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ABSTRACT

The School of Graduate Studies
The University of Alabama in Huntsville

Degree Doctor of Philosophy College/Dept. Engineering/Electrical and Computer
Engineering

Name of Candidate Reza Kamali Sarvestani
Title  High Quality Factor Microwave Resonators Using Embedded Structures in PCB

The market is always expecting miniaturization and cost reduction to provide
continuous improvement for customer satisfaction. In the field of wireless
communications, the digital components have been improved continually, but it is
suffering from the low quality factor passive devices. Passive components such as
inductors, capacitors, and resistors are constantly being redesigned to enable higher
performance and smaller size. Inductors and resonators are among the chief components
currently being studied to achieve higher quality factors and size improvements. It is
essential to make high quality inductors and resonators with accurate values and cost
effective methods for modern microwave applications.

Methods utilizing printed circuit boards (PCB) provide an effective solution for
the fabrication of passive radio frequency components. A key technology in the PCB
fabrication is the embedding of Thru-hole via. The new approach in this study is to use
minimum feature size of standard PCB production to make embedded solenoids
in a Duroid substrate with 2.2 relative permittivity. Each solenoid turn included
two embedded copper vias of 125 um radius and two surface conductors of 250 um wide.

Different pitch sizes, conductor lengths, solenoid heights, and number of turns were

iv



simulated and produced. The highest quality factor of 160.3 was received for a 500 um
pitch size and 1 mm conductor length in a substrate of 380 um thicknesses.

This work shows the optimization of high Q resonators using the new solenoid
inductor required a one turn solenoid. Furthermore, it introduces a series capacitance
within the via to move the poles of characteristic function of the equivalent circuit toward
higher frequencies. This provides significant enhancement in the quality factor which is
realized using pole transfer. The result increased the resonance frequency to 12.25 GHz
with a Q-factor of 306. Both the inductor and capacitive coupled resonator can be batch
fabricated using conventional circuit board techniques. Analytical designs for the
inductor and resonator were investigated using both a lumped circuit model and
electromagnetic (EM) simulation. S-parameter measurements were in close agreement
with simulations. The micro-solenoids and tuned resonator had a higher quality factor

compared to the other counterparts.

Abstract Approval: Committee Chair u"\i lm
Department Chair __} / 3

Graduate Dean 6—// /
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CHAPTER 1

INTRODUCTION

The rapid growth of wireless communications and frequency applications
necessitates efficient usage of frequency spectrum as a limited source of energy [1].
Also, the increasing number of frequency users results in higher network interference and
requires new filtering techniques for bandwidth employment [2]. For example, the
Mobile-Fi, Zig-bee, and UWB systems will occupy a large frequency bandwidth and
need high quality filters to avoid any inter-modulation and interference in their front end
radios. Other examples are the devices that in higher frequency ranges such as the
application of 5.8 GHz for Bluetooth, WLAN, and Cordless Phones. These
communication systems provide many adjacent channels and require interference
protection circuits. At the same time, there is a high demand for miniaturization and light
weight components [3]. It is to meet the market expectation for providing a continuous
improvement and customer satisfaction. To fulfill this requirement, the communication
industry needs new passive devices such as inductors with smaller size and lower weight.

Passive components are mainly used in the front ends of the radios and include

inductors and capacitors. In fact, good passive components result in better wireless



devices such as resonators, filters, baluns, oscillators, and matching network circuits [4],
[3]. It is essential to apply inductors and resonators for making any of the previously
mentioned circuits. Due to such a large application for the inductors and resonators,

some research has been done to improve the performance of the inductors and resonators.

One of the main parameters to evaluate the performance of an inductor is the
quality factor [5], [6]. The quality factor of a resonator can be defined using the ratio of
the resonance frequency to half power bandwidth, as given in equation (1.1) [6].
However, inductors operate near but not at the resonant frequency. Therefore, the Q-
factor of the inductors is frequently referred to in the literature as the ratio of the energy
stored in the inductor to the energy dissipated in the device for the same cycle as given in

equation (1.2) [7]-[11].

(4]
Orsomator = ——— (1.1)

Ay

_ Energy _stored _in _the _inductor _in_one _cycle
QInductor =

(1.2)

Energy loss in_the inductor _in_one cycle

The higher the quality factor, the better the selectivity of the frequency channel.
As a result of better selectivity, lower power signals can be received without any
interference damage. Also, a higher quality factor would result in lower insertion loss in
the filters. Lower insertion loss improves the transmission features of the filter and

accommodates the weaker signals. An example for the application of these filters is



given in the Figure 1.1; this figure illustrates the block diagram for the front end of a high

frequency radio.

Resonator

Figure 1.1 Block diagram of the front end for a wireless communication radio showing the
application of resonators and inductors [12].

Two different filters are used in this diagram. A band pass filter is used as RF-
filter and it includes inductors for tuning and filtering features. Also an image filter is
used, and it is a stop band filter consisting of inductors or resonators for blocking the
image frequencies. RF resonators and inductors are fundamental parts of the filters and

oscillators [3]. A Higher quality factor in the oscillator will result in better phase noise



and improves the performance. Two different methodologies are reported to make high
quality factor RF-inductors and resonators [13]. The first approach is the On-chip
fabrication of the components. The other method is using a supporting substrate to make

the high quality factor passive for silicon chip technology.

Silicon was traditionally used for the fabrication of the inductors to make the On-chip
inductors integrate to the other components and to take the benefit of silicon wafer
fabrication techniques [14], [15]. However silicon has higher conductivity compared to
common microwave substrates such as Alumina, RT/Duroid, and Low Temperature Co-
fired Ceramics (LTCC) [13]. Having this conductivity, the silicon wafer is not a good
candidate for microwave substrate. The main reasons for low resolution for RF-inductors
fabricated on silicon wafer are the eddy current loss and parasitic capacitance [16], [17].
The magnetic field induced in the silicon substrate would result in eddy current, and this
current loss degrades the quality factor of the silicon. On the other hand, the silicon layer
will work like a poor ground for the Micro-inductor. Such a ground layer close to the
coil will cause parasitic capacitances. Although these capacitances were extensively
studied and different methods were developed to overcome their effect, they are still a
major source for lowering the Q-factor of the Micro-inductors [15]. The quality factor of
the passive components can be limited to the low resolution of the On-chip passives.
Table 1.1 shows the road map that needs Q improvement for wireless communication in
the next 5 years [18]. One should immediately recognize that the inductor based Q values
have to improve within this period.

The insulator substrates can overcome the silicon conductivity effects. Substrates

such as glass, low temperature co-fired ceramic (LTCC), benzocyclobutene (BCB), and



organic materials have been used for the fabrication of Micro-inductors. Improvement in
the quality factor was reported due to the decrease the parasitic capacitances. But most of
these materials are not commercially used as the microwave substrate and the processing

method defined for the fabrication of the inductor on them is complicated and costly.

Table 1.1 Wireless communication requirements for inductors in the next 5 years [18].

Year of 2011 2012 2013 | 2014 | 2015 2016
Production
Inductor Max Q >4(0 >40 >40 >40 >40 >45
on Self Resonance >10 >10 >10 >10 >10 >10
Organic
Substrate
Inductor | Q (5 GHz, 1 nH) 40 50 50 50 50 60
on
Inorganic
Substrate
On-Chip | Q (5 GHz, 1 nH) 30 35 40 42 44 46
Inductor

To become familiar with the previous work related to the micro-inductors, and
also demonstrate their advantages and disadvantages, a review of the major previous
methods is given in the next session. After that the organization of this dissertation is
explained. In this dissertation a novel method based on the second approach is defined for
the design and fabrication of high Q inductors and resonators. The new method not only
resulted in a higher quality factor comparing to the other counterparts but also benefits

from facility design and ease of fabrication.



1.1 Review of previous works

The traditional inductors were commonly used in the megahertz frequency range
but due to their high inductance and high parasitic capacitance, they cannot maintain their
performance characteristics above a few gigahertzes (GHz). To increase the working
frequency of the inductors in the past 15 years, Micro-inductors were developed. The first

approach is to make the inductors on chip.

On-chip inductors such as micro-spirals [9], [19], [20], [21], micro-solenoids
[22]-[26], and micro-toroidals [27], [28] have been extensively studied in the literature.
Among the circuit parameters related to micro-inductors is the parasitic capacitance
between the coil and the ground, which has a significant effect on the resonance
frequency and the quality factor of the actual inductor. For example, On-chip micro-
spirals have large parasitic capacitance between the coil and the substrate. However
several design techniques including ground shielding, suspended micro-coils, and
isolation layers have been developed to decrease this capacitance. Nevertheless, the On-
chip micro-spirals are not able to provide Q-factors over 100 [29], [30]. Alternatively, to
overcome the parasitic capacitance different On-chip micro-solenoid structure schemes
have been made, but they require complex fabrication. For example to make a suspended
micro-solenoid with a low parasitic capacitance, one needs five layers of
photolithographic patterning. Regardless of the improvements in their Q, these coils are

currently unreliable as commercial devices in the market [31].



A few approaches have been proposed to enhance the quality factor by making
Off-chip micro-inductors. New substrates were used for the sake of lower parasitic
capacitance. Soh et al. used a high resistivity silicon wafer to build the micro-solenoid
using vias through the wafer [32]. Nevertheless this method had an uncommon
fabrication process and it did not receive a Q-factor higher than 18.5. Yoon et al. and Lu
et al. have used Pyrex glass as the substrate which decreased the capacitive coupling and
substrate loss in the fabrication of micro-solenoids [33], [34]. However the resulting
quality factor was still less than 100. Other approaches were the application of alumina
as a microwave substrate, system on package (SOP) using LTCC, and organic packaging
substrates for making spiral and helical RF-inductors. These techniques can provide Q-
factors higher than 100, but they all suffer from multi layer and costly fabrication process

[35]-[37]-

1.2 Application of printed circuit board vias for the fabrication of inductors

Functional components such as resonators, matching circuits, and filters are
commonly made by PCBs. In a recent study, a microwave substrate material with a low
relative dielectric of 2.2 was used for making micro-toroidals using a microstrip or
stripline [38]. The Micro-toroidals were fabricated using vias fabricated through a
microstrip. This research showed an improvement of 1.5 times when compared to the
conventional micro-spiral inductors. Due to the microstrip grounding layer in the middle
of the toroidal, the maximum Q was received in the frequency less than 1.25 GHz and the
thickness of actual multilayer dielectric board became more than 3 mm. Although they

have received quality factors higher than On-chip inductors, the application of monolithic
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commercial microwave printed circuit board (PCB) production with common thicknesses
for the micro-electronic structures has not been investigated in the literature. Due to
available printed circuit board techniques, the application of Standard PCB method for
Micro-inductor fabrication will decrease the cost, and complexity of the device when

compared to the other counterparts.

Application of microwave PCBs as a dielectric substrate for micro-inductors is
not only important for the commercialization and ease of fabrication but also becasue it
benefits from variety of different relative dielectric permittivity, and substrate thicknesses
available in PCB materials. The permittivity is a major parameter to decrease the loss in
the substrate and optimize the quality factor. The current study was done to find a
commercial monolithic design and creation method for micro-solenoids with low

parasitic capacitance using common microwave PCBs.

This work describes the design, fabrication, and test of novel Off-chip solenoid
inductors for RF frequency applications. The Inductor consisted of a monolithic micro-

solenoid embedded inside a RT/Duroid 5880 circuit board.

The low relative permittivity of 2.2 in this substrate helped to maintain low stray
capacitance as well as low loss for the fields inside it to yield a high Q [39], [40]. Each
turn of the solenoid inductor included one top conductor patterned through the copper
cladding layer over the board and a couple of copper vias attached to the top layer to
connect two sides of the board, and then a bottom conductor layer under the PCB to make

a loop. A schematic diagram of a three turn Micro-solenoid is in Figure 1.2. Due to the



difficulty of drilling high aspect ratio vias close to each other, this effort used a drilling
diameter of 0.250 mm in order to achieve the maximum possible resonance frequency.
Laser drilling at 0.150 mm diameter is also commercially available at higher costs. The
authors had difficulty making laser drilling vias in a tight proximity filled with metal. In
fact, several attempts were required by the vendor to achieve the vias required for this
project. Various lengths, heights, and pitch sizes were modeled to find the best response.
A set of the resulting devices with different size parameters based on our modeling was

used to optimize experimental resonant frequency and quality factor.

Figure 1.2 Schematic diagram of two turn solenoid in Duroid substrate.

Two modeling techniques were used for investigation of the circuit. Analytic
modeling of the circuit was done using a single mt-circuit model. Also an electromagnetic

simulation of device was done with Ansoft-HFSS software. Simulated results were



compared to the S-parameters of the fabricated devices measured experimentally using a
microwave probe station. Both the Inductance and quality factor were evaluated.
Experimental data shows close agreement with modeling and simulation. Again, the low
cost standard PCB production techniques decreased the cost, and complexity of device

commercialization when compared to micro-inductors counterparts.

1.3 Dissertation organization

The objective of this dissertation is the design, simulation, and fabrication of
novel off-chip solenoid inductors and resonators with high quality factors and using
commercial dielectric substrates such as RT/Duroid. In the next chapter the analytical
modeling of the 3D structures using Thru-hole vias is covered. In Chapter 3, the high
frequency simulation using the electromagnetic software is explained. This work is
followed by the microwave measurement methods and the calibration process for the
micro-inductors in Chapter 4. Then in Chapter 6, the fabrication of an OFF-chip
Micro-solenoid inductor using the Thru-hole vias is demonstrated. Chapter 6 examines
the Micro-solenoid structured for the fabrication of the microwave resonator using the
Thru-hole vias and an embedded capacitor in series with the circuit. The future works and

the conclusion of this study are in Chapter 7.
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CHAPTER 2

ANALYTICAL MODELING OF 3D STRUCTURES USING

THRU-HOLE VIAS

2.1 Introduction

Analytical modeling is an important technique for the design and improvement of
passive devices. It provides a convenient method for the realization of component
features using the device parameters and dimensions before going through a costly
fabrication process. As such, extensive studies have been done in the literature to
improve models for On-chip and Off-chip Micro-inductors and resonators. There are
two primary techniques utilized for such system, the lumped and the distributed circuit
models [11], [41]. If the related device dimensions on all sides of the component are less
than A/10, then a lumped circuit model can be used for the component. As a result,
closed form equations are applicable. Also software solutions provide numerical methods
to study the Micro-inductor using an analytical model. The validation of the lumped
circuit model in this approach allows for various different electromagnetic modeling
software package tools to be used for this project. Such software provides a numerical

method to study the passive devices.
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Application of the analytical model allows the determination of device
dimensions. For various quality factors and resonant frequencies, the resulting circuit
model using this method is acceptable for the estimation of frequency response up to the
resonant frequency, but it is not well enough to predict the higher frequency
characterization accurately [13], [42]. To overcome these requirements, numerical
methods were used by the application of electromagnetic simulators. In general the
numerical analysis software was used to solve Maxwell’s equations in the related
boundary conditions using one of the numerical methods. The two commonly reported
techniques are the finite element method (FEM) and the method of moments (MoM).
The finite element method is a fully 3D solution and has been used in software packages
such as Ansoft HFSS, and CTS Microwave Studio. It benefits from higher flexibility for
the complex 3D structures. Also it will take skin effect, proximity effect, and
discontinuities in various different metallic and dielectric geometries. The method of
moment is a quasi-3D technique that has commonly been used for planar devices. It is
not accurate enough for evaluation of Q in high frequencies for this study. Software

packages such as Agilent ADS, Ansoft Designer use this method.

Boundary conditions and port excitations should be accurately designed to
provide a good result from the EM-simulation. Simulations are performed in a box with
boundary conditions defining radiation modes. The walls are at least one wavelength far
away from the device [43]. Terminals of the device are also being exited using terminal

exited lumped ports. Due to the large number of meshed elements required for a complex
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structure like a Micro-solenoid in this study, the simulation requires a fair amount of

computational power depending on the size and number of turns.

One needs to have a good model for the inductor to make a well designed coil.
This also helps the designer extract the circuit parameters from the measurements and
simulations. Optimization of the device is possible with a control over the circuit
parameters of the related model. Inductors are evaluated by several different factors such
as quality factor, inductance, etc., but some of the factors are not extractable from the
S-parameters directly. Evaluation of these factors can be realized using the analytical
modeling and the circuit parameters [44]. Several different equivalent circuits have been
reported for the On-chip and Off-chip inductors [17], [45]. Single-m and double-wt circuit
models are more preferred than the others. In this study single-m was considered as an
equivalent circuit model for a high frequency inductor. This work will focus on a
n-model and electromagnetic simulation to evaluate every individual component. Then
the model will be used for characterization of the Micro-solenoid and Micro-resonator in

the other chapters.

2.2 Single-w model

The most used modeling technique for high frequency inductor application is a

single z-circuit. Figure 2.1-a illustrates this model applicable for inductors separated by

an insulator from the ground [46].
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The equivalent circuit has five major components for evaluation. The inductive
feature of the component is named Ls and includes the total self and mutual inductance
related to this coil. The turn by turn capacitance, which is familiar as stray capacitance,
is named C; in this circuit model. The R represents ohmic resistance of the conductor.
Also the capacitance between the inductor and the ground shielding is named C,. Q-
factor is considered as a measure of the resolution for this solenoid. The quality factor

can be calculated after finding all circuit parameters.

At low frequencies, the turn by turn capacitance will become negligible and the
inductance model can be considered like Figure 2.1-a. In the high frequency applications,
the capacitance between turns will become significant [17], and therefore considered as

C; in Figure 2.1-b. Evaluation of the parameter is studied in the next sections.

a)
ol f
b) ) i -
Rs Ls

I

Figure 2.1 Equivalent circuit model of Micro-inductor using a) microstrip model, and b) lumped
model with interturn capacitance [12].
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2.2.1 Series inductance

The total inductance is a major parameter in the circuit. It consists of the self and
mutual inductance of the coil turns. Different methods were reported for the analysis of
inductance such as the Microstrip model [17], the Greenhouse model [47], [48], and the
Wheeler model [49]. The Microstrip model is restricted for planar inductors and was not
a preferred method for solenoids. Both the Greenhouse-Grover and Wheeler models were
investigated for the current research. The Greenhouse method was chosen for evaluation
of inductors throughout this study because the Wheeler method is limited to the square

shaped cross-sections and is not applicable to rectangular cross sections.

A. Greenhouse model

A coupling mode evaluation of the total inductance was reported by Greenhouse
and Grover [48]. This method provides the inductive feature of the coil from DC to the
frequency ranges below the resonant frequency of the circuit model. Basically, this
calculation is related to the frequency by considering the skin effect. Total inductance
was obtained by adding self inductances of each individual segment to the algebraic sum

of the values for the mutual inductances.

In this chapter, both cylindrical and rectangular segments were considered. Also
an evaluation of the mutual inductance between all segments was required. The self
inductance of a circular via such as Figure 2.2-a is located inside the substrate. Thus the

term via is named L. with the approximate value in nH equal to [47].
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Figure 2.2 Dimensions of the segments a) cylindrical (via) segments, and b) rectangular (surface
conductor) segments.

where h is the height and w is the diameter of the segment. The relative permeability u of

the metal conductor was considered one for materials such as copper due to the very high

frequency of the current application. The skin effect contribution of T was considered
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approximately one by Greenhouse for frequencies higher than 1 GHz. T is related to
frequency and will be less than one for frequencies lower than 1 GHz [47]. Then, the

simplified formula is

2h 0.5w
L, =02k In| — [-075+—— . (2.2)

0.5w h

A rectangular wire is depicted in Figure 2.2-b. If b would be the thickness of the
copper, w the width of the segment, and 1 the length, then the self inductance of a

rectangular wire, L,s in nH can be approximately evaluated by [47].

21 b+w ul
+ 0.25049 + +— . (2.3)

b+w 3] 4

L., =02l

For T=1, and p=1, the simplified equation is going to be

21 b+w
+ 0.50049 +

b+w 31

2.4)

L, =021

The mutual inductance of M between each couple of segments like two elements in

Figure 2.3, can be evaluated by [47].
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M =2IG _ 2.5)

The resulting mutual inductance is positive if the current in both segments is in
the same direction and negative if it is in the opposite direction. The value of 1 is the
length of the segment. To find the geometric mean distance, G, the following relations

can be used:

odBH 2 HZ ) L e

Figure 2.3 Geometry of two parallel segments of different lengths.
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where D is the parameter that relates the dimensions of the inductor to the geometric

mean distance. To find D the following equation is used:

m(g);m(@_{%(gf}%(g]“H.é%gﬂ
EEIEECH e

where the value of d is the distance between the centers of two tracks and w the width

of the track. The total inductance of LT is the sum of all self inductances of and

mutual inductances of M for m segments of the coil:
_ym m sm
Ly = 2 Loos +2sm1 it ies Misi : 2.8)

The values of mutual inductances are reduced by the distance between segments,
so the major mutual inductances happen between adjacent conductors. It helps us to
evaluate the mutual and self inductance of one turn solenoid and simplify the formula due
to the reoccurrence of the turns. The next formula gives a close approximation for the

total inductance of a solenoid of n turns:
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B. Wheeler method

2.9)

Unrestricted formulas for evaluation of circular and square solenoids was reported

by H. A. Wheeler in 1982 [49]. The dimensions are 2a for the length of the square and

b for the axial length. Other symbols are the number of turns 7, the relative permeability

4, and inductance reduction factor K. The inductance value was evaluated using

the K parameters as

,uon24a2

For a square loop of length 2a, the radius is considered:

And KX is evaluated using

20
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For a short solenoid, the inductance was be simplified to
2
4unca
L=—20 ln(l+7j+ 5 ! (2.13)
7 3.64 + 22 +0.51(5/a)?
Also for a long coil, the inductance was approximated to
2
4un“a

L=-297 % in(140.50) + =57 - (2.14)

& 1.26+—

a

2.2.2 Series capacitance

The series capacitances for a single independent circuit are located between the
segments from the first terminal to the second. The so called stray capacitance depends

on the cross section, distance, and the dielectric constant between segments. Frequently
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reported methods for evaluation of stray capacitance include the segment method and the
feed forward closed form method [46], [15]. Both were defined and commonly
investigated in the literature for solenoid inductances. The feed forward closed form
method is applied for air core solenoids and is often developed for circular coils. It is
possible to find an average value for the radios of the rectangle and use the closed form
[26]. But in this study, it is not considered the best candidate for the estimation of stray
capacitance in a rectangular solenoid due to lower accuracy. However the segment model
is a good method for the calculation of capacitance in all segments and was used in this

research.

A. Closed form model feed forward capacitance

The feed forward capacitance was used for finding the capacitance between

two adjacent turns in a solenoid structure as depicted in Figure 2.4. This fringing

capacitance was expressed as

_ 7Z'2D808r
one—t
2 , 2.15
n| 2+ (ﬁj » @15)
2r 2r

where D is turn diameter, p is the pitch size, and » the conductor radius. For n turns

solenoid, it can be evaluated as

22



Cy, _Cone _ (2.16)
n—1

For a single turn to shield capacitance, the estimated value is

272'2D808r

C =
one—s > .
h {m J 2.17)
In|— ||| —| -1
r r »

Here % is the distance between the central axis of the coil and the shield.

Figure 2.4 Turn to turn capacitance in a circular solenoid.
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B. Segment model stray capacitance

Despite the fact that the capacitances between vias are much higher than the other
segments, in the calculation of Cs for the n turn solenoids, the capacitance between all
adjacent segments was considered and it made a close estimation. Figure 2.5 depicts
different capacitive features in a segment modeling of solenoid; the capacitance C4 will
be added for the fabrication of a resonator. The stray capacitance is formulated as

follows:

[(2n——1)lt +2nl b}) nl,w
= +Ep8 L
-w

N [—

[hz + (o.5d)2] 2.18)

(2n+1)hw 2n(2b + h)
€ré o térg — 4

Each segment makes a capacitance to the ground. They made parallel capacitive
features of the two port network. It was called C, and consisted of the lower segment

capacitances of Cp, and upper segment capacitances of Cy.

(2.19)
Cp =%(CL+CU) )

where C I and CU are
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Figure 2.5 Different capacitive features in a segment modeling of solenoid capacitances.
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2.2.3 Resistance

The series resistance of the coil is contributed by the ohmic features of the
conductor. It is very dependent on both skin effect and proximity effect defined by the

distance between the conductors. The eddy current loss also increases the resistivity of
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solenoid. Two major methods for evaluation of the solenoid resistance are the segment
model and closed form formula. Both models were considered for study and provided

very close values.
A. The closed form resistance value

This model takes the benefit of considering both the skin effect and proximity
effect. Of course the proximity effect was only considered between the adjacent turns. If

the series resistance of a wire with rectangular cross section would be considered as R

then this resistance is given by

~5 : (2.22)

where R de is the dc resistance of the coil with thickness of ¢ and width of w. R £ is

equal to

R, =2 : (2.23)

The value of A4 is the cross section of the conductor. The length is | and the

resistivity is p. Also the ¢ is the skin depth and ¢ is the thickness of the conductor. The
skin depth & as illustrated in Figure 2.6, for the permeability of x and frequency of f,

is given by [50]
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Where 1 and f are permeability of copper and frequency, respectively.

N

Figure 2.6 Skin depths, for a high frequency signal passing through a cylindrical conductor.

B. Segment model resistance

The series resistance includes the resistances of surface conductors in series with
the resistances of the columns. As in equation (2.25) the skin effect also should be

considered for this calculation.
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where ¢ is a constant which can be considered one in this experiment [15]. Also p is

the resistivity of copper.

2.2.4 Quality Factor

The major parameter to show the resolution of the inductor coil is the quality

factor or Q. It is the given as

0 _ Energy _ stored _in _the _inductor _in_one _cycle (2.26)
Inductor =

Energy loss _in_the _inductor _in _one_cycle
This can be estimated as

O pnivctor = %(Self Resonance Factor)(Eddy Current Loss Factor for Substrates) .
@

s

(2.27)
For the equivalent n-model of the circuit, the quality factor was evaluated by [17]
oL Rf (Cs +C p) 2
_OLg|._ _ -
0 Inductor = Z 1 7 @ Ls (CS +Cp) coRS (Cs +Cp) . (2.28)

S
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CHAPTER 3

HIGH FREQUENCY SIMULATION

The lumped circuits provided by analytical modeling for inductors are the quick
approach for designing of the device in the target frequency. It also provides the
dimensions and the final structure for the coil. However, analytical modeling is not
adequate to cover all the high frequency features of an inductor [13]. Electromagnetic
simulation using the finite element analysis (FEA), finite difference time domain
(FDTD), or method of moment (MOM) software is another method for evaluation of a
high frequency device [51]. Accurate EM-simulation often results in close matches to
measured device performance and provides more flexibility for the structural design. The
simulation results are often provided in terms of measurement parameters such as the
scattering matrix, impedance matrix, and admittance matrix [7]. To extract the final
value for each of the components in the circuit, one need to use the high frequency
relations applicable for calculation of the inductive, capacitive, and resistive values of a
passive model. The same method can be used for the evaluation of the fabricated device
and extraction of the circuit elements. To provide an accurate measurement, the

microwave station set up and the related calibration need to be applied.
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The current chapter will cover an overview of the HFSS, an EM-simulation
software package and discuss the benefits of its use with regards to the inductor design
application. Then the 3D design for micro-solenoid through the PCB is described. The

next section is the analysis of the component in the frequency range.

3.1 Electromagnetic simulation using Ansoft HFSS

The flexibility of modern electromagnetic simulation packages has made them a
favorite method for the study of high frequency devices in recent years. These
applications often require powerful computers with large amounts of RAM and multi-
core processors. For example, Ansoft HFSS needs 8 Giga-bits RAM and a 4 core
processor for its most recent version [42]. However EM-simulations benefit from high
accuracy, making them worthwhile evaluate complex designs prior to fabrication.
Simulations incorporate 3D computer aided design (CAD) modeling and use Maxwell’s
equations over the electric and magnetic terms. After applying the boundary conditions,
the lay out will be exited through ports using terminal currents or modal fields as a
known source. Then the differential equation will be solved and the field current
components will be found. As a result of that, high frequency aspects like skin effect,

proximity effect, eddy loss, and discontinuities will be taken into effect.

There are different solving methods available in the EM-simulation software
based on time domain or frequency domain. The most frequently used methods are the
finite elements (FEM) method and method of moments (MoM) [13]. Ansoft HFSS uses

the FEM and Sonnet Software uses the MoM. They both apply the analysis in the
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frequency domain and use a mesh division to find the unknown values in small subsets

and apply the boundary and field to the next subsets.

The resulting values in the EM-simulation software are very close to each other
and accurate. In this study Ansoft HFSS was used for the simulations and will be
covered in the current chapter. First the creating of 3D structures will be described, then

the analysis will be covered.

3.2 Three-dimensional (3D) design

To create a 3D structure for simulation in Ansoft HFSS, one need to perform the

following settings in the HFSS OPTIONS of the software:

° Create new boundaries.

° Duplicate boundaries with geometry.
° Automatically cover closed polylines.
. Edit property of new primitives.

A project should be opened, and due to the current excitation in the solenoid
device, the solution type is going to be the driven terminal. For this application, due to
having different size dimensions from tens of millimeters to microns, the model unit will
be set into millimeters. To make the structure after choosing the material for each
element of the device, a 3D-CAD toolbar can be used. Every single part should be made

and then they will be united as in Figure 3.1.
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Figure 3.1 Three turn solenoid structures created using Ansoft HFSS Cad tools.

After making the conductor, then the substrate Duroid body should be added.
This can be done by choosing the material and making a box using that. For solenoid
application, two thicknesses of 0.380 mm and 3.010 mm were considered. The surface
dimension of the boxes can be made using squares of 3 mm to 10 mm side dimensions.
The box needs to be extruded by the via holes. The via can be made by subtracting a
copy of the conductor from the substrate. Duroid was considered as the substrate

material for the solenoid inductor. The Box and the vias are given in Figure 3.2.
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Figure 3.2 The substrate and vias for the three turns solenoid.

The solenoid conductor needs a return path to make a closed circuit. In the
microwave circuits, it is considered as a ground for a two port network. In most EM-
Simulation software packages, this will be made by a perfect conductor (PEC). Here to
make things more close to the actual fabricated samples, this pad was made using the
same copper material as the solenoid conductor. The excitation ports will be added
between this conductor pad and the coli terminals. A model of this ground pad is

depicted in Figure 3.3.
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Figure 3.3 Ground pad created for a two-port network solenoid.

Excitation of the solenoid should be a driven terminal due to the conduction of the
currents in the metal. As a result of that, two lumped ports need to be used. The lumped
port shape must to be a small rectangle without thickness. Every rectangle should be put
in between two high conductivity materials such as metals. The size on the connection
side can be one half of the metallic side. Also the port should not be located near the
corners of the inductor terminal. If the software did not make the excitation line through
the lumped port, one needs to assign this vector in the middle of the rectangle, followed
by choosing 50 ohm terminal impedance. The total metallic conductors including the

excitations are in Figure 3.4.
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Lumped Port

Figure 3.4 One of the lumped ports connected between the terminal and the pad.

The total created passive component needs to be put in a box for the simulation.
This box can be made by choosing air or vacuum as the material and creating a large
cube with dimensions that make the device at least A/4 far from the cube walls. At the
bottom of this cube, a rectangle can be made to show the effects of the measurement
chuck. It should assign a perfect E in the boundaries setting to perform as a metallic
ground chuck. The other boundaries are going to be all the other cube surfaces. These
should be assigned in the boundary to radiation boundaries. The radiation boundaries will
be considered as unlimited free space by the software. A picture of the related cube with

the perfect ground and all its radiation boundaries is given in Figure 3.5.

35



Figure 3.5 Boundary conditions and perfect E field effects are added to the solenoid design.
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3.3 HFSS Analysis

Evaluation of the component will be done by creating an analysis setup in the
general tab. A Solution frequency is going to be selected based on the resonance
frequency of the component. For a three turn solenoid of thickness 0.380 mm, the
resonance frequency can be estimated around 8 GHz. The rest of the settings are

e Maximum number of 20 passes.
e Maximum Delta of 0.02.
e Do lambda refinement with target of 0.05.

e Use lower order solution bases.

After making the analysis setup, one needs to add a sweep between the minimum
and maximum target frequencies. The step number between these two frequencies
should be such that it makes an integer number of steps between two limits. Error
tolerance of 0.5% and a maximum solution of 20 are the last settings necessary

for the sweeping.

When the simulation analysis setup is made, the circuit can be checked for
validation and then start the analyzing. It will take a few minutes to a few hours to run

the simulation due to the complexity of the component.

Simulation will automatically check the convergence of the resulted data. If the
result is not converging, it will be documented in the message box window for

consideration by the user. Drawing reports will be made by going to HFSS results and
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choosing the related two port parameter such as admittances, impedances, and scattering
parameters. In Figure 3.6 the S-parameters report of a three turns solenoid of 0.380 mm
thickness is given. Other formulas can be added to make new reports using the two port
network parameters. Any formula can be added in output variables. Then the new
formula will available in the two-port matrix report window. Creating a report using that

will be the same as every other two-port parameter.
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Figure 3.6 S-parameters of a three turns solenoid simulated by Ansoft HFSS.
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CHAPTER 4

MICROWAVE MEASUREMENT THEORY

The accuracy of microwave measurement depends on the measurement system
and calibration. High frequency measurement of electronic components is not easy to
perform in the time domain. The reason is the lack of fast data acquisition systems
to capture and process the multi Giga Hertz responses. Even using the fastest
oscilloscope in the market, one can measure up to few Giga Hertz. On the other hand,
the circuit dimensions are close to the wave length, so the signals are going

to behave like traveling waves.

An alternative to analyzing a fabricated component is to consider the device like
an N-port network. For an N-port network, one can apply the excitation signal over the
terminals of the device and measure the effects of this wave on the terminals. This needs
an RF-measurement station with the related set up and accurate calibration, to reduce the
noises and errors after that. The two-port network parameters can be used to evaluate the
other related variables, such as the inductance and capacitances of the circuit model in

Figure 2.1-b.
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In this chapter the high frequency parameters for an N-port network will be
covered. Then the circuit model of high frequency inductors will be evaluated for
extraction of every element. Finally the last section describes the measurement

equipment and the calibration method.

4.1 N-Port network

Electrical and electronic circuits can be modeled as N-port networks for overall
evaluation of the component as illustrated in Figure 4.1. Using that, measurement of the
device can be done more easily especially for high frequency applications. If a known
circuit model would be applied to the network, then every element of the circuit can be
evaluated using the measurement results. Several different matrices are presented for the
N-port networks like Impedance matrix, and admittance matrix [11]. The Z-parameters
and Y-parameters are given as

Z-parameters:

Vi
Z.. =" _ 4.1
/A Ik=0f0rk¢] (4.1)
J
Y-parameters:
I
Yij - Z V=0 fork#j (4.2)
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Figure 4.1 A microwave network model of N-port.

For reciprocal networks, the Z-parameters which relate every two-port together

will be equal. In other words, the matrices will be symmetric [52].

In high frequency applications, the voltage or current is not a good measure of the
terminal behavior, because the radio frequency signals will be considered only in a
particular direction. Instead of these, one can use the reflection waves and characterize in
the port using a scattering matrix. S-parameters or scattering matrices are defined by the

incident waves and reflection waves. If the S;; and Sy, are scattering parameters and S
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and S;; are forward and reverse transmission parameters respectively, then these are

given by [53], [54]
-_ +
no=S" +S

+
1272

+ +
v, =8S_.V. +S..V.

2 211 22 2

v
]
el o

" =
s l2
1" =
e
SIZ_V_+V+ 0
1172 =
"
S21_V_+V+ 0
> |11 =

4.3)

“4.4)

(4.5)

(4.6)

4.7)

(4.8)

Every network parameter can be converted to the other desirable other parameter.

Since the measurement results of a network analyzer is in S-parameters, it is frequently

changed into Y-parameters for evaluation of the circuit models [55].
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converted the S-parameters to the transmission matrix or ABCD-parameters for
evaluation of the inductor circuits [17], [56]. The admittance matrix or Y-parameters of a

two-port network can be calculated by S-parameters using [10], [57]

o= (1=sy 1 Ji+s0 Jrs1ps91 4.9)
I Zg{trsy i+59p 512501

ey L=y [+ 1959

Y22 = (4.10)
—-2s ’
12
Vg =5 ‘ (4.11)
-2s
- 21 |
Y217 (4.12)

ZO (l +571 Xl ) )— 519591

The characteristic impedance of the line or Zg is 50 Q. The S-parameters also can

be evaluated using the admittance parameters by [11]

2
5 = 1-311 2o M4 3320 )+ 1032120
2
190120 1+ 93020 )- 712712 (4.13)
2
iy = 1+ 90120 1= 332 J# 2129212
2
9120 7020 )- 7129212 (4.14)
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—2y:~1Z
s12=( X 12 0) 5 (4.15)
2o N+20Z0)~ Y12721%0
2
-2y~1Z
2170 > (4.16)

12" (“yllzoX“yzzzo)‘ylzyzlzo

Another application for the two-port network parameters conversion is the de-
embedding [58]. Effects of the pad are algebraically de-embedded from the measured
values. To obtain the de-embedded values of inductor, the Y-parameters of the pad only
should be subtracted from the measured values for solenoid with pad. The resulting
values are the effect of inductor circuit without parasitic. Equation (4.17) shows the

relation for de-embedding [58].

[yu ylz} =[yu yl2} _[y“ yu} 4.17)
Y21 Y22 |De-embedded _Inductor 721 Y22 \mmductor_with_Pad Y21 Y221 pad '

4.2 Measurement circuit model

Inductors are one of the fundamental components of every RF-circuit. It can be
used either in parallel or series in the circuit. The series connection of an inductor means
the two terminals of the inductor are used in the circuit; in other words, neither of these

terminals are grounded. In the parallel connection, one of the junctions will be grounded
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while the other one is being used in the circuit. Both models are reported for evaluation
of the inductor performance [17], [27]. The series model was investigated in the current

work. Then the result of the series inductor can be used to derive the parallel model.

For a solenoid inductor in the Duroid board, the same single n-circuit as discussed
in Chapter 2 will be used. This network provides two capacitors, one inductor, and
one resistor. De-embedded Y-parameters or ABCD-parameters were repo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>