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Abstract

With the development of modern wireless systems, the spectral environment has become
increasingly crowded. This has spawned a strong interest in frequency, bandwidth, and
pattern recon gurable RF front ends, which can adaptively tune their response to reduce
interference. A ltenna (" Iter' and "antenna’) is a device that combines an antenna and

at least one other resonator together to achieve the same or better performance as an an-
tenna and lter cascade in a smaller and lighter package. Most frequency recon gurable
ltennas tune by using microelectromechanical systems, pin diodes, or varactors. These
tuning techniques are ill-suited for high power applications due to breakdown, non-linear
effects, and/or high loss. These problems can be solved by the use of mechanical tuning.
In this thesis, a piezoelectric actuator tunet,@&der Iltenna is presented. The design is
based upon changing the capacitive loading of an antenna and an evanescent-mode cav-
ity resonator, thereby altering the resonant frequency. Loading agility is achieved through
physical displacement of a metal disk. A time domain based tuning method is applied to
tune the Itenna, allowing highly accurate tuning with only accesStp The lItennais
simulated to have a"2order response and tune across S-band (2-4 GHz, 2:1 ratio). Simu-
lations also show a greater than 65% radiation ef ciency and greater than 3 dBi broadside
gain throughout the entire tuning range. This Iltenna demonstrates the feasibility of a
widely tunable, highly linear, and compact front end for modern RF systems, as well as a

design methodology to allow for future development of frequency agile Itennas.
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Chapter 1

Introduction

1.1 Overview

Modern RF systems must deal with increasingly dense and crowded spectral environment.
This demand is universal across application, but the supply is inherently limited, since
spectrum is a nite resource. This demand for ef cient use of spectrum has pushed oper-
ational bands closer. Additionally, interferers can appear in a system. They can take the
form of another broadcaster in a neighboring band having excessive spectral leakage, an-
other legitimate transmitter drowning out the desired signal (such as many devices trying
to connect to a single Wi-Fi router), or malicious transmitters attempting to disrupt com-
munication. This overcrowding and interference problem has increased the prevalence of
multi-band systems, allowing a user to switch channels and still operate effectively. All of
these new use cases have demanded better performing and agile RF elements. A sample of
the frequency allocations for S-band (2-4 GHz) is shown in Figure 1.1, showing how many
different technologies are competing for spectrum usage.

Traditionally, a high performance RF system consists of a wideband antenna on the
front end with a Iter bank behind the antenna to reject any unwanted signals. To accom-
modate bands operating closer together, typically the order of the Iters was increased,

requiring more resonators and more space and weight to accommodate those resonators.



Figure 1.1: Frequency allocations for S-band (2-4 GHz) showing how many users are com-
peting for close and overlapping bands. Adapted from [1].

Adding multi-band operation requires the antenna to cover all of the bands and the creation
of a switchable Iter bank, where the system would have a high order lIter for each band

of operation and the user would switch between each to look at the frequency of interest.
This again increases size and weight requirements, but also increases power requirements
due to the control system needed.

All of these additions would be acceptable, but there is also a constant demand for
decreases in Size, Weight, and Power (SWaP) for all use cases. In cases such as satellite
applications where space is at a premium, power needed is driven by solar (which has its
own SWaP requirements), and each additiagram costs a minimum of $1.40 [2], it can
be seen how much SWaP matters. To address SWaP concerns, many antenna and lter

technologies today are incorporated into printed circuit board (PCB) design processes, but



the requirement for smaller and lighter systems still stands. If there were some way to
reduce the number of elements required, but maintain PCB manufacturability, that would
fundamentally decrease the size and weight requirements of a system and be a desirable

technology.

1.2 Recon gurable Filters

One attractive solution to the Iter bank issue is to make the Iters recon gurable. A single

Iter can simply be tuned to operate in different bands, replacing the large bank of lters
with a single tunable lIter. If this tunability is ne enough, a tunable lIter can provide
more agility than any realizable Iter bank. While there are increases in complexity and
sometimes power consumption to make a Iter tunable, the savings on size and weight
make a single Iter system a highly appealing option. Tunability is normally accomplished
through strategic loading of the structure with an adjustable complex impedance. This
adjustable impedance, or loading element, causes a corresponding change in frequency
response of the device. Unfortunately, tunability normally comes at the sacri ce of other
parameters. Quality factor, and therefore insertion loss, can suffer as the loading elements
contribute loss. Power handling can also decrease since many loading elements (varactors,
ferrites, etc.) cannot handle large amounts of power without experiencing non-linearities,
degradation in performance due to thermal effects, or complete failure [3].

One promising technology that offers balanced performance and tunability is the tun-
able evanescent-mode cavity based Iter. An evanescent-mode cavity is a cavity resonator
that is loaded in such a way that it operates well below the resonant frequency one would
expect from the outer dimensions. The lowest frequency possible in a traditional cavity is
the frequency with an effective wavelength twice that of the largest dimension [5]. This

creates a “half-wavelength' resonator within the cavity. Evanescent-mode cavities exploit



Figure 1.2: Tunable evanescent-mode cavity based Iter from [4].

loading of the cavity, typically with a capacitive post, to lower the resonant frequency. This
enables the resonator to tin a much smaller package. Evanescent-mode cavities pro-
vide a balance between high tunability [6], high power handling [7], {@g4], [8], [9],

high linearity, low power consumption, and small size that make them a good candidate
for high-performance microwave systems. They can be implemented as metal wall cavi-
ties, but they can also be integrated into substrates, making manufacturing and inclusion
into overall systems much simpler [10]. An example of"& @&der, substrate integrated,
tunable lter from [4] is shown in Figure 1.2.

There has been extensive work done to model the performance of evanescent-mode cav-
ities [11] and they have been used in complex lter designs [12]. Linearity is not sacri ced
despite the wide tuning range, as the cavities can be tuned mechanically. They have also
been demonstrated to handle at least tens of Watts while maintaining high tunability [7].
The common method of tuning these resonators using piezoelectric actuators demands little
power to tune and practically zero power to maintain position.

Thus, evanescent-mode cavities open the door for replacement of Iter banks with a

single tunable Iter. This new Iter would be able to maintain high performance while



improving signi cantly on traditional levels of SWaP. However, despite this drastic im-

provement, there are still strides to be made.

1.3 Recon gurable Antennas

An additional improvement to the SWaP problem of the broadband antenna plus Iter bank
idea is to make the antennaitself recon gurable. Using a narrowband antenna offers a better
noise gure performance [5] and includes a " Itering' element at the very front end of the
device, reducing the required lIter order to accomplish the same rejection characteristics.
To cover multiple bands, however, the antenna must be recon gurable in frequency. This
system aims to save on SWaP by reducing the order required for each Iter in the bank; it
does not eliminate the need for a Iter bank itself.

There has been much research on recon gurable antenna designs, with many focusing
on adaptive antenna loading as a tuning mechanism. Common loading mechanisms include
varactors [13], [14], microelectromechanical systems (MEMS) [15], and pin diodes [16]—
[18]. Figure 1.3 shows a varactor tuned slot antenna from [13]. While these systems
offer many bene ts when it comes to reliability, incorporation into current PCB design
processes, size, and weight, they suffer in one key region: power handling. Their physical
properties cause serious limitations due to breakdown and undesirable non-linear effects.
These effects have limited the adoption of these highly adaptive antennas in high power
applications like radar. Next generation systems need to operate in narrow frequency bands
without risking spectrum pollution due to non-linearities. Mechanical actuation of metal
offers a combination of linearity, power handling, and tuning range that is dif cult to nd
in other tuning methods.

Tuning using movement of metal has been around since the earliest days of radio [19].

It has been reliably used in systems such as radios, radars, and telecommunications. Fac-



Figure 1.3: Tunable multi-band slot antenna tuned by varactors from [13].

tory mechanical tuning is currently commonplace in microwave components, such as using
screws for ne tuning of new cavity Iters [5]. For many decades, active, electrically
controlled, mechanical tuning has been well established in the higher frequency domain of
microwave components. Work has largely focused on the use of piezoelectric discs or rotat-
ing cam shafts with stepper motors as a movement mechanism. Both offer precise control
of movement, power handling, and spurious frequency rejection bene ts [4], [8], [9], [20].
Unfortunately, cam shaft actuation requires complex construction and, for antenna applica-
tions, requires large rotating pieces directly over the antenna. The piezoelectric discs have
a fairly small de ection distance and therefore are limited to high loading applications to

cause large changes in capacitance. The piezoelectric discs consist of a piezoelectric crys-



tal and a nickel alloy coating. Both of those materials are lossy, preventing the effective use
of piezoelectric discs in areas of high eld density without serious impacts on ef ciency
due to ohmic losses.

Recent advancements in piezoelectric actuators, which use multiple piezoelectric crys-
tals stacked up and active feedback loops in a single package, have partially solved these
problems. They allow for comparable degrees of control to piezoelectric discs but with
much greater de ection distances. These actuators can often cover millimeter distances
with micrometer accuracy, allowing for much larger de ection than is possible with a sin-
gle piezo disc while maintaining precise control. For example, the M3-L Micro Linear
Actuator by New Scale Technologies can move up to 6 mm along an axis in 0.5 um steps,
Another key aspect is that the actuator itself is far away from the antenna, distancing it
from the strongest elds and thereby reducing loss and radiation disturbance.

With these steps in recon gurable antenna design, there can be further improvement in
SWaP while maintaining desirable radiation ef ciency, antenna pattern, and linearity. The
combination of a tunable Iter and a tunable antenna is already a drastic improvement from

a wideband antenna and lter bank, but there is yet another step that can be taken.

1.4 Recon gurable Filtennas

With traditional antenna plus lter bank systems, the antenna is often treated as a separate
entity, bolted on and entirely disjoint from the Iter system. Therefore, to get a desired
frequency response there are limits to SWaP, since the size of antennas and Iters posi-
tively correlating with gain, power handling, and tunability. Therefore it becomes dif cult

to shrink the system and maintain a certain level of performance. Additionally, the trans-
mission line in between the antenna and Iter bank inherently adds noise to the system. A

particular element will tend to have a larger effect on the signal the earlier it is in the receive



chain, meaning the transmission line can in uence the performance signi cantly [5]. The
impact of the transmission line can vary widely with the length or geometry of the line, but
the potential for impact is quite large in systems where the antenna is separated far from

the lters.

Figure 1.4: Block diagram comparing a tradition&1 8rder receive chain to a ltennd'®
order receive chain

Filtennas (a portmanteau of " Iter' and "antenna’) can offer several unique advantages
over the traditional treatment of antennas and lters as separate entities. For ltennas,
the antenna is treated as another resonator in a lter block, where the elds of the antenna
directly overlap and interact with the elds of the Iter block. First and foremost, this allows
for the removal of a resonator in the Iter block while maintaining the same frequency
response. Instead of a wide-band antenna and a second order lter, for example, a single
antenna and a single resonator coupled together into a ltenna can provide that same second
order lter response. This immediately promises improvements in SWaP. Additionally, the
direct coupling of the antenna to the Iter allows for the removal of a transmission line

between the two systems, bringing them closer together, improving noise performance,



and again offering improvements in SWaP. The reduction from a traditional system to a

ltenna is shown in Figure 1.4.

Figure 1.5: Multi-order Itenna found in [21]. Layout of Itenna (a), photograph of the
slot antenna side (b) and coaxial feed side (c) with the simulated versus measured response
seen in (d). See [21] for dimensions and further discussion.

Several avenues for the creation of Itennas have been pursued before. They have
varied from introducing loading structure in horns to using leaky wave structures in cavity
resonators [21]-[24]. Static Itenna have been demonstrated with as higH asdér
Chebyshev responses while maintaining high ef ciency [21], demonstrating their capability
as radiating and ltering structures. Th& érder Itenna layout and response is shown in
Figure 1.5. Additionally, a time domain tuning method has been applied to tune these
Itennas [21], [24]-[26], allowing for higher order tuning with only access to the input
port. However, all of this work has been on static Itennas, and tunability is a key element
in reducing SWaP.

Adding tunability to a Itenna allows a single tunable Itenna to perform the same func-
tion as an antenna and lIter bank in a traditional design. There has been much published
work on tunable " ltennas', but much of the work published is only a tunable lIter with an
antenna attached to the end; there is no additional bene t to performance from coupling to
the antenna [28]—-[30]. Lovato has recently introduced a few true tunable ltennas, making

use of varactor loading to load the elements [27], [31]. These ltennas are as hidh as 3



Figure 1.6: Multi-order, tunable, xed bandwidth Itenna found in [27]. Measured and
simulatedS;; response (a), measured and simulated gain response (b) and image of tunable
ltenna. See [27] for dimensions and further discussion.

order and have been demonstrated to have as high as a 1.68:1 tuning ratio. Lovato has ad-
ditionally demonstrated bandwidth tunability within a frequency tunable Itenna, showing
static bandwidth is possible [27]. This bandwidth and frequency recon gurable Itenna is
shown, along with results, in Figure 1.6. However, while impressive, all of these designs
have relied on varactor tuning elements. These inherently limits the power handling, lin-
earity, and ef ciency of these devices, leading to low radiation ef ciency and low gain at
high loading. All of the Itennas demonstrated a maximum of -3 dBi gain at the lowest
frequency, indicating low radiation ef ciency. Due to the non-linear nature of the varac-
tors, itis also likely that these Itennas would experience non-linear effects in higher power

operation. This is to be expected since high power handling normally comes at the cost of
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tunability. However, a Itenna with high power handling, full octave tunability, and com-
parable performance to a traditional antenna plus Iter system would be a highly desirable
technology. The goal of this thesis is to demonstrate a device capable of meeting those

expectations.

1.5 OQutline

This thesis aims to demonstrate methods of conceptualization, simulation, tuning, and fab-
rication of the elements of a high power handling, frequency recon gurable Itenna. As
such, it will be broken into several sections to cover the building blocks of the proposed
Itenna.

Chapter 2 covers tunable evanescent-mode cavity theory, with a focus on modeling of
the structure. Discussion of previous work and modeling will be presented, and an adjusted
closed-form method for predicting the resonant frequency of the cavity will be shown to
account for manufacturing techniques. An example cavity will be conceived, simulated,
and fabricated, with results shown and discussed. The cavity will be shown to be able to
tune across S-band (2-4 GHz), and maintain a i@ghroughout the tuning range.

Chapter 3 focuses on the development and re nement of a highly tunable slot antenna.
This antenna will be demonstrated to tune across S-band (2-4 GHz) while maintaining a
good match and radiation ef ciency. The conceptualization, simulation, and fabrication of
the antenna will be presented with results discussed. The primary focus will be on how
the tuning mechanism affects the performance of the base slot antenna used. Guidelines of
tunability and radiation ef ciency trends will also be discussed.

Chapter 4 goes into extensive detail about the time domain method used to tune a |-
tenna. In a traditional Iter, both ports are accessible for information about the nature of

the lter. In a Itenna, only one port is available. Given that a Itenna may be designed
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to be a symmetric lIter, this can create issues for determining which part in the multi-
resonator system is mistuned. The time domain method provides a way to directly analyze
the parameters of the Itenna and provide direct insight into how the device needs to be
tuned.

Chapter 5 demonstrates the design methodology, tuning process, and simulated per-
formance of a ? order Itenna. The chapter begins with a discussion of Iter theory in
general and how it can be applied to Itennas. Then, the tunable antenna is adapted to al-
low incorporation into a Itenna. Input coupling techniques and characterization, internal
coupling design, and and output coupling is also discussed. Finally, using all of the tools
presented, a Itenna is conceived and simulated. The Itenna is tuned to 3 GHz using the
time domain method, and is shown to be able to tune across all of S-band (2-4 GHz). The
performance across all of S-band is presented.

Chapter 6 provides a summary of work including scienti ¢ contributions. The chapter
also discusses possible improvements to the design and suggestions of future paths for this

research.
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Chapter 2

Evanescent-Mode Cavity Theory

When designing high-performance microwave resonators, there are several competing fac-
tors at play. It is highly desirable to have high arbitrary bandwidth, and high linearity.
However, these factors often compete with requirements for size constraints, manufacturing
ease, and low cost. Tunable resonators offer a partial solution to the problem, as they can
provide a wide operational bandwidth without a full Iter bank, but often at the sacri ce of

Q, linearity, and power handling due to the tuning elements. Traditional cavity resonators
allow for highQ, high linearity, and high power handling, but their size is often determined

by the wavelength of the frequency being Itered. Therefore, a highly tunable cavity res-
onator with some way to limit size is a highly desirable technology. Evanescent-mode SIW
cavities provide an excellent balance between high tunability [6], high power handling [7],
high Q [4], [8], [9], high linearity, and small size that make them an excellent candidate
for this role. For these reasons, substrate integrated waveguide (SIW) evanescent-mode
cavities were chosen for this project.

In order to fully make use of evanescent-mode cavities, full characterization is nec-
essary to understand and predict the resonant frequency and quality factor of the cavity.
Ideally, derivation of the resonant frequency would be possible from closed-form, sim-
ple expressions. This will be shown to be possible with some limitations. Quality factor

derivation has been covered in previous work [12]. Expansion of models for quality fac-
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tor to dielectric stacks was not done in this thesis, but would be a valuable path for future
research. Next, characterization using full-wave solvers will be used to gain further in-
sight. Lastly, the results of a manufactured evanescent-mode cavity will be compared to

simulation and theory to demonstrate the robustness of each.

2.1 Evanescent-Mode Cavity Closed-Form Modeling

Figure 2.1: Cutaway simpli ed model of an evanescent-mode cavity resonator. The walls

are a good conductor and it is assumed to be vacuum lled

It is useful to be able to predict the operational frequency of an evanescent-mode cavity
given the physical dimensions. This predictive power can drastically increase the speed of
the design process. A simpli ed evanescent-mode cylindrical cavity consists of only a few
parts. An outer cylindrical cavity with radidshouses a concentric post, itself having a
radiusa. The post reaches a heightlofand forms a gap with the interior of the cavity of

sizeg. Therefore, the height of the interior of the cavityhis g. The general dimensions
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used to describe a cylindrical evanescent-mode cavity are shown in Figure 2.1. In general,
many single resonators can be approximated as LC resonators. The resonant frequency of

an LC resonator is known to be

1
fo= —: 2.1
0 2_pL_C (2.1)

wheref  is the resonant frequendy,is the inductance, an@ is the capacitance. The dif-

culty lies in nding what values to use for inductance and capacitance. Previous work has
looked into the various models that may be used to predict these resonant frequencies [12].
The three main models given were a loaded coaxial line (LCL) model, a lumped element
model (LEM), and a Green's function (GF) based model from a paper by Fujisawa [11].
All of these models rely on the assumption that< h to maintain accuracy. Note that this
work will initially be dealing with comparing the predictions of the models, not derivation

of the models themselves; see [12] for more detail. The LCL model predicts the resonant
frequency as

f(): S

; (2.2)
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wherec, represents the speed of light in a vacuars the radius of the posh, is the height
of the rst substrate/post is the size of the gap, aras the radius of the cavity, as shown
in Figure 2.1. There is technically another LCL model in [12], but it returns more similar
results to the one presented herggdgcomes a smaller fraction bf so it is left out of this
analysis due to thg << h assumption.

The LEM gives the resonant frequency as a combination of lumped capacitances and

an inductance in the cavity. The relations become

1
®7 2 "LeoaxCrot
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Cpost = 0 ; (2.3d)
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where" refers to the permittivity of free spacey is the permeability of free space, and
the rest of the variables are the same as previously de ned.

Fujisawa's model starts from a basis of using Green's functions to analyze the elds
inside the cavity. This analysis method gives the inductance of the resonator as

oh+g, b

L= —5 2 (2.4)

It is notable that this is the same inductance relation one would get if calculating the in-
ductance of a coaxial line traditionally as in [5]. This is also the same inductance relation
as seen in (2.3b), with a minor variation where the length of the coaxial line is assumed
to be the full height of the cavity, instead of only the height of the post. Again, due to the
assumption thag) << h, this has little effect on the overall prediction. The capacitance
is modeled in two parts, with their sum equalling the total capacitance of the system. The

rst part is the parallel plate capacitance between the post and the top of the cavity, where

||0a2.

g

Cpost = (2.5)

This post capacitance is again the same post capacitance seen in the LEM and (2.3d).
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Therefore, the key difference in the GF approach lies in the second capacitance, which rep-
resents the capacitance modeling of the cavity. The second capacitance is novelly derived

by Fujisawa as 0 q 1

e (b a’+(h+ gy’ .
% A (2.6)

Ccavity =4"saln @

wheree is the mathematical constarg £ 2.71828...), and the rest of the variables are the
same as previously de ned. Bringing it all together, the predicted frequency based on the

dimensions of the cavity becomes

fo= —p ot ; (2.72)
2 L (Cpost + Ccavity)
or, expanded out
fo= —y o g r3:  (27h)

u
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e (b a’+(h+g)?

In these models, the size giplays a dominant role. The way in which it is used to control
tuning is readily apparent, but the way in which its rate of change affects the rate of change
of the resonant frequency is less obvious. To a very rough approximation, in all of the
models, a quadrupling @fis fundamentally limited to a halving of the resonant frequency.
Considering thag is a physical size, this corresponds to smaller gap sizes rapidly causing
shifts as they are easier to quadruple, with larger gap sizes being more dif cult to shift.
This also plays a major part in the trade-off between power handling and tuning range.
For example, the gap size needs todbdeastquadrupled to get an octave of tuning, and
limitations of tuning ranges are often measured absolutely, not relatively. Therefore, the

minimum distance must be chosen to allow for this quadrupling to happen, but the smaller
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the minimum distance, the less power handling available due to the decrease in voltage
needed to induce dielectric breakdown. In practice, a change of gap size of about 5:1 is

often needed to get an octave of tuning, so this power restriction is limited even further.

2.1.1 Resonant Frequency Model Comparison

In an effort to fully generalize the resonant frequency equations, further research was pur-
sued to see how robust these equations were at predicting the resonant frequency at various
post radii, cavity heights, and gap sizes. To test this range, the cavity radius was kept con-
stant at 7 mm. Then each combination of three different post radii (0.5 mm, 1 mm, and
4 mm) and three different cavity heights (30 mils, 60 mils, and 125 mils) was generated.
On each iteration, a sweep of the post gap from 5 to 50 um was performed and the predicted
resonant frequency for each method logged. The cavity heights were chosen to align with
commercially-available substrate thicknesses. The post radii were chosen to cover a range
where the models aligned and then started to diverge based on the data presented in [7].
The sweep range of the gap was chosen based on previous experience with likely ranges/-
magnitudes in tunable evanescent-mode cavity designs. The cavity radius was chosen to be
a round number analogue to the value presented in [12]. To test the accuracy of the results,
Eigenmode simulations in ANSYS HFSS, a nite element method (FEM) time-harmonic
electromagnetic (EM) solver, were performed and treated as truth.

The full comparison of the various closed-form predictive methods to FEM simulation
is seen in Figure 2.2. In general, all models do best when the post radius and cavity height
are larger fractions of the cavity radius. The models also improve when the gap is a smaller
fraction of the cavity height. This makes sense as the parallel plate capacitance starts to
dominate and thg << h assumption becomes more accurate. With a post radius that is

a signi cant fraction of the cavity radiusa(= 4 mm), all models roughly match the FEM
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simulation at all tested gap sizes and cavity heights, supporting the claim that any one
would work well enough for design purposes. However, as the ratio of post radius to cavity
radius decreases, and to a lesser extent as ratio of cavity height to cavity radius decreases,
the models rapidly diverge in their predicted frequency. The only model that maintains
any semblance of accuracy at smaller post-to-cavity radius ratios is the GF method. In the
cases tested, the LEM has percent error as high as 56% and the LCL method as high as
60%, while the GF method peaked at 20% error. Qualitatively, the GF method takes much
more time to diverge from FEM results and stays on track through a variety of post radii,
cavity heights, and gap sizes. Considering the relative complexity of the derivation of each

method, the GF method should be a more accurate model, and this is re ected in the data.
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Figure 2.2: Comparison of evanescent-mode cavity resonant frequency predictions from
closed-form expressions (Green's function (GF) method, lumped element method (LEM),
and loaded coaxial line (LCL) method) to nite element method (FEM) analysis using
HFSS. The gure demonstrates that the GF method is the most accurate method tested over

a range of geometries.

20



2.1.2 Resonant Frequency Modeling with Dielectric Stack

Due to the superior accuracy of the GF method for predicting the resonant frequency of
the cavity in a wide variety of geometry cases, it was chosen to predict the cavity resonant
frequency in this project. However, it is notable that the relation does not take into account
any sort of dielectric that the cavity is made up of. The model assumes that the cavity
is vacuum lled and has perfect metal walls. For the purposes of this project and for the
generalizability of the model to SIW based cavities, Fujisawa’'s equations were extended
to include dielectric materials inside of the cavity. It is important to note that the loss

in the conductor walls and the loss that will be introduced by the dielectric should not
affect the resonant frequency of the cavities; it should only affect the quality factor. Since
these equations are solely being used to determine the resonant frequency, the loss of each

component is ignored.

Figure 2.3: Cutaway simpli ed model of evanescent-mode cavity resonator built using a
dielectric stack. The walls are a good conductor and it is assumed to be lled with two
layers of differing dielectric. One dielectrit,¢) lls the gap between the post and the top

of the cavity, while the other dielectri€,;) surrounds the post.
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Adjusting for the dielectric stack is a simple procedure given a few key assumptions.
The rst assumption is that the parallel plate capacitance is entirely unaffected by loading
from the second dielectric. In an idealized parallel plate capacitor, there are no fringing
elds that can interact with material exterior to the parallel plates. This allows (2.5) to be
reorganized to

"o"rpa’

Cpost = T; (2.8)

where",; is the relative permittivity of the top dielectric. The second assumption is to con-
tinue withg << h . This allows the dielectric stack up inside of the cavity to be ignored, as
the second dielectric will dominate in loading the cavity capacitance and the rst dielectric

will have minimal effect. Therefore, (2.6) becomes

e (b @°+(h )21
e a+(h+g .
29 A) (2'9)

Ccavity = "0"r2a|n@

where", is the relative permittivity of the bottom dielectric. The last assumption is that
the dielectrics have a permeability about the same as free space. This is most often the
case, but if one wanted to adjust for it, then all that would be needed is to add the relative
permeability of the bottom dielectric (,) to the inductance equation. However, since the
vast majority of dielectrics have a relative permeability very close to one, this part is left
off for the rest of the analysis.

Bringing the adjusted equations together and simplifying and adjusting a few things,

the new relation for the resonant frequency of a cavity with a dielectric stack becomes

Co

-
N

fo = = (2.10)
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For brevity and to differentiate between the two Green's function methods, the Green's
function based method that is based on (2.7b) and assumes a vacuum lled cavity will be
referred to as the Green's Function Vacuum (GFV) model. The Green's function based
method that is based on (2.10) and assumes a dielectric stack inside the cavity will be
referred to as the Green's Function Dielectric (GFD) model.

An alternative expression that limits the inductance calculation to the height of the post
and not the total height of the cavity was also tested, but this was found to be generally less
accurate. In some cases it performed slightly better, but not enough to be the equation of
choice. With this new expression that includes dielectrics, it is important to test the accu-
racy. Again, HFSS Eigenmode simulations were treated as truth with the same variances
in post radius, cavity height, and gap size as before. However, various dielectrics were
introduced in a dielectric stack. The top dielectric was left at a relative permittivity of one
("r1 = 1), as most tunable cavities have an air cavity as the top dielectric. Note that all test-
ing was done with';; = 1, so the veracity of the model with top dielectrics other than air
is unknown. However, the relative permittivity of the bottom dielectric was swept through
a variety of values that span the range of many commercially available dielectrics;,The
values chosen were 1, 1.5, 3.27, and 10, Avalue of 1 was chosen as a control, 1.5 as a
gradual step, 3.27 as the value of Rogers TMM® 3 (the material used in this project), and
10 as a large dielectric constant close to materials such as Rogers TMM® £®(8),
sapphire'(; = 10), and Rogers RT/duroid® 6010.2LN, (= 10.2).

The GFD model was run through the same dimension permutations as faefdé(mm,

1 mm, 4 mm;h = 30 mils, 60 mils, 125 milsg = 5 to 50 um) as well as the same relative
permittivity values (;; = 1; ", = 1, 1.5, 3.27, and 10). The predicted frequencies were
recorded and compared to the GFV model and FEM analysis. The results fod..5 are
seen in Figure 2.4;,, = 3.27 in Figure 2.5, antl;, = 10 in Figure 2.6. The results for

"12 = 1.0 were exactly the same as before (as expected) and thus are omitted.
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Figure 2.4. Comparison of closed-form models (GF vacuum (GFV) and GF dielec-
tric (GFD) models) to FEM analysis for evanescent-mode cavities with dielectric stacks
("r1=1,"2=1.5). GFV, based on (2.7b), is a control and assumes a vacuum lled cavity
("r1=",2=1). GFD, based on (2.10), compensates for dielectric loading. The FEM model

includes a dielectric stacks and is treated as truth.
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Figure 2.5: Comparison of closed-form models (GF vacuum (GFV) and GF dielec-
tric (GFD) models) to FEM analysis for evanescent-mode cavities with dielectric stacks
("r1=1,"2=3.27). GFV, based on (2.7b), is a control and assumes a vacuum lled cavity
("r1=",2=1). GFD, based on (2.10), compensates for dielectric loading. The FEM model

includes a dielectric stacks and is treated as truth.
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Figure 2.6: Comparison of closed-form models (GF vacuum (GFV) and GF dielec-
tric (GFD) models) to FEM analysis for evanescent-mode cavities with dielectric stacks
("r1=1,",2=10). GFV, based on (2.7b), is a control and assumes a vacuum lled cavity
("r1=",2=1). GFD, based on (2.10), compensates for dielectric loading. The FEM model

includes a dielectric stacks and is treated as truth.
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A few general trends are seen in these plots. First, the GFD model actively compensates
for the loading of the dielectric and drastically improves the accuracy of the predictions
as the post radius decreases, height of the cavity increases, and the relative permittivity
increases. However, as the post radius increases to become a signi cant portion of the total
radius of the cavity, the GFD model starts to overcompensate for loading and will predict
a much lower frequency than the FEM model. In some cases, especially as the dielectric
constant gets larger, the GFD model has equal to or even greater error than the GFV model.
Since at larger post radii and smaller dielectric constants the GFD and GFV models are
very close in prediction, a switch point between the two methods should be used. An

approximate relation based on these results is

8
% S C 5 for % < 05
b ; . e (b a)’+(h+g)?
2 a(h+g)in 2 a—gl+ 12 |n 5
fo= . : (2.11)
S @ 5 for b > 05
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2 a(h+gln

oo
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It is often preferable to reverse parts of (2.11), particularly when extracting a gap size
from a desired resonant frequency. Despite extensive effort, no closed-form method was
found to putg as a function of ,. This can be circumvented by curve tting a generated
curve from (2.11). A second order exponential tends to t the plots extraordinarily well

(often times withR? values of 1.0000). This equation takes the form

g = X1€10 + x,e710; (2.12)

wherexy, Y1, X2, andy, can be found using MATLAB's curve tting appsftool . An-

other bene t of having this curve tting function in place is that it is essential in generating
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ts for the frequency versus gap curves of the Eigenmode simulations, allowing for quick

tuning of the simulated resonators.

2.2 Finite Element Method (FEM) Modeling

While closed-form models are particularly expedient and valuable tools for cavity design,
they are fundamentally limited by the assumptions they make. These assumptions are nec-
essary to reduce the system to a solvable point, but they introduce error into the system.
A method that relies on far fewer assumptions and can achieve much more accurate re-
sults is simulation software, in particular software that makes use of FEM analysis. One
of the most popular pieces of FEM software for EM simulation is ANSYS HFSS. Within
HFSS there are further subdivisions of modeling methods, with the two used in this thesis
being Eigenmode and Driven Modal. Eigenmode simulations offer rapid and less compu-
tationally intensive solutions, but with limits in accuracy and a lack of ports. A lack of
ports makes it dif cult to accurately include the impact of excitation or feeding geometry.
Driven Modal increases the solution time and computational demands, but offers better
potential for accuracy by including feeding networks, includes support for ports, and adds
other features, such as accurate radiation modeling, not present in Eigenmode.
Unfortunately, using HFSS is not as straightforward as plugging in parameters to a
closed-form model. HFSS is a tool that requires practice to wield effectively, and therefore
there are some key considerations to make when building models. As of HFSS 2018,
by far the most important to ensure accurate results for evanescent-mode cavities is to
add mesh operations in the gap, as the default meshing algorithm does not mesh the gap
between the post and the top of the cavity nely enough to fully capture the capacitance
of the post. These mesh operations should be added in both Eigenmode and Driven Modal

simulations. Anecdotally, a good rule of thumb that balances accuracy and simulation time
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is to set the maximum element length in the mesh operation to a fth of the post radius.
Additionally, if the mesh operation is performed on a non-model object, that object must
be an unedited (no subtractions, unions, translations, rotations, etc.) rectangular plane or
rectangular prism. If not done on one of these objects, HFSS may not give an error or
any indication of a problem, but it will ignore any mesh operation you place on invalid
objects. This means that a square, non-model box is required over the round post for mesh
operations, or HFSS will ignore the mesh operation and defaults back to the inaccurate
default meshing algorithm. Alternatively, the mesh operation can typically be performed
on any model object, but the effect of that object must be considered for the simulation.
The recommended course of action for designing evanescent-mode cavities is to gure
out the dimensions needed to meet speci cation with the closed-form expressions. Then,
build a simpli ed model in Eigenmode in HFSS (with a mesh operation) to verify the
resonant frequency), etc. and make adjustments. After ne tuning, move the model over
to a Driven Modal simulation and add realism (vias, coupling ports, etc.) and continue
tuning. This should result in a model that meets speci cation, gives the most realistic

results for center frequencg, etc., and is ready to be exported for fabrication.

2.3 Realization of Evanescent-Mode Cavity

Despite the high potential accuracy of Driven Modal simulations in HFSS, to know if mod-
els or simulations match reality, they must be veri ed with measurements. To demon-
strate the accuracy of the closed-form models, Eigenmode simulations, and Driven Modal
simulations, two SIW evanescent-mode cavities were designed, simulated, fabricated, and
measured. The author is incredibly thankful to Eivy Arroyo Diaz for taking on the bulk

of responsibility for fabrication and measurement. The cavity was designed to tune from

2-4 GHz, maintain a higlQ, and be manufacturable through printed circuit board (PCB)
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Figure 2.7: Structure of SIW evanescent-mode cavity with cutaway to depict layers

design techniques.

The cavity was designed to b&10 at the lowest frequency, 2 GHz. The diameter
of the cavity was therefore 15 mm, so the radipswas 7.5 mm. The cavity diameter
also needs to be bigger than the piezoelectric disc (piezo) that was used to tune the gap
size, g, or tuning range will suffer due to the material constricting the movement of the
piezo. The piezo chosen has a diameter of 12.7 mm (0.5 in), so it will t within the cavity
diameter. The lower substrate was Rogers TMM3® € 3.27) with a thicknesd, of
3.175 mm (125 mils). TMM3 was chosen for its stability, close to copper Coef cient of
Thermal Expansion (CTE), and availability in substrate thicknesses and copper cladding
thicknesses desired for this project. The upper dielectric was,aie(1) to allow for easy
tuning and highe@ due to a negligible loss tangent. The loss tangent of the top dielectric
is a particularly important design consideration since 90% of the electric- eld energy is
typically stored in the gap above the post [32]. The piezo has a tuning rang@fim, so
to accommodate a roughly typical 5:1 gap change ratio per octave, the minimum gap size
must be around 10 um. Plugging in these initial parameters to (2.11), the necessary post

radius,a, to make the cavity resonate at 2 GHz is about 1.2 mm.
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With these initial design parameters in mind, an Eigenmode simulation was performed
with a simple model to verify the starting frequency and geometry of the cavity. After
the Eigenmode results and minor tuning, the model was moved over to a driven modal
simulation and made much more realistic. The resulting model is seen in Figure 2.7, with

an exploded view showing the layers in Figure 2.8.

Figure 2.8: Exploded view of SIW evanescent-mode cavity showing many layer nature of

the design

Vias were added to act as the cavity walls and enable the loading post. A rule of thumb
of 60% conductivity of copper was applied to the plated vias to ensure accurate repre-
sentation. Via diameter and center-to-center spacing is another key consideration when
designing SIW components, as too much space between small vias can result in power
leakage, while too little spacing with small vias increases manufacturing time and reduces
the structural integrity of the board. In general, keeping the via center-to-center spacing

(also known as pitch) greater thag/20 but less than /4 is ideal, where  is the wave-
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length of the frequencies of interest in the material [33]. For this resonator and tuning
range, the bounds are greater thaf20 at the lowest frequency (2 GHz) and less thgd

at the highest frequency (4 GHz). Thus, the via spacing should fall between 2.07 mm and
2.07 cm. In addition, the larger the pitch-to-via-diameter ratio, the more the vias will act
like an ideal metal wall, as long as the condition of the pitch being less {idris also met.

The approximation converges to the ideal case as the via diameter and pitch go to zero and
the number of vias goes to in nity. However, the smaller the via hole, the more dif cult it

is to drill and plate without error. Therefore, a balance between having as small as possible
vias and ease of manufacture must be met. Based on previous experience, a 0.8 mm via
diameter was chosen. Since TMM3 is such a stiff material, the limit of 2.07 mm was also
relaxed and the minimum via spacing in the cavity walls is 1.4 mm, thus ensuring closer
agreement to sheet wall models. Smaller vias were used for the post vias to allow multiple
to t on the loading post without signi cantly impacting the area. The diameter of the post
vias is 0.4 mm.

An adhesive layer was added to create the air cavity above the post. The adhesive
used was DuPont Pyralux LFO200 with a thickness of 51 um. Unfortunately, DuPont has
only published the dielectric constant of Pyralux at two points. The material has a relative
permittivity, ", of 3.6 at 1 MHz and 3.0 at 10 GHz. Therefore, to simplify the design,
the adhesive layer was assumed to have the same dielectric constant as TMMBZ7),
which is in between the dielectric constants seen at 1 MHz and 10 GHz.

A 50 co-planar waveguide (CPW) was added on each side of the cavity to feed it.
The CPW line coupled into the cavity due to magnetic coupling at the shorted ends of the
line. Therefore, to have low coupling and accurate measurement of the uniQaafettie
resonator, the shorts were placed far back from the cavity. Low coupling is desirable due to
the nature of how th@'s of the elements interact, whereby the meased a function

of theQ of the cavity and th€) of the coupling mechanism. The measu€@t commonly
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referred to as the loaded (Q, ), theQ of the cavity as the unloadeg (Q,) and theQ of

the coupling mechanism as the exterQa|Qey;). The relation between all of the§¥s is

11, 1.
o~ o (2.13)

Therefore, as the external coupling gets lower, and correspondwgiygets bigger, the
measured) becomes closer and closer to the actQabf the cavity itself. In the rst

cavity designed and built, Prototype 1, the coupling was too strong to accurately measure
Qu, but it was able to demonstrate full tuning across S-band. To accurately m€asure

rule of thumb is that the peaks 8, should be below -20 dB. Therefore, in second cavity
built, Prototype 2, the short was pushed farther away from the cavity to enable accurate

measurement d,,.

Figure 2.9: Top-down view of SIW evanescent-mode cavity with various dimensions la-

beled. CPW short location is re ective of the design of Prototype 2.
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The addition of feed lines also functionally increases the size of the cavity, resulting in a
small lowering of the resonant frequency. To adjust for this and other additional loading, the
size post radius was reduced to 1.05 mm and the initial gap size was reduced to 8.4 um. See
Section 5.3 for more extensive discussion of the coupling of CPW lines into evanescent-
mode cavities.

The most important design dimensions of the cavity are seen in Table 2.1, while a more

detailed overview is seen in Figure 2.9.

Table 2.1: Summary of essential design dimensions for evanescent-mode cavity

Parameter Value
Post radiusd) 1.05 mm
Cavity radius ) 7.50 mm

Substrate height) | 3.175 mm (125 mils
Initial Gap Size o) 8.40 um

Gap Variation ( g) 40 um

The HFSS simulated response of Prototype 2 is seen in Figure 2.10, depicting full
octave tuning. The magnitude of the response also indicates very low coupling, allowing

for accurate extraction @,.
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Figure 2.10: Transmission respon&g;() of Prototype 2

Two prototype resonators were built, and after soldering on coaxial connectors, attach-
ing copper tape leads to bias the piezos, and calibrating the Agilent Technologies N5225A,
the cavities were measured. The fabricated cavity of Prototype 2 is seen in Figure 2.11, de-
picting the piezo, attached bias lines, soldered connectors, and CPW feed lines. Measured

results are seen in Figure 2.12.
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Figure 2.11: Fabricated Prototype 2. The top-down view (a) and top isometric view (b)
show the piezo and attached bias lines, while the bottom-up view (c) and bottom isometric

view (d) shows the CPW feed lines.
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