ohms/m)
N

05 q
Low Loss

10 10 10° 10° 10 10°
Frequency (Hz)

(a) Resistance of the nickel layer as a function of frequency
20

7
i
\
</
— 7 F

-20
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=
£
5]
& High Loss

-40
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3 4 5 6 7 8
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Frequency (Hz)

(b) Filter transfer gain with different attenuation.

Figure 6-18: Effect of nickel layer resistance on the filter transfer gain.
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On the other hand, the characteristic impedance of the filter element is another key
factor to consider in the design. As shown in Figure 6-19, lower the characteristic
impedance does help to achieve a higher attenuation at high frequency provided the same

losses on each layer.

200

oW Z,0

Gain (dB)

-20|

-40|

Frequency (Hz)

Figure 6-19: Effect of filter element characteristic impedance on the filter transfer gain.

The integrated DM RF-EMI filter, basically a four-conductor structure, can be viewed
as two two-conductor transmission structures with magnetic coupling between each other,

as shown in Figure 6-20.

e
- ~

-
Transmission structure I S
[ i Cu J

N
Transmission structure II

N

Ceramic Dielectric

INT

\ Cu ] ll
\
N e
S . . -
~<_ Magnetic coupling_ -~

-

-
Il R

Figure 6-20: Two-conductor transmission structure representation of an integrated RF-EMI filter.

At low frequency, it demonstrates the characteristics of transmission structure I.
However, with the current more and more concentrating in the inner nickel layers with

increasing frequency, its behavior becomes more and more similar to that of transmission

structure I1.
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There are two types of approaches to improve the high frequency damping factor: one
is increasing the losses on the nickel layer, the other is reducing the characteristic

impedance of transmission structure II.

In order to enhance the losses hence the proximity effect on the nickel layers, the
magnetic flux generated by transmission structure I must be enhanced. A simple way to
achieve that is reducing the width of the copper layers of transmission structure I.
Certainly, the thickness of the copper layer should be increased at the same time to assure

the same current density.

In order to reduce the characteristic impedance, the best way is to increase the width of

the nickel layers and decrease the thickness of the dielectric layer.

From the discussion above, reducing the quality factor Q of the filter element is the key
to achieve higher attenuation at high frequency. The practical approaches to realize that is

summarized in Figure 6-21.

’ Higher attenuation ‘

l

Reduce Q

/ \
Increase R(f)

. .

Enhance Enhance ‘ Reduce L ‘ Increase C
skin effect prox. effect \ /
Increase Ni Increase Heu Increase Whi
thickness — Reduce Wa or Reduce deer

Figure 6-21: Approaches to achieve higher attenuation.

6.5. Proposed New Structure

Figure 6-18 shows that increasing the resistance of the nickel layer does help to
enhance the high frequency attenuation. This may be achieved by changing the

configurations or dimensions of the filter structure, for example, reducing the copper
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width, as described in Figure 6-21. As shown in Figure 6-22, keeping the width of the
nickel layers as 10mm, the nickel power losses at IMHz (MAXWELL 2D simulation)
increase with a decreasing copper width. That ends up with a structure having wide and

thin nickel layers but narrow and thick copper layers, as shown in Figure 6-23.

0.35——
0.3} T .
Nickel
0.25F+ B
E
2 o2t
@ f=1MHz wNi=10mm
ke
g 0.15F B
o
o
0.1F =
0.05F+ B
0 L L L
2 3 4 5 6 7 8 9 10

Copper layer width (mm)

Figure 6-22: The power losses in each layer versus copper width.

[ cu]

l Alumina i l
I Alumina - I

(o]

Figure 6-23: Proposed higher attenuation filter structure.

The picture and dimensions of an prototype of the proposed integrated RF-EMI filter is

shown in Figure 6-24.
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Figure 6-24. The prototype of an integrated RF EMI filter.

Some technical parameters are shown in Table 6-2.

Table 6-2: Technical parameters of the RF-EMI filter prototype

Ceramic dielectric material (middle layer) Y5V (BaTiO;)
g, of the dielectric material (middle layer) 14000 (nominal)
Thickness of the dielectric material (middle 0.15mm
layer) hparios
Loss factor of the BaTiO; layer tand, 1%
Thickness of the Alumina layer hapymina 0.65mm
g, of Alumina 9.9
Loss factor of Alumina tand, 0.01%
Copper layer thickness ~ 60um
Nickel layer thickness ~ 17um
Copper layer width wCu 4mm
Nickel layer width wNi 10mm
Total length of the structure 130mm

The measured transfer gain with the proposed structure are shown in Figure 6-25. Both
of the measurements have a standard 50 QQ impedance as the load. From Figure 6-12, the
transfer gain of the conventional structure achieves an attenuation of -55dB at 100MHz.
As an improvement, the transfer gain of the proposed structure achieves an attenuation of
-60dB at 100MHz. Also superior to that of the conventional structure, the maximum

attenuation of the proposed structure reaches below -70dB.
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Figure 6-25: Measurement results of transfer gain at Z; =50Q with the proposed structure.

6.6. Conclusion

This chapter presents the modeling of an integrated RF-EMI filter based on generalized
multi-conductor transmission structure theory. As two remarkable improvements with the
proposed model, the measurement issues and high frequency proximity effect have been
taken into account. Compared to the previous lumped model and two-conductor-
transmission line-based model, the proposed model has shown a more promising
prediction on the high frequency characteristics of the integrated filter. As part of the
future work, the high frequency loss modeling still needs to be improved for a better

accuracy. Some design-oriented issues have also been discussed.
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Chapter 7: Simplified Equivalent Circuit Model for
Integrated Power Passives

7.1. Introduction

The frequency plane modeling of integrated passives structures based on generalized
transmission structure theory have been presented in Chapter 3 and Chapter 4. However,
the calculation based on matrix modal analysis is rather complex and takes a lot of
computer time especially when the number of turns is large. Furthermore, the operating
frequency of an integrated resonant module is normally around its 1% resonant frequency
and hardly goes to the 2" resonant frequency. Therefore, a more simplistic higher order
lumped element model which covers the operating range up to the 2™ resonant frequency

may be good enough for the general design purpose.

Typical impedance of an integrated series resonant module is shown in Figure 7-2. Its
first order approximation model is given in Figure 7-2(a) which can be further simplified
to Figure 7-2(b). However, this model neglects the existing high frequency impedance
peak as illustrated in Figure 7-2 at f, and shows an ideal series resonator behavior at high
frequency as shown in the dotted curve in Figure 7-2. As discussed in Chapter 4, the high
frequency 2™ resonant peak is caused by the parallel resonance between the winding
inductance and the inter-winding capacitance. This chapter focuses on the calculation of
the inter-winding capacitance on which the higher order lumped equivalent circuit is
based. As substantiated by small-signal measurement, this model can be applied to both

conventional spiral winding structure and multi-cell structure integrated passive

components.
A ZI B: 8 o MKA 1 B658_586.807 Hz
A MAX  1.000 KQ MAG 731.797 Q
B MAX 180.0 deg PHASE = -11.0320 deg

L]

..,'Efo:. e T

START 20 000.000 |
3 2o0.-009

A MIN 50.00 m@ S
B_MIN -1B806.0 _ deg STO0P :0 00

J 0Q0.000 H:

Figure 7-1: Typical impedance of an ISRM
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(a) The previous 1% order (b) The previous ideal model
approximation model

Figure 7-2: 1® order approximation lossless model.

7.2. Inter-winding Capacitance Calculation

As discussed in the previous section, the high frequency impedance peak can be
modeled as a parallel resonance between the winding inductance and the inter-winding
capacitance. It is now necessary to examine the exact planar structure to establish the

nature of this capacitive coupling.

7.2.1. Inter-winding Capacitance Calculation -Conventional Spiral
winding Structure

As illustrated in section 3.2, the in-plane capacitance (see Figure 3-3) between two
adjacent L-C cells can be calculated using the Schwartz-Christoffel transformation. To
apply the calculation results to the physical spiral winding structure integrated power
passives, a 2-turn structure shown in Figure 7-3(a) is taken into investigation as a
preliminary example. The winding consists of four sections of coplanar transmission lines
and a single capacitor C;; which contribute to the generation of inter-winding
capacitance. Since most of the total inductance is generated by the winding inside the
core, the two sections of coplanar transmission lines outside the core may be simplified
as capacitors, too. The whole winding on one side of the ceramic dielectric substrate can
be modeled as coplanar transmission lines cascaded with capacitors with point C

connected back to D, as illustrated in Figure 7-3(b) and (c).
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Figure 7-3: Cascaded transmission line model for a 2-turn conductor winding on one side of the ceramic
dielectric substrate.
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With the same principle, the transmission-line-based model for a multi-turn conductor
winding on one side of the ceramic dielectric substrate is shown in Figure 7-4(a). The

lumped model is a parallel LC structure, as shown in Figure 7-4(b).

o0 Cp
|
O— —O
‘e JYIYY\_
Co  Cu G
2 2 2
(a) Transmission-line-based model (b) Lumped model

Figure 7-4: Multi-turn winding model for conductor on one side.

With Cgq known, C,, can be obtained by

Cl 1 N — 1
. 1/2 (7-1)
Cp = 1 1 1 1 N>1
—+ 4ot +
C1,2 C1,2 + CZAS C.N ana t C,\:,l,,\« C‘\’*lu’\'
in which,
ZU =W, ln,n+1 = 2(‘/vin + lm) +8w+ 8(” - 1)(W + d) (nzl, 2, 3. . N-l) (7'2)
C1,1 = ng '11,1 (7-3)
C.,+C_, -1l n=1
natl C N / “ M_H (7-4)
gd' n,n+l n_29354,...,N—1

7.2.2. Inter-winding Capacitance Calculation - Multi-cell Structure

The inter-winding capacitance calculation of a multi-cell structure integrated series
resonant module is very similar to that of a spiral-winding structure as shown in section
7.2.1. The top view of the winding pattern of an N-cell structure integrated series
resonator is shown in Figure 7-5 on which the PCB interconnections underneath the core
are represented in dotted lines. In terms of the conductor on one side of the dielectric

substrate, it has the same form of equivalent circuit as shown in Figure 7-4.
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Figure 7-5: Winding top view with distributed parameters: multi-cell structure.
With Cgq known, C, can be obtained by

0 N=1
1/2
C=171 1 1 T N>l
— et +
Cl.z Cl.z + C2.3 C.’\'*Z,.V*l + C.’\/*I,N C:\’*l.;\’

(7-5)

in which,

Cppit = Cyy -1 (n=1,2,3,4...N-1) (7-6)

n,n+l

7.3. The Complete Higher Order Impedance Model

In order to include the behavior of the high frequency resonant peak shown in Figure 7-1,
the 1* order approximation model for an integrated series resonant module in Figure
7-2(a) can be improved by adding a parallel capacitor to the inductor on each side while
taking the losses into account, as shown in Figure 7-6. The two inductors refer to the top
and bottom conductor windings, respectively. Each of the winding has an inherent inter-
winding capacitance C, as discussed in section 7.2. Between the top and bottom
conductor windings, there is a total series resonant capacitance C which has been equally
split into two capacitors, representing the distribution of the capacitance C. Ry represents

the copper and core losses associated with the windings while G¢ represents the dielectric

losses.
Cp
11
&
L ’
A’O B
GeSCR=F M ==C2ZGe
O B
A L
Il
1
Cp

Figure 7-6: The complete higher order equivalent circuit of an ISRM.
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In Figure 7-6, the series resonant capacitance

Co g8l w (7-7)
t
in which, the winding conductor length
I =2N(w, +1,)+4N(N +1)(w+d)— 4N -w— (8N +1)d (7-8)

The total impedance of an ISRM from the equivalent circuit model in Figure 7-6 is

given by
1 1
3G, + jaC -2, 1 + 1 9
B 7 2
‘ R+ jo+m) I | % oeemy 1 jw(woJ
2 @ L(B) 00 @0\ @
L 2R , ]
in which,
the series resonant frequency
1
wy =27f, = (7-10)

/ L+M c
2
the parallel resonant frequency

1 1

®, =27fy, = =
\/L+M . Jaz+Mm)c,

(7-11)

p

the characteristic impedance

Z, = o, L+M _ 1 _ /L+M (7-12)
2 ,C 2C

the quality factor
the total resistance
R=2(R, +Ge) (7-14)
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From equation (7-9), it is obvious that a series resonance will occur at w=wm, and a

parallel resonance will occur at w=wmy;.

7.4. Case Study

7.4.1. Conventional Spiral Winding Structure

A 3-turn integrated series resonant module prototype has been constructed with its

pictures and parameters shown in Figure 4-3 and Table 4-1, respectively.

According to the equations in section 3.2, 7.2.1 and 7.3, the calculation results for
series and parallel capacitance are C=420nF and C,=748pF, respectively. They are very
close to the impedance analyzer test results C=437nF and C,=760pF. The inductance
L~M=10.9uH. The power losses estimation is based on equations of [5][24]. The
simulation results based on the model in Figure 7-6 and the impedance analyzer test
results are compared in Figure 7-7. It can be seen that the measured series resonance
occurs at £;=72.9kHz and the parallel resonance at f,=1.22MHz which fit the calculation
results £=74.7kHz and f,=1.25MHz very well. As an improvement, the calculation
results based on the proposed higher order model predict the occurring of both the series

resonance and the high frequency parallel resonance.
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(a) Simulation results
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(b) Impedance analyzer measurement results

Figure 7-7: Simulation results and the small-signal test results.

7.4.2. Multi-cell Structure

A 5-cell integrated series resonant module prototype has been constructed with its

pictures and parameters shown in Figure 7-8 and Table 7-1, respectively.

(a) External view

(b) Internal view
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(c) Dimensions
Figure 7-8: Pictures of the prototype.

Table 7-1: Technical parameters for the module

Magnetic core Philips E43/10/28-3F3 (center leg removed)
and PLT43/28/4-3F3

Air gap ~80pum

Dielectric material Y5V

g, of the dielectric material 14000 (nominal)

Dimensions of the ceramic substrate 28mmx33mmx0.33mm

tand of the dielectric material 1% at IMHz

Width of the copper strips ~6.1lmm

Copper thickness ~50pm

Dimensions of the module 28mmx43mmx12mm

The calculation results and the impedance analyzer test results are compared in Figure
7-9. It can be seen that the measured series resonance occurs at f=70kHz and the parallel

resonance at f,=2.35MHz which fit the simulation results £=68.5kHz and f,=2.25MHz

very well.
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(a) Simulation results
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(b) Impedance analyzer measurement results

Figure 7-9: Simulation results and the small-signal test results.

7.5. Discussion

Figure 7-10 shows the variation of C, with the spacing between turns d and number of
turns, with given specifications and variable permittivity. Apparently, C, always drops

with d. Increasing d is probably the most effective method to reduce the inter-winding

capacitance.

45h w=5mm t=0.33mm : Nw=1
Icore=28mm wcore=8.2mm

Nw=2 |

Interwinding capacitance (nF)
= N w
= &)l N )] w &)1

o
w0

o

Spacing between winding tLlrns d (mm)
Figure 7-10: Inter-winding capacitance versus d with various numbers of turns.
Figure 7-11 shows the characteristics of inter-winding capacitance as a function of core

aspect ratio (the ratio of the width to the length of the core center leg) with various

numbers of turns. It has the same specifications but d is fixed as 0.5mm.
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Figure 7-11: Inter-winding capacitance versus core aspect ratio with various N.

From Figure 7-10 and Figure 7-11, it is obvious that the total inter-winding capacitance
when N>1 decreases with the number of turns. Actually, the inter-winding capacitance C
is proportional to 1/N, provided each turn has the same length. However, the inductance
increases with the number of turns with a higher order, or L «cN”. Therefore, the parallel
frequency will move to a lower frequency increasing the number of turns even if the
inter-winding capacitance itself becomes lower.

The best method to reduce C, may be cutting of the extra dielectrics between windings.
But this leads to higher complexity and lower reliability, thus needs further evaluation.
Though increasing d and core aspect ratio will help to reduce C,, they may increase the

total volume.

7.6. Conclusion

A higher order frequency plane model for integrated series resonant module as an
example of integrated power passives has been presented in this chapter. A transmission-
line-based lumped model of the conductor windings on ceramic dielectric substrate has
been proposed. The calculation of the inter-winding capacitance in this model is based on
Schwarz-Christoffel transformation (see Chapter 3). This model has been verified by
small-signal test results and can be easily implemented into the design algorithm as part

of the high frequency design considerations. Some practical design issues have also been
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discussed. It is possible to apply the modeling approach to more complicated integrated

structures.
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Chapter 8: Conclusion

8.1. Introduction

This dissertation can be divided into three main sections. The first section is devoted to
the generalized transmission structure model, for both two-conductor and multi-
conductor structures. Applying the models in the first section to practical structures, the
case studies on frequency plane modeling of the spiral winding structure and multi-cell
structure integrated passive modules as well as the integrated RF-EMI filter form the
second section of this dissertation. This also includes design issues, practical
implementation and test of the multi-cell integrated reactive components. The third and
last section is concerned with an improved lumped circuit model other than a distributed
circuit model given in previous sections. This aims to simplify the calculation and make
it easier to be implemented in design software for general design purpose. This
concluding chapter serves as a short summary and evaluation of each section, and some

suggestions for future work are given.

8.2. Generalized Transmission Structures

This section treats the modeling of integrated electromagnetic power passives for
integrated power electronics modules by using a distributed conductive structure
approach. The distributed L-C cell is chosen as the basis for any further modeling. This
section presents the modeling of an L-C cell through the proposed generalized
transmission structure theory that can be applied to both balanced and unbalanced current
distributions. A generalized transmission structure without load shows series resonant
characteristics while shows parallel resonance with a short-circuited load. The calculation
results correlate well with the impedance measurement results. It is also useful to
facilitate the practical design.

The proposed theory has been extended to cascaded structures and multi-conductor

structures as well. In a multi-conductor transmission structure, a bunch of parallel
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conductors with the same length may have both magnetic and capacitive coupling
between each other. As one of the most important steps in determining the capacitive
coupling between conductors of a basic building block, capacitance between two adjacent
conductor strips on the same side of a dielectric substrate can be calculated by Schwartz-
Christoffel transformation. Having multiple variables coupled with each other, the
voltage and current equations can be written in a matrix form and modal analysis has
been employed. The relationship between voltages and currents at different positions of

the transmission structures can be obtained by matrices manipulations.

8.3. Case Studies: Frequency Plane Modeling of Integrated Passive
Modules

Practical integrated passives structures generally can be treated as one or more of multi-
conductor transmission structure section(s) connected with each other in certain patterns.
From a mathematic point of view, different structures only lead to different boundary
conditions.

Firstly, the conventional spiral winding structure integrated passives has been modeled
based on the proposed generalized transmission structures. The spiral winding of an
integrated SR module can be divided into 5 sections, two in-core sections (B and D) and
three overhang sections (A, C and E). An impedance transformation has been conducted
to map section A, C and E into the corresponding equivalent multi-conductor
transmission structures in which all the conductors in each section are in the same length.
Impedance of the structure can be obtained by applying the voltage and current boundary
conditions to the transmission structure equations. The calculation has been verified by
small-signal measurement results. The causes of the resonance at different frequency
range have been identified.

Secondly, an alternative approach to construct a planar integrated reactive power
module is presented in this section. Enclosed in a planar core, a few copper strips plated
on both sides of a high permittivity ceramic substrate generate a series of so-called L-C
cells. Various equivalent circuits may be realized with this chip-like module using

different PCB interconnections between the L-C cells. The experimental results show its
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potential as an integrated high frequency power resonator. Some advantages and potential
advantages of these structures are:
1) Potentially higher power density than the previous structures due to the different
active volume arrangement.
2) Better mechanical properties (less mechanical stress, better protection of the
ceramic tiles, etc.).
3) Potentially improved manufacturability and modularization.

4) Multi-functionality.

5) The potential to achieve true 3-D-integrations, since the vertical dimension is used

for interconnection.

The part inside the core of a multi-cell structure is a simple multi-conductor
transmission structure. Modal analysis is used to solve the matrix equations. The
determination of boundary conditions on the ends of each L-C cells should consider the
voltage drop at PCB interconnections as well. The MATLAB simulation results correlate

well with the measurement results.

Thirdly, the multi-conductor generalized transmission structure model has been applied
to an integrated RF EMI filter. It is basically a four-conductor structure: two nickel layers
sandwiching a high permittivity ceramic dielectric substrate and two copper layers placed
on both sides of the substrate with Alumina (or other insulation materials) layers in
between as insulations. Utilizing the high frequency proximity effect, it is able to achieve
high attenuation at high frequencies without affecting the low frequency conducting
feature. Compared to the previous lumped model and two-conductor-transmission line-
based model [23], the proposed model has taken proximity effect and measurement issues
into account, therefore demonstrated a more promising prediction on the high frequency
characteristics of the integrated filter. However, the high frequency loss modeling still
needs to be improved for a better accuracy. Based on the electromagnetic losses
simulation results, a new structure that may achieve a higher attenuation at high

frequencies has been proposed and investigated.

- 150 -



8.4. An Improved Lumped Circuit Model for Integrated Passive Modules

This section presents a higher order frequency plane model for integrated series
resonant module. The cause for the occurring of the high frequency impedance peak is
identified as the parallel resonance between the winding inductance and its inter-winding
capacitance. The inter-winding capacitance can be calculated from a transmission-line-
based lumped model using Schwartz-Christoffel transformation. This model simplifies
the calculation significantly compared with the distributed transmission structure model
while improving the accuracy by one order compared to the conventional first order
approximation model. Not only the fundamental resonance, but also the parallel resonant
peak can be covered in the calculation. This is sufficient for most of the general-purpose
designs to evaluate the high frequency performance and can be easily implemented in the
design-oriented algorithm to facilitate the design and optimization of an ISRM due to the

dramatic saving of computer time.
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