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ABSTRACT
A novel approach to filter design is presented. A high-K multilayer coupled line
filter is designed for optimal performance within a dielectric resonator of rectangular
cross section. The multilayer filter is shown to have a performance comparable to its
planar counterpart as well as the Lange coupler while maintaining the design advantages
that come with the multilayer approach to filter design such as increased flexibility in
managing parameter constraints. The performance of the rectangular cross sectioned
resonator in terms of modal response and resonant frequency has been evaluated through
mathematical derivation and simulation. The reader will find the step by step process to
designing the resonant structure as well as a MATLAB script that will graphically display
the effect changing various parameters may have on resonator size to assist in the design
analysis. The resonator has been designed to provide a finite package in terms of space
and performance so that it may house the multilayer filter on a printed circuit board for
ease of system implementation. The proposed design with analysis will prove useful for
all multilayer coupled line filter types that may take advantage of the uniform
environment provided by the finite packaging of the dielectric resonator.
As with any microwave system, considerable effort must be put forth to maintain
signal integrity throughout the delivery process from the signal input to reception at the
output. As a result a large amount of effort and research has gone into answering the
question of how to efficiently feed both a dielectric resonator filter of rectangular cross
section as well as a coupled line filter that would be embedded within the resonators
confines. Several methods for feeding have been explored and reported on. Of the
feeding methods reported on the most feasible design includes a unique microstrip
delivery to the embedded multilayer filter as pictured here.
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Chapter 1
Introduction
Filter and coupler design in general remains an active aspect of microwave
engineering. There is a continuing push towards developing smaller, low-cost, and high
performing devices for microwave communication, satellite and test and measurement
systems. This is due primarily to the high costs associated with the rights involved in
spectrum usage. Much of the work that is taking place in this area today is in discovering
innovative techniques to move away from the planar couplers that industry is accustomed
to for higher frequency applications [Djaiz and Denidi 2003, Chen and Huang 2005]. An
example of such a planar structure is shown in Figure 1-1. Figure 1-1 shows a planar
bandpass filter on a single layer of substrate material. This type of coupling structure has
become less desirable due to the fact that most hardware used for wireless and microwave
communications is more compact than ever before and the planar configurations may
take up valuable real estate. So with the objective clear, to reduce the size of these
components without increasing the cost or reducing the ease of fabrication, many
researchers have undertaken various techniques to ameliorate the coupler and coupled
line filter design practice.

Figure 1-1: Planar coupled line BPF
Many designers have as a result of industry demands begun abandoning the more
traditional planar coupler design in favor of migrating towards innovative designs
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employing multilayer filter and coupler topologies. The following chapter introduces
work that has been done by researchers who present varying filter designs that employ a
multilayered approach to conserve planar footprint real estate. Many of the designs also
employ the mechanism of EM coupling between lines to achieve the desired filtering
response. The work in this thesis builds on the current designs that exist to achieve a
unique contribution to the field of RF filter engineering.
There are many advantages to designing a microstrip structure using a
multilayered approach. In classic coupler design, the Lange Coupler is a popular choice
to achieve tight coupling over a fairly broad band. Without delving too deep into the
mechanics of the Lange Coupler, it is noted that to achieve a stronger coupling takes a
significant increase in fabrication difficulty. Interdigiated line widths must be decreased
which makes it more difficult to attach connecting wires shared by alternating lines as
shown in the figure below. While line widths and spacings are in some part dependent
upon the substrate material, typically they will be on the order of tens of microns.

Figure 1-2: Wire bonded classic Lange coupler
The use of wires in itself presents notable challenges such as undesired parasitics
along with the production difficulty of precisely placing each wire. Another advantage of
a multilayered coupler is the coupling nature in itself. In a multilayer structure it is easier
to achieve stronger coupling because the mechanism is vertical as well as broadside.
With traditional couplers such as the Lange, coupling is achieved through edge effects
which require the parallel lines being very close to one another.
Interestingly enough, there have been fairly recent advancements in multilayered
Lange Coupler design. These designs boast freedom from the need to use wire bonding
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by placing alternating transmission lines on different metallization levels as shown in
figure seven below from [Person and Coupez 1995].

Figure 1-3: Multilayer interdigiated microstrip lines in coupler design [Person and
Coupez 1995]
Along with the many successes in coupled line filter design, engineers have
enjoyed advances in the designing and usage of dielectric resonators. These resonators
have been used in both antenna designs with rectangular and hemispherical dielectric
antennas shown in Figure 1-4, as well as in the design of low-cost dielectric resonator
filters as shown in Figure 1-5.

Figure 1-4: Rectangular and hemispherical DRAs [Li and Leung 2000,2008]

Figure 1-5: Two monolithic resonators employing rectangular geometry [Zhang 2007]
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Thesis contribution to the field of RF Engineering filter design

This work furthers the understanding and future of filter design in several ways.
Here, the reader will find a detailed blueprint for how to design a dielectric resonator
filter. That blue print is complete with a discussion of the physical mechanisms involved
with exciting the appropriate mode as well as an appendix with the step by step calculus
involved. For the designer‟s convenience a MATLAB script for creation of a dielectric
resonator of rectangular cross section has also been given in the appendix that allows the
user to input the mode of operation as well as other parameters such as center frequency
and dielectric constant in order to accurately design the dimensions of the structure. For
this thesis work, the resonant structure is used to help improve upon the field of
multilayer filter design. A multilayer coupled line bandpass filter of high dielectric
constant value (εr>10) has been designed and simulated for fabrication in the Low
Temperature Cofired Ceramic (LTCC) process. By placing the multilayer bandpass filter
within the confines of the described resonator as shown in Figures 1-6 and 1-7 below, the
coupled line bandpass filter‟s performance is improved compared to the coupled line
filter that has a substrate air interface. Using the proposed resonant dielectric box in
addition to the coupled line filter provides a device that does not require continuous
design iterations in order to find the appropriate even and odd mode impedances as with
previous multilayer designs. This resonant structure also provides the appropriate
packaging dimensions for such a multilayer device. The design procedure is laid out in
Chapter 4. The embedded coupled line filter is further supported by the filtering ability
of the high K rectangular structure. In chapter three the feeding of the device is discussed
and it is shown that a TEz resonant mode may be excited within the high K structure at
the center frequency of the embedded coupled line filter supporting the coupled line
performance.
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Figure 1-6: Multilayer bandpass filter within resonant structure

Figure 1-7: Feeding method for filtering device
1.
2.
3.
4.
5.
6.

area where high εr rectangular dielectric resonator is located
low εr substrate material
ground plane
input line that extends up side wall of RDR and in to input line of filter
output line that extends down side wall of RDR out from output line of filter
low substrate material that extends up and down side walls following line in and
out signal paths
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Also explored here are simulation results for footprint reuse with a multilayer
coupled line bandpass filter. Footprint reuse involves taking advantage of the multilayer
aspect of the coupled line design by adding continuous sections underneath the previous
sections of an N-stage filter. This tactic in theory saves valuable board space.
The higher dielectric constant (εr>10) also requires special fabrication techniques
for multilayered devices that have also been investigated. These approaches to the filter
design problem are unique contributions that have a significant place in the world of
wireless communications.

Application

As mentioned earlier, there is a continued push towards production of higher
performing filtering devices that do not consume valuable space for other components in
a transmitter/receiver system. “High performance” is a loose term that can be open for
interpretation depending upon the application. In this work high performance is defined
as efficient use of a costly spectrum. As a result, the efforts of this thesis also focus on
developing the idea of a filtering device that allows for efficient channelization without
putting a strain on available board space. An example where such a device would serve
useful is shown in the coming figures adapted from [Roddy 2001].

Figure 1-8: Communications satellite early transponder stages broad view
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Within the wideband receiver, the received signal may be amplified by a low
noise amplifier and then down converted by a mixer and then amplified again.
Channelization occurs at the input demultiplexer as the down converted signal is filtered
into several (ten in this example) channels using bandpass filters. This process is shown
graphically below.

Figure 1-9: Wideband receiver
architecture

Figure 1-10: Input demultiplexer
architecture

Each bandpass filter must have high performance in terms of good rejection so as
to minimize interference with the adjacent channel. With so many filters required for
such an application, as mentioned previously space is also a concern. The goal of this
work is to introduce an idea into a dual filtering device (dual in terms of the filtering
abilities of the resonant structure as well as the multilayer filter itself) that has the
performance and space saving capabilities needed for the described application.
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Chapter 2
Literature Review
As mentioned in chapter one, filter designers have begun to move towards a
layered approach in order to conserve printed circuit board space. [Djaiz and Denidni
2003] have proposed such a design that employs microstrip resonators, each on a separate
layer of a two-layer filter. EM field coupling is achieved between the resonators in the
upper and lower layers by strategically placing two slots in the ground plane that is
common to both of the layers as shown in Figure 2-1. The strength of the field coupling
can be controlled by tuning the dimensions of the slots, which the authors share that they
performed using Advanced Design Software. The authors demonstrate that they are able
to achieve an 80 MHz pass bandwidth centered at 2.44 GHz with a 20 dB stop band
rejection at ±70 MHz from the center frequency using their four-pole band pass design.
A picture of a fabricated prototype is also provided showing the physical size of the filter
to be about 4.5 cm in length and about 3 cm in width. The authors mention that the
prototype was fabricated on Rogers RO4003 substrate with εr of 3.38 but unfortunately
do not mention the techniques they use to fabricate this multilayer device. The results of
their experimental test and simulation do agree very well.

Figure 2-1: Multilayer BPF using microstrip resonators [Djaiz and Denidni 2003]
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[Chen and Huang 2005] take a similar approach to solving the same problem.
They propose another multilayer structure employing microstrip resonators fabricated
using the Low Temperature Cofired Ceramic process; however these authors design a
five-layer filter including 4 resonant layers and one ground plane layer. In their design,
two identical open-loop resonators are separated by 670 µm making the top and bottom
layer. Two miniaturized hairpin resonators are located 90 µm below and 180 µm above
the top and bottom layers respectively. A common ground plane with two apertures cut
in it for cross coupling among the resonators is placed 220 µm below the top open-loop
resonator layer as shown in Figure 2-2. It is worth noting that Chen and Huang make
mention of an error they notice in their data. They write about two attenuation poles that
are found near the cutoff frequencies of the pass band in their results. They attribute
these poles to multipath effects.

Figure 2-2: Multilayer BPF [Chen and Huang 2005]
[Guan and Carpenter 2007] have taken yet another approach to the multilayer
filter design field by introducing a new stacked bandpass filter that takes advantage of
EM coupling in the absence of a ground plane. The idea proposed is to take the
conventional coupled line 0.5 dB equal-ripple bandpass filter with its multiple section
microstrip planar design and achieve the same results by stacking the filter sections on
separate layers between dielectric materials. The authors build on existing image theory
to show how even and odd-mode analysis may be used to have symmetry between
stacked transmission line sections that operate in the absence of a ground plane as shown
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in Figure 2-3. Guan and Carpenter note that various filter orders may be achieved by
increasing the number of sections which makes this design more attractive than the
previous two. In the design proposed in this paper however it would be possible to create
a very high order filter without continuously increasing the planar footprint size. As
shown in Figure 2-4, the capacitive coupling between the microstrip layers can be
precisely controlled by the amount of overlap (“a” and “b”) there exists between the
layers. A table is provided that lists some dimensions of “a” and “b” with corresponding
coupling factors. The idea is backed up by an experimental test that Guan and Carpenter
show matches up very well with the simulation results. While there is no mention of the
physical size of such a stacked BPF, it is mentioned that before testing, an entire filter
was not fabricated but that “each single two-port coupled structure was built to reduce
fabrication complexity”. We are left to believe that there may exist some difficulties in
fabricating such a structure as the entire design cannot be fabricated using the T-Tech
router that the authors reference. For commercial application at higher gigahertz
frequencies this design would likely require a LTCC process similar to what [Chen and
Huang 2005] have employed.
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Figure 2-4: Capacitive coupling controlled by "a" and "b" [Guan and Carpenter 2007]
As recently as October of 2008, researchers have published new work in the area
of filter miniaturization. In IEEE Magazine [Wu 2008] several articles have been
published to highlight various techniques and approaches to the art of producing a
reduced size and mass filter with application dependent tradeoff losses. As noted by [Wu
2008], “…much development work has recently been directed towards
multiband/multimode functional integration with similar or enhanced performance as
compared with the equivalent discrete-component system but with reduced mass, volume,
and cost envelopes.”
In [Awai 2008], the author presents “Artificial Dielectric Resonators for
Miniaturized Filters”. The idea here is to achieve a high ε r by achieving a high electric
flux density within the “artificial” dielectric material. Keeping the electric field through
the material constant, the higher electric flux density is reached by increasing the
polarization of the material. The higher polarization results from the use of metallic
strips whose particles may be easily polarized by an electric field. The high εr then
allows for miniaturization of the resonator.
In [Yu 2008], the authors reintroduce the idea of predistorted filter design. This is
a process that can yield filters with very high Q values upward of 20,000. The tradeoff of
such a result is higher in-band insertion loss (added 4 dB), which the authors are willing
to accept for satellite communication purposes. In the receiver, as the authors describe,
higher insertion loss is acceptable because the LNA gain which comes ahead of the filter
in the receiving chain can be adjusted to make up for the filter losses. The authors note
that not only are they able to achieve higher Q but also a 3-1 reduction in mass and
volume over current C-band single mode dielectric resonator filters.
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Along with the above mentioned developments in filter design, it should also be
mentioned that as recently as January of 2008, [Lim and Leung 2008] published “Use of
the Dielectric Resonator Antenna as a Filter Element”. In this publication, the authors
show that while it may seem contradictory to have the typically low Q dielectric
resonator antenna functioning as a single unit with the typically higher Q dielectric
resonator filter, a dual functioning dielectric resonator antenna filter (DRAF) is possible
to achieve with good results. The authors also show the ability for the antenna to operate
frequency independent of the filter and vice versa. This is due to the mode orthogonality
which is inherent to the excitation design. The design itself as shown below is a bit
cumbersome in that it requires three separate feed points which traverse three subsequent
microstrip lines in order to excite the proper modes.

Figure 2-5: The first order DRAF from (a) top and (b) front views[Lim and Leung 2008]
Despite the complexity of the design the authors show that it behaves better in
terms of filtering Q-factor when compared to other existing filter designs such as the
microstrip square ring, microstrip patch, coplanar waveguide, and electromagnetic
bandgap. The authors also show that the proposed DRAF configuration achieves
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reasonable gain of 5 dBi and that a metallic disk placed above the resonator used for
tuning the filter does not noticeably affect the gain or antenna pattern. The design does
however have a relatively small bandwidth of 3.68% @ -10 dB. The authors achieve their
goal of combining a dual functioning resonator.
It is proposed in this work that while the multilayer design of reference four
maybe perform reasonably comparable to the current planar coupled line band pass filter
designs at 1 GHz with relatively low εr, higher frequency coupled line bandpass filter
circuits placed within higher permittivity regions of calculated resonant frequency will
perform even better while also allowing more vertical space to be used for increase
number of filter sections.
There are however several concerns that must be addressed before such a design
can be successful. These concerns will be address in this thesis and include: multilayer
filter design high permittivity considerations, proper mode excitation with resonator
structure, and proper feeding mechanism to couple energy to the resonant structure.
As mentioned, the work in this thesis has been sectioned into three aspects. The
multilayering or stacking of the filter sections is one aspect, however also of importance
is the design of the rectangular dielectric resonator and the design of the feeding network
that efficiently delivers power from the source to the filter. Some significant work on
characterizing rectangular dielectric resonators has been published and relate directly to
the work of this thesis. In “Theoretical and Experimental Investigations on Rectangular
Dielectric Resonator Antenna” [Mongia and Ittipiboon 1997] an investigation into
resonant frequency and Q-factor of RDRAs of εr=10-100 is reported for three feed
configurations for comparison. Mongia and Ittipiboon first deal with the first order mode
theory for such a resonator based on previous work in the seventies by [Van Bladel
1975]. For resonators of “very high” permittivity existing modes may be of either the
confined or non-confined type. Van Bladel shows that while cylindrical resonators may
confine fields within its walls, rectangular dielectric resonators however may not. For
both cases cylindrical and rectangular the condition of a magnetic wall is assumed in the
analysis. That condition is that both the normal component of the E-field on the surface
of the perfect magnetic conductor and the tangential component of the Magnetic field on
the surface of the perfect magnetic conductor go to zero. For RDRs Van Bladel shows

14
that only the first criterion is satisfied which leads to the non confining of modes within
RDRs and the subsequent focus on TE modes when analyzing RDRs. Mongia and
Ittipiboon explain that no TM mode has been found experimentally to exist for
rectangular dielectric resonators. The authors then spend the remainder of the paper
investigating the TE111 mode in the x,y, and z directions.
After developing the field equations and applying them to the boundaries of the
RDR, the authors show the associated transcendental equation relating the wave number
„kz‟ to the z-directed dimension of the resonator. The authors mention how Q factor may
be calculated as well and then move into a discussion on feed schemes. The first method
analyzed is the probe feed method shown below in Figure 2-6.

Figure 2-6: Rectangular DRA on a ground plane. An electric wall exists at y=0 so the
height of the DR is now y=b/2 [Mongia and Ittipiboon 1997]
The authors note that their feed design is different from what had previously been
done as earlier feed designs involved the rear fed probe protruding into the dielectric
material. The design shown here is kept outside of the resonator which also greatly
simplifies fabrication. Maximum coupling for this TE111 mode resonator happens at z=0
but the authors note that both the feed location along the z-axis as well as the probe
length can be changed to control energy coupling. The authors found that “to excite
DRA‟s having a higher value of εr, shorter probe lengths were required.”[ Mongia and
Ittipiboon 1997]. The authors continue describing how various feed locations can excite
different first order modes including the excitation of two modes at once for circular
polarization.
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Another feed configuration explored in this work is the coupled microstrip slot
method shown in Figure 2-7 below.

Figure 2-7: Microstrip Slot excitation (a) top view (b) cross section [Mongia and
Ittipiboon 1997]
In this design the resonator is placed above the narrow slot in the ground plane.
Just as with a probe feed, the coupling from the slot to the resonator can be controlled by
the length and the positioning of the resonator with respect to the slots coordinates. The
width of the slot is kept small relative to wavelength to prevent self resonance.
The final feed design technique explored in this paper is direct microstrip
coupling pictured below.
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Figure 2-8: Microstrip excitation of DRA[Mongia and Ittipiboon 1997]
The authors note that in the configuration shown in the figure above, “both the
TEz111 and the TEx111 modes of the DRA were excited.”[ Mongia and Ittipiboon 1997]
Although the x-directed mode was considerably weaker, it is noteworthy to mention that
it still exists and is measurable. It is also mentioned that maximum coupling “was
achieved when the DRA was placed at a distance of integral multiples of λg/2 from the
open end. This suggests coupling between microstrip line and DRA is capacitive since
the DRA is located near the maximum electric field in the microstrip line.”[ Mongia and
Ittipiboon 1997] Again coupling can be controlled by varying the position of the DR with
the microstrip line along „x‟. It was also found by the authors that coupling decreases
with a decrease in substrate height.
The authors then publish experimental results to which they compare theoretical
results for all three feed scenarios. When exciting the DRA through the free space
method which involves striking the resonator with a free space wave, it was observed that
the experimental resonant frequency values were higher by about 7%. Results using the
probe feed method did not differ from the free space method by more than 2%. The
authors noted that the value of εr effects the first order theory accuracy. For εr values
close to 20, a ±1% error was found in resonant frequency. Accuracy decreases the
further from εr=20 the permittivity gets. Comparisons of the probe feed method to the
slot feed method showed that Q factor is higher for the probe feed and as such, outside of
free space method excitation, is likely the most desirable excitation method in terms of
performance. The paper does not discuss comparison results including the direct
microstrip feed.
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In “Strip-Fed Rectangular Dielectric Resonator Antennas with/without a Parasitic
Patch”, [Li and Leung 2005] seek to feed a rectangular dielectric resonator antenna using
a conducting strip of arbitrary length and width as shown in the figure below taken from
their published work.

Figure 2-9: Strip fed RDRA [Li and Leung 2005]
The conductive strip is fed by a rear-feed coaxial cable with a center conductor
that lies on the surface of the strip. The authors do good job of showing how the
dimensions of the strip play a significant role in the excitation of the antenna. The
authors prove that the length of the strip is the major design parameter of the antenna as
the impedance bandwidth of the device proves to be a function of the strip length as
shown in Figure 2-10 below. The strip width, as they mention is adjusted primarily for
tuning purposes and plays only a secondary role in the design process.
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Figure 2-10: Calculated impedance bandwidth as a function of strip length [Li and Leung
2005]
The work of this thesis will build on the information presented by Li and Leung
while also addressing losses in the method of power delivery selected and mitigating
these effects.
Li and Leung also teamed up on a paper entitled,” On the Differentially Fed
Rectangular Dielectric Resonator Antenna” [Li and Leung 2005]in which they examined
feeding the antenna two ways for comparison. The first approach to feeding employs an
input microstrip line that traverses a substrate of εr=2.33 until it reaches the side wall of
the antenna. At that point the line bends and climbs the sidewall of the antenna a length
“L” and width “W”. The authors note that through their results it is clear that “L” plays a
critical role in achieving a resonant response within the antenna. The circuit is
terminated on the opposite side of the resonator with a similar line of length “L” and
width “W” that travel down the side wall of the antenna to a microstip line that carries the
signal to a 50 Ω termination. Figure 2-11 below depicts the described scenario.
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Figure 2-11: Configuration of both singly and differentially fed rectangular dielectric
resonator antenna [Li and Leung 2005]
The results from this “singly fed” case are then compared with results from the
“differentially fed” case in which half of the signal from port one is phase shifted 180°
and fed into port two using a 180° power divider. The phase shift works to help cancel
the effects of reflected signal thereby increasing the delivered power to the load
(antenna). The authors prove their conjecture showing both experimental and simulated
data, that a differentially fed dielectric resonator antenna will at a certain length “L”
(found experimentally) resonate at the desired frequency. This specific work aids the
work of this thesis by introducing a new way of feeding the resonator. Perhaps the
differential feed approach can be incorporated in the designed proposed in this work in
some way as to aid in achieving resonance within the dielectric resonator. The work
done by Li and Leung however does not address my specific concern of getting a signal
from the input line to the output line efficiently as their work is to design an antenna.
Leung has also published work on “Conformal Strip Excitation of Dielectric
Resonator Antenna” [Leung 2000], in which he excites a hemispherical antenna using a
conductive strip as pictured below.

20

Figure 2-12: Configuration of the conformal strip-fed DRA [Leung 2000]

As with his previous work the length and width of the conductive strip
experimentally. This particular work is interesting because it addresses some of the
issues that arise with using a probe feed method. Two problems are noted when using a
drill through probe feed into the dielectric resonator and they include the inherent
difficulty of drilling into an extremely hard dielectric material as well as the difficulty in
forming a “perfect” fit between the probe and hole size. There will almost certainly be
small gaps between the surface of the probe and the dielectric material. These gaps
would contribute discrepancies between theoretical and measured results. While showing
how input impedance changes for the antenna configuration as conductive strip length
changes, this paper does not show any plots of S 11 or gain that would demonstrate the
ability of resonator. The reader is left to believe that excitation of the DRA in this
manner may not be very efficient.
As recently as 2005, work has also been done to show the filtering ability of
devices that employ higher dielectric constant materials (ε r = 10~100) which is important
because as mentioned in chapter one, this thesis also explores use of higher dielectric
materials which require special fabrication techniques for multilayering approaches. At
our own institution, Penn State MRL researchers have developed “Miniature Filter with
Double-Coupled Horse-Shoe Microstrip Resonators Capacitvely Loaded by using High
Permittivity Material” [Semouchkina]. In this paper the authors show the use of the
higher permittivity material for “high-k plugs” which help with the reduction of the
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overall filter size. The authors also briefly describe some of the difficulties they
encounter as they fabricate their device using the LTCC (Low Temperature Co-fired
Ceramic) technique to ensure the cohesive unity of using high-k plugs with the other lowk material involved in circuit functionality. This work also briefly explores the
fabrication of a multilayered device of high-k material as discussed later in chapter 5, but
does not have to contend with the difficulties of firing two materials at once.
In keeping with the theme of producing a less-expensive and easy to implement
dielectric resonator filter using higher dielectric substrates, in 2006 the Zhang and
Mansour produced “Dielectric Resonator Filters Fabricated from High-K Substrates”
[Zhang and Mansour 2006]. Here the authors propose a resonator configuration that
connects multiple dielectric resonators together by the same high-k material that results in
“…a whole piece which can efficiently and accurately cut to the desired dimensions.”
The purpose is to shrink the size of an N-pole filter from „N‟ individual resonators to a
single resonator. The authors show that their proposed design can operate in either a
single mode or dual mode. Results are shown below. A wide 3 dB bandwidth with poor
out-of-band rolloff indicated very low quality factor for less selectivity. This work hopes
to improve on these results with a dual filtering approach.

Figure 2-13: A configuration of dielectric resonators as one [Zhang and Mansour 2006]
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Figure 2-14: Results of 2-pole DR filter [Zhang and Mansour 2006]
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Chapter 3
Design Processes and Methods
Design of Rectangular Dielectric Resonator Filter for Optimal Performance

It is possible to find the resonant frequency of an arbitrarily sized rectangular
dielectric slab experimentally, however because the filter to be placed within the
dielectric slab has been designed at a certain center frequency „f0‟, the approach taken in
this study is to first specify the resonant frequency „f0‟ as well as the mode of propagation
and then design the slab dimensions accordingly. The mathematical foundation behind
dielectric resonator design that is rigorously laid out in this thesis is based off of the
original early findings of the authors in [Okaya, Mongia and Ittipiboon 1997] as well as
metallic rectangular cavity design found in [Balanis 1989].
Figure 3-1 shows a rectangular dielectric slab of dielectric constant ε r = 38.6 a
value chosen here due to its relatively high permittivity which helps to confine EM waves
within the structure. However, even fields within this structure will not resonate if the
dimensions of the three dimensional rectangular structure are not designed to support
specific field variations at certain resonant frequencies. The goal in this design example
is to take an arbitrarily shaped rectangular dielectric slab and create a functional
rectangular dielectric resonator (RDR).
Using this approach, the following criteria: f0 = 2.45 GHz, εr = 38.6, and the
TE111 mode of operation are specified. The resonant frequency of 2.45 GHz is chosen
because the bandpass filter that is to be placed within this resonant structure has been
designed for that frequency as it is a commonly used frequency for amateur designers of
wireless communication systems. The TE 111 mode is chosen because it offers simple
field structures within the resonator as shown in Figure 3-2 below. Also for the „x‟ and
„z‟ directed fields of this mode the structure inside the resonator varies such that the
fields go to zero at y=0. This work is focused on the TE z mode so though the dimension
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„b‟ is solved for, the value „b/2‟ is used in simulation above a PEC ground plane thanks to
the electric wall condition presented by the z-directed field structure.

Figure 3-1: Rectangular Dielectric
Structure

Figure 3-2: Fields within DR

Several steps in the design process are skipped here but are detailed in Appendix
B. After determining the field structure a transcendental equation is found by comparing
the z-directed field configuration within the RDR to the z-directed field configuration
outside of the RDR. This process essentially matches the fields at the boundary of the
dielectric/air interface under perfect magnetic conductor boundary assumptions. The
transcendental equation is shown in [Mongia and Ittipiboon 1997] but not derived. It is
shown derived here for the readers understanding in designing such a structure. A
MATLAB script found in appendix A has also been created that allows the user to input
the parameters „a‟, „b‟, „εr‟, and „f0 ‟ and then produces the final dimension „d‟ for a
resonant rectangular structure.
A magnetic wall boundary condition has been enforced on the boundary of the
dielectric resonator and the field behavior at the surface of this boundary is described by
the following graphic adapted from [Balanis 1989].
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Figure 3-3: Field behavior at the surface of a PMC boundary
Based on the figure above, it is possible to visualize the field behavior of the TE
resonator at any face. In this work however the goal is to specifically design a TEz
dielectric resonator so the faces of concern are primarily those normal to the z-axis as the
fields will be traveling along the z-direction. It is important to also keep in mind here
Van Bladel‟s discovery discussed earlier, that rectangular dielectric resonators must
physically support non-confined modes. The RDR will be designed such that the
transverse electric waves will exit the RDR along the z-axis. Looking closely at Figure
3-3 above it is clear that with a relatively high dielectric constant providing our assumed
pmc conditions, electric fields normal to the face that intersects the z-axis normally will
go to zero and that electric fields tangent to the face that intersects the z-axis normally
will be continuous across the boundary. Thus transverse electric fields will pass across
the face that is normal to the direction of propagation (z-axis). With this basic
understanding the problem of the resonant frequency of the TE z dielectric resonator may
be solved.
For a TE resonator Ez = 0, and it is necessary to solve Maxwell‟s equations for a
source free medium such as a dielectric resonator for the rest of the components of the
EM field, namely Hx, Hy, Ex, Ey, and Hz. Hz is of particular interest because it is the only
component of the EM field that is directed in the direction of propagation. The solution
for Hz is important in one sense because since it is moving in the z-direction it is possible
to use the wave equation to assume its solution and then apply it to the field components
in order to accurately describe field behavior in each direction. Furthermore H z is also
critical to describing field interaction in the direction of propagation at the boundary.
Equating the continuous fields outside and inside of the dielectric resonator is how the
solution for the above mentioned transcendental equation is found. It is that equation,
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based on fields propagating along the z-axis, that determines the dimension „d‟ for a
resonant structure.

TE fields in terms of Hz
„β‟ here is real and represents the propagation constant for waves existing within
the resonators walls. A solution is then assumed for Hz as mentioned earlier having the
following form:


H z  C1 cos( x x)  D1 sin(  x x) C2 cos( y y)  D2 sin(  y y)  C3 cos( z z)  D3 sin(  z z )





where,

 x2   y2   z2   m 2   r  02
Found from the Helmholtz wave equation with „βm„ is the propagation
wavenumber in the material and „β0„ as the free space wavenumber.
The constants C1,2,3, D1,2,3, βx, βy, and βz are found by substituting Hz into the TEz
EM field equations above and applying the magnetic wall conditions discussed earlier.
The resultant expressions are as follows:


 x2   y2
Hz 
cos( x x) cos( y y) cos( z z )
j

 
H x  x z sin(  x x) cos(  y y) sin(  z z )
j

y z
Hy 
cos(  x x) sin(  y y ) sin(  z z )
j
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E x   y cos( x x) sin( y y) cos( z z)

E y   x sin( x x) cos( y y) cos( z z)
where,
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The transcendental equation mentioned previously can then be expressed as,

 z tan(

zd
)  ( r  1)  02   z2
2

by equating the fields outside and inside of the dielectric material as seen in
[Mongia and Ittipiboon 1997].
Using the MATLAB script written for this thesis and found in Appendix A, the
following plots have been generated. The plots show the relationship between the
dimensions of the structure and the resonant frequency along with how the resonant
dimensions are affected by changing the permittivity of the material.
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Figure 3-5: Permittivity vs Resonator
Length

As expected, as both frequency and permittivity increase independent of one
another, the resonant structure‟s dimensions decrease. Further investigations also give an
idea of the device limitations. For example for a given „a‟ and „b‟ dimension of 20 mm
and given εr of 38.6, it has been found that with increasing frequency higher than 10
GHz, a resonant structure will not be physically realizable as the „d‟ dimension
approaches zero. The same is true of frequencies below about 1.8 GHz with the same
design constraints. This is an important result because it shows a clear window or band
of frequencies over which certain design constraints are realizable in practice. This same
behavior is noticed in the plots of εr vs d. The range of frequencies for which „d‟ is real
can be shifted higher or lower, it can be made broader or even more narrow. These can
all be accomplished by adjusting „a‟, „b‟, or εr. The most important point is to recognize
that for any given configuration there are only a range of frequencies that will allow for a
realizable structure.
Below are two design examples of functioning rectangular dielectric resonators
above PEC ground planes. Using the model detailed above, a 4 GHz and 6.95 GHz RDR
were constructed out of εr=38.74 and εr=10.8 dielectric material respectively. The feed
lengths were varied for optimal performance. For the 4 GHz RDR a feed length of 2 mm
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provided optimal performance at 4.2 GHz, a 5% error. For the 6.95 GHz RDR a feed
length of 5 mm provided optimal performance at 6.7 GHz, a 3.6% error. These errors are
due to the accuracy of the transcendental equation used to design the resonator. It was
noted in [Mongia and Ittipiboon 1997] that the first order accuracy suffers with increased
values of εr as it moves away from about εr=20. Both plots show that resonance is
achieved within the RDR with proper feed height.

Figure 3-6: GEMS 4 GHz RDR

Figure 3-7: GEMS 4 GHz RDR resonant
at 4.2 GHz

Figure 3-8: GEMS 6.95 GHz RDR

Figure 3-9: GEMS 6.95 GHz RDR
resonant at 6.7GHz
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Of interest to note is the importance feed length plays in exciting the proper
resonance within the structure. It is a value that was determined here by experimenting
with various lengths while keeping the RDR parameters constant. For certain feed
lengths it was noticed that dual resonance may also occur.
As with any resonating structure it is important to address the quality of the
device in terms of its ability to store energy. This work focuses on rectangular resonators
of high relative dielectric constant. In this case it is assumed that the majority of the
stored energy within the resonator walls is electric in nature. Quality, or „Q factor‟, is a
dimensionless ratio of the resonators stored energy vs its dissipated energy. If Q is high,
the resonator is said to be very efficient in that not much energy is lost per radian of
energy oscillation. If a lot of energy is lost (dissipated) per time period, the resonator is
inefficient and thus has a low Q. The latter result is not necessarily a negative one but
depends entirely on the application. As an antenna, a low Q device may prove beneficial
as higher radiation and lower Q will lead to a wider bandwidth. However if a higher
degree of selectivity is desired, a higher Q device will need to be designed. Though
dielectric resonators at low values of εr generally have lower Q, Q factor may be
increased by increasing the relative dielectric constant. A MATLAB script has been
supplied for this work and the reader‟s benefit that calculates Q given the dimensions and
design frequency of a rectangular dielectric resonator as outlined below. It is shown in
easy to follow detail in Appendix B for the designers benefit.

Figure 3-10: Problem geometry
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As previously mentioned,

Q  0

We
Pd

where We is the total stored electric energy inside of the RDR and P d is rate of
energy lossed per second.
We can be found by taking the volume integral of the rectangular resonator
configuration shown in figure 31 above for the E-field as described above.
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Pd, the dissipated power can be found by taking a surface integral on each of the
surfaces of the faces of the RDR of the impressed surface current Js which is described
by,


J s  nˆ  H

H has been given above already in its x, y, and z components. Summing the
power exiting each face gives the total dissipated power. As shown in [Balanis 1989] for
metallic waveguides,

Pd 
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J b  J b dS 2 J f  J f dS 2 J l  J l dS
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left
2 bottom
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where Rs is the real part of the surface resistance defined by,

RS 

0 0
2 DR

And,
Pd  Pb  Pf  Pl

where,

d a

Pb  RS   J b dxdz
2

0 0

and where,

J b  nˆ  H @ y=0 (location of bottom face)

After performing the surface integral on the bottom face, the power exiting that
face is found to be,

 ( 2   z 2 ) A   d sin(2 z d ) 
  z A   d sin(2 z d ) 
Pb  RS 
 
  RS 

   4
4 z 
 2   2
z

 2a   2
The power exiting the front and left faces are found in the exact same fashion. Pf
is found at x=0 integrating from 0-d and from 0-b and Pl is found at z=0 to be zero.
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Based on the boundary conditions Pl=0 so Pd is easily found to be the sum of Pb
and Pf. With both We and Pd, the Q-factor may then be determined.
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Feeding the Proposed Structure: Design Considerations

A large amount of effort and research has gone into answering the question of
how to efficiently feed both a dielectric resonator filter of rectangular cross section as
well as a coupled line filter that would be embedded within the resonators confines.
Below the reader will find a few methods that have been considered, investigated and
reported on. The greatest difficulty in feeding a multilayer device or any device whose
input and or output requires a line to be raised from the board surface is finding a balance
between feasibility and performance. Three methods currently employed include the
probe-to-contact method (Figure 3-11), the waveguide excitation method (Figure 3-12),
and the incident plane wave method (Figure 3-13) were all considered for testing of the
proposed device but none were deemed suitable for practical purposes such as in the
proposed satellite communications system of chapter 1.

Figure 3-11: One probe feed approach
Another method explored but not suggested is the use waveguide excitation. This
method as shown in the figure below, involves orienting a waveguide so that the proper
fields are excited within the DR. Kranenburg uses this method when exciting his DR
antenna in [Kranenburg 1991].
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Figure 3-12: DR in waveguide approach
An incident plane wave feeding method has also been explored. This method
involves transmission of plane wave incident on a particular face of the DR as shown
below. The plane wave excites the proper mode within the DR, filtering on a particular
frequency.

Figure 3-13: Incident plane feed approach
A probe feed method is considered where the input and output lines of the
microstrip within the DR structure are connected to a source through use of probes as
seen in the picture below. Leung employs this method when exciting his DR antenna in
[Leung 1993]. While it may be practical for test and measurement purposes it may not be
practical to implement within a wireless system such as described at the end of chapter 1.
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Figure 3-14: Bottom fed probe approach
A via feed method that could be used to feed the coupled line filter within the
dielectric structure appears practical however added complexity is inherent to this method
when considering how to get energy to the vias that may be located “on top” of the
structure as shown below. If the logistic difficulties of getting energy to the vias can be
overcome, they will likely be an excellent option. In [Chen 2005], the authors cite usage
of vias and are able to get good bandpass responses through experimental tests
It has been determined that the best approach to feeding this rectangular dielectric
resonator device however, is to employ a technique similar to the conducting strip
method shown below.

Figure 3-15: Microstrip on substrate feed approach
Leung shows successful use of this method through excitation of his DR in
[Leung 2000]. There are advantages to using a microstrip feed as opposed to the other
explored approaches. One such advantage is the ease of implementation into a wireless
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system using microstrip lines. Another advantage over the probe fed method in particular
as noted in [Li and Leung 2005], is that a microstrip feed method “facilitates post manual
trimmings”. This means that if necessary the length of the feeding strip may be adjusted
for proper excitation. The probe feed method may also be difficult to implement in
practice because it requires drilling a hole in DR material that may be very hard. These
holes also often leave small air gaps between the DR and the surface of the probe. Even
the smallest air gap may yield undesired results and power losses. One disadvantage of a
microstrip feed method is the loss of energy that will take place as the line bends as it
contacts the stripline within the DR.
Continuing with the microstrip feed trend, the design of Figure 3-16 below was
also considered.

Figure 3-16: Possible feed configuration
While it would in theory allow for matching the signals at the dielectric resonator
boundary, the above design has been ruled out for several reasons. Two main reasons
include the large „d1 ‟ that would be necessary in order to have the incoming microstrip
line meet the input line of the embedded coupled line filter. Another reason the design is
not used is that the substrate thickness on the output side of the resonator would be a
different height than its input side counterpart.
Determining the correct microstrip line length “h” as shown in Figure 3-15 is not
an exact science but rather determined experimentally here by varying “h” and observing
the currents on the surface of the structure as well as the energy transmitted into the DR
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structure. The feed length can have documented effects on mode excitation as the
authors in [Li and Leung 2005] found that varying “h” caused energy to show up in
modes other than the desired leading to quasi-mode occurrences. It was also noted in
[Leung 2000] that this feed length “h” plays a key role in impedance matching. The
authors noted that in their experiment as the length increased so did the impedance. The
impedance of any microstrip line is chiefly determined by its width. The proper length
and width are both critical as the band pass filter located within the dielectric resonator of
rectangular cross section has been designed for 50 Ω operation and our goal is to match
to that impedance value. The figure below illustrates this goal of matching the input and
output circuits to the filter located within the resonator walls in order to deliver and
receive the maximum amount of energy possible.

Figure 3-17: Goal of feed design
Figure 3-17 shows the implemented technique of feeding an arbitrary two port
network within a rectangular box using a microstrip line that travels up the side wall of
the substrate material to meet the input line of the network. In the following case, the
two port network is a microstrip line of length λg/4 within dielectric material of
permittivity εr=38.6 with height 10 mm above common ground as shown in the figure
below.
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Figure 3-18: Test for signal delivery in proposed system

Figure 3-19: Cross sectional view of Figure 3-18
The two port microstrip line network is connected to a vertical trace which
functions to connect the input (or output signal depending on which end is of interest)
signal to the network. The input signal travels a line that is λ g/4 in length on a dielectric
substrate of εr=2.2 for an entire system dimension of 46x108x21mm. This is to simulate
a situation in which the network located within a block of dielectric with ε r=38.6,
different from that of the system substrate may be easily integrated in the chain without
significant power loss. The objective of this first test is to check the energy delivery of a
signal that must travel in such a manner to reach the output.
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The first test was also broken into two steps. The same microstrip line suspended
within εr=38.6 material at a height of 10 mm was connected directly to the source so the
power does not have to traverse the long path it does in Figure 3-18 above. The setup is
shown in Figure 3-20 below. This setup is our control as it shows us the efficiency for a
signal delivery in an “ideal” case.

Figure 3-20: Setup to show expected signal delivery in ideal case
The transmission line has been designed for 50 Ω characteristic impedance and to
be λg/4 in length at 2.45 GHz. Figure 3-21 showing surface current along the
transmission line illustrates the point that using the setup of Figure 3-20, the entire signal
at the output is recovered. Since the source is connected to the bottom of the microstrip
line, it is seen by observing the bottom current on the transmission line surface plot that
the signal strength is in the 0 dB range at both the input and output of the line. The top
current on the surface of the line plot shows how current is flowing on the top surface of
the microstrip line. Both lines shown in Figure 3-21 are current plots of the transmission
line in Figure 3-20, one transmission line shows current on the top surface and the other
shows current on the bottom surface of the transmission line. This result shows that
delivering the energy in this manner would be most efficient.
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Figure 3-21: Current on transmission line of Figure 3-20 at 2.45 GHz
With that knowledge, the setup in Figure 3-18 is tested producing the following
current on surface results:

Figure 3-22: Current on surface for setup of Figure 3-18
The two screen shots above show the relevant surface currents that pertain to the
delivery of energy from the input to the output of the setup in Figure 3-18. Three points
of interest (POI) are circled and numbered. Point of interest 2 shows the signal strength
received at the output. It shows a signal strength yellow in color, corresponding to a 7.14
dB drop in power when compared to the input power. This is not a desirable result so a
solution is needed in order to prevent such a large power loss. Points of interests 1 and 3
provide insight into how the power is escaping. Looking at POI 1, it is clear that as the
signal reaches the transmission line bend it drops to about -22 dB. POI 3 shows a similar
drop in power when observing the outside of the trace seen in Figure 3-22 yet shows a
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higher level on the inside of the trace. Figure 3-23 below shows the power loss location
in a 3D plot. It is reasonable to conclude that coming up with a solution for the energy
loss at POIs 1 and 3 will help the overall signal delivery to the output.

Figure 3-23: Power loss in dB as radiated from the proposed signal delivery design
With the current configuration, power losses from input to output are just over 7
dB. A goal of anywhere between 2 and 3 dB of power loss is acceptable for this
simulation as in practice for most applications a low noise amplifier would be placed
before the filter in the cascade chain thereby making up for small filter losses. With the
information gathered from the above plot of escaping power radiation found through a
Huygen‟s box analysis in the simulation software, three solutions are proposed. The first
solution includes simply placing a conducting cover of dimensions 46x108x21mm over
the circuit to prevent the energy leakage into the atmosphere and improve the received
signal at the output. The conductive cover would be strategically placed in the areas
where power is escaping based on Figure 3-23 above. The proposed solution is shown in
Figure 3-24 below.
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Figure 3-24: 1st attempt at solving power loss
The design of Figure 3-24 produced the following surface current and far field
power data.

Figure 3-25: Current on surface for setup of Figure 3-24
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Figure 3-26: Power lost to atmosphere is significantly radiated outward the unshielded
areas
Figure 3-26 show a significant decrease in power lost (max 9.5 dB lost in Figure
3-23, max 3.7 dB lost in Figure 3-26) but do not show any advantage gained at the output
port.
The second solution includes increasing the amount of substrate material (εr=2.2)
surrounding the traces and dielectric resonator of rectangular cross section in hopes of
binding the energy that would otherwise radiate undesirably. The approach, pictured in
Figure 3-27 below, seems to be effective. Figure 3-28 shows the signal strength received
at the output port. Using this technique, the output signal is about 4 dB below the input
signal level which is an improvement but is not quite where it is desired to be.
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Figure 3-27 Setup that includes increased amount of substrate material

Figure 3-28: Signal level along the line
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Figure 3-29: Radiated energy from Figure 3-27
The final solution includes increasing the amount of ε r =38.6 material that extends
in the z-direction without adding more dielectric material (εr=2.2) above the input and
output traces. Initially the height of the εr =38.6 material is twice the distance between
the ground plane and the transmission line. When increased to three times the distance
between the ground plane and the transmission line without the added ε r =2.2 material
from Figure 3-27, the signal level at the output improves to about -2.381 dB below the
input level as shown in Figure 3-30. As stated previously, a signal level of -3 dB at the
output is within our acceptable limits. Thus this will be the method used to deliver
energy to the filter of the final design as it seems the most feasible for a microstrip
system.
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Figure 3-30: Signal levels along transmission line for the setup of figure 3-31

Figure 3-31: z-extended εr = 38
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Figure 3-32: Radiated energy from Figure 3-31

Configuration
Figure 3-18
Figure 3-19
Figure 3-24
Figure 3-27
Figure 3-31

Far field
Radiation
Loss (dB)
9.5
0
3.757
6.635
3.516

Signal Level
@ Output
(dB)
-8.7
0
-22.86
-4.762
-2.9

Table 3-1: Summary of various techniques
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Design Example for 2.45GHz Multilayer Bandpass Filter

The theory behind designing the multilayer BPF has been discussed thoroughly in
[Guan 2008] and will only be briefly discussed here to aid in the reader‟s understanding.
In this section a design example is presented that will be used in conjunction with a
dielectric resonator as discussed above to achieve the dual filtering effect sought after in
this work.
As mentioned earlier, the bandpass filter is to have a center frequency of f0 = 2.45
GHz, an εr = 38.6, as well as be able to achieve a 0.5 dB ripple response with four
coupling sections of 50 Ω Z0. Based on coupled line filter prototype tables found in
[Pozar 1998] for a 2% bandwidth, the following are the corresponding even and odd
mode impedance values for each section:
Ze (sects 1,4) = 82.0 Ω, Zo (sects 1,4) = 37.659 Ω
Ze (sects 2,3) = 64.7 Ω, Zo (sects 2,3) = 40.95 Ω
After determining the even and odd mode impedances, each section can be
individually designed. A method of moments script designed for the multilayer approach
has been written by [Guan and Carpenter 2007] and is shown in Appendix 1. It
graphically displays an area of acceptable normalized impedance values as illustrated in
the figures below. The area shown is determined by the various parameters that effect
EM coupling in a particular coupling section.
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Figure 3-33:Normalized even and odd
mode impedance for coupling sections 1
and 4

Figure 3-34:Normalized even and
odd mode impedance for coupling
sections 2 and 3

As shown in the MATLAB script in Appendix 1 as well as in Figure 3-35 below,
the parameters of interest for specific coupling sections are labeled: „h‟, „a‟, „b‟, „s‟, and
„s_h‟.

Figure 3-35: x-y layout of a single coupling section adapted from [Guan and Carpenter
2007]
For design simplicity, each parameter may be normalized to „h‟ which is the
thickness of the layer separating trace 1 and trace 1΄ as well as the thickness of the layer
separating trace 2 and trace 2΄. The parameter „a‟ represents the x-axis or horizontal area
of overlap between traces 1 and 1΄ and horizontal area of overlap between traces 2 and 2΄.
With each line having the same width, the value of overlap between 1 and 1΄ and between
2 and 2΄ will always be equal with a value of „a‟. The same is true for the x-axis overlap
area „b‟, which corresponds to the overlap area between traces 1 and 2 and to the overlap
area between traces 1΄ and 2΄. The more these lines overlap (increase of „a‟ and or „b‟),
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the higher the coupling factor will be between the lines with all other factors constant.
The parameter „s‟ represents the x-axis space between trace 1΄ and trace 2. If „s‟ is
increased for a given line width (a+b+s), „a‟ and „b‟ must decrease which results in a
decrease in coupling. „s_h‟ represents the y-axis or vertical offset distance between trace
1΄ and trace 2. Keep in mind that „h‟ is constant so that any movement of trace 2 will
also result in the same movement of magnitude and direction in trace 2΄. A positive value
for „s_h‟ corresponds to a shift of trace 2 a distance s_h below the y-position of 1΄,
subsequently placing trace 2 further from trace 1 resulting in decreased coupling. A
negative value for „s_h‟ corresponds to a shift of trace 2 a distance s_h above the yposition of 1΄, subsequently placing trace 2 closer to trace 1 for resulting in increased
coupling. With such a variety of ways to control coupling between transmission lines it
is possible to design a multilayer coupled line bandpass filter of various dimensions
depending most heavily on the user application and design requirements. Below are an
example of design criteria for the four sections of a 2.45 GHz εr = 38.6 bandpass filter
found by the procedure highlighted above.

Sections 1 and 4:
h = 0.092 mm

s = 0.001 x h

a = 0.060 mm

s_h = -h + 0.261 mm

b = 0.095 mm

c = 3e11 mm/s

εr = 38.6

f = 2.45 GHz

length = λ/4

width = a+b+s

Sections 2 and 3:
h = 0.860 mm

s = 0.001 x h

a = 0.112 mm

s_h = -h + 0.390 mm

b = 0.100 mm

c = 3e11 mm/s

εr = 38.6

f = 2.45 GHz

length = λ/4

width = a+b+s
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With the appropriate values chosen for the parameters outlined, the design is then
verified in HFSS through simulation. The result of this simulation is shown below and
the detailed steps are outlined in the following chapter.

Figure 3-36: Entire 4-section filter within TEM environment
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Figure 3-37: 2.45 GHz S21 plot of the 4-sectioned BPF
The resultant forward transmission plot is shown above for the 2.45 GHz 3 dB
filter designed as described and pictured in Figure 3-37. The filter is designed for and
meets the goal of 2% bandwidth on εr=38.6 substrate.
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Chapter 4

Simulations with HFSS and GEMS

The purpose of the following chapter is to further illustrate the dual filtering idea
of using a dielectric resonator filter of rectangular cross section in conjunction with an
internal coupled line bandpass or bandstop filter. The reader is exposed to the details of
the entire design process of a 2.45 GHz εr = 38.6 dual filtering device here. The chapter
begins by explaining the method used to insure coupled line filter functionality. The
same procedures are followed for the both the bandpass and bandstop cases as only one
case is explained here. The reader is then exposed to the process of design and tune of a
dielectric resonator filter of rectangular cross section. This chapter ends with discussion
on the final two designs by tying together various design aspects already reported on in
this thesis including how to feed the proposed dual filtering devices complete with multicut views of the entire structures.

Bandpass Filter Simulation
In the previous chapter, a design example was given for a 2.45 GHz bandpass
filter using εr = 38.6. At this point it is appropriate to outline the details of designing
the high dielectric bandpass filter for use within a resonator of the same dielectric
value. After determining the proper line dimensions and locations with respect to one
another as given in the previous chapter, sections 1 and 4 and sections 2 and 3 are
then built in HFSS as shown below.
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Figure 4-1: Expanded view of entire
simulation area

Figure 4-2: Zoomed view of filter
section

The following shows the results of the s-parameter test for sections 1 and 4 of
the four sectioned filter. HFSS allows the user to view the desired s-parameters for
both phase and magnitude at each frequency simulated. Notice the phase of S 21 at
2.45 GHz as circled below.

Figure 4-3: Magnitude and phase of 1st iteration sections 1 and 4 of BPF
The phase of S21 at 2.45 GHz is -101°. Since the filter section has been
designed to be a quarter wave in length within a virtually isotropic ε r = 38.6 region, a
value of -90° in phase is expected. The value received is slightly higher in magnitude
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so on a second iteration the length of the line is divided by 1.13. The s-parameter
results after this attempt are shown below.

Figure 4-4: Magnitude and phase of 2nd iteration sections 1 and 4 of BPF
Now the phase of S21 at 2.45 GHz is -89.9°, a value that is very close to -90°. The
coupling section should perform well when joined to the other sections of the filter. The
same procedure is taken when evaluating sections 2 and 3 of the filter. The final results
of that evaluation are shown below to be -89.8° at 2.45 GHz.
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Figure 4-5: Magnitude and phase of sections 2 and 3 of BPF
Finally the S-parameters of each section are exported into MWO (Microwave
Office) and simulated all together in a subcircuit cascade as shown below with the results
of the MWO simulation.

Figure 4-6:Microwave Office S-param subcircuit cascade for 4-section filter
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Figure 4-7:Plot of 4-section high εr BPF
Figure 4-7 is a plot of both forward transmission and reflection of the bandpass
filter designed to operate at center frequency 2.45 GHz and 20% bandwidth with 0.5 dB
ripple. The 3 dB bandwidth proves to be closer to 27% with a rolloff of about 10 dB/150
MHz into rejection.

Dielectric Resonator Filter Design Process
As previously mentioned, the high εr coupled line filter designed above is to be
used within a dielectric resonator of the same εr value as a dual filtering device. As also
mentioned earlier, when designing a rectangular dielectric resonator to resonate at a
certain frequency of greatest concern is the height at which the feed extends up the side
wall of the structure. This height is determined experimentally through a series of tests in
order to find the optimal line length.
In this case the MATLAB script unique to this work found in appendix 1 is
utilized to design a 2.45 GHz εr =38.6 dielectric resonator filter structure. Its dimensions
are a=22 mm (20 mm pretune), b=20 mm , and d=6.6 mm or d=34.1 mm. Both “d”
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dimensions are acceptable. The larger “d” will likely invite the presence of additional
resonant modes but may be desirable to increase the overall effectiveness the isotropic
region has on field propagation within the dielectric material. Figure 4-8 below shows a
resonator of d=34.1 mm. With the presence of the ground plane the RDR filter actually
extends a height b/2 in the y-direction. The feed here is simply a lumped port source that
is placed in the center of the y-z face of the resonator for testing purposes. The output
port is located at the center of the opposite y-z face.

Figure 4-8: Dielectric resonator filter of rectangular cross section
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Figure 4-9: Filter resonance at 2.45 GHz

Figure 4-10: Real impedance shows 50 Ω @ 2.45 GHz
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Figure 4-11: Imaginary component of impedance goes to zero @ 2.45 GHz
The port heights may be easily varied and each variation excited a different
response within the dielectric material. Ideally since the characteristic impedance of the
source has been set to 50 Ω, it would be most desirable to have material impedance that
matches the source‟s impedance. The feed of height 4.7 mm provides the best results at
resonance.

Full System Design

In chapter three the method of delivering energy to a structure of high dielectric
constant value via microstrip line was explored and the results reported. Of the options
explored, it was found that the method of Figure 3-20 was the most successful as it
minimized losses from the input to the output. In order to combine the performance of
the coupled line structure within a high dielectric resonator material such separate
analysis were necessary. It has been seen so far that each aspect of the total design
including the feed design of chapter three and the filter and resonator designs of this
chapter is successful in terms of RF performance.
Of the noted contributions this works makes to the field of RF filter design, two
signature proposals stand out. The first is the use of a high ε r coupled line multilayer
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filter within a resonator designed to resonate at the center frequency of the bandpass
filter. Such a resonator, as mentioned in chapter 1, provides the finite packaging
dimensions for the multilayer device. The resonator pictured below and as mentioned in
chapter three, has been designed to support TE z modes. The coupled line bandpass filter
has been oriented so that its near TEM fields also travel in the z-direction. The term
“near TEM” is used because unlike normal microstrip transmission line cases which
require quasi-TEM consideration due to the substrate\air interface, the spacious
dimensions of the resonator provide an isotropic environment through which the signal
on the transmission line may pass.

Figure 4-12: Cut of signal delivery to coupled line filter
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Figure 4-13:GEMS rendering

Figure 4-14: Another GEMS rendering showing the multilayer filter within the resonant
structure
This contribution to filter design builds upon the work in [Guan and Carpenter
2007] as filter design in this manner both provides a natural packaging for the coupled
line multilayer device as well as allows for results that do not require the many design
iterations as found their work that are due to the quasi-TEM nature of the problem.
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Chapter 5
Conclusion and Future Work
In this study, a novel dual filtering device has been designed and simulated for
use in many wireless communication systems, namely satellite communications. A
detailed blue print for how to design this dual filtering system has been shown and
illustrated in full as well as the complexities with feeding such a device. This system
consists of an internal multilayer coupled line filter designed to operate at a certain center
frequency that corresponds to the resonant frequency of the dielectric cavity in which it
resides. The cavity resonator itself provides a near isotropic environment for signals
travelling the coupled line resonator which acts as a packaging material for the coupled
line filter of the appropriate resonant dimensions thus resulting in better filter
performance. This argument is illustrated below as a comparison is made between the
performance of a high dielectric multilayer coupled line filter and the same device with
the proposed isotropic high dielectric packaging.
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Figure 5-1: Response without finite package dimensions
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In the figures above, a 4 GHz coupled line multilayer of ε r=50 is designed to have
5 dB equal ripple. The multilayer device that has not been design with the finite
resonator dimensions as packaging for the coupled lines has a frequency response of less
quality than the filter designed with the finite resonant dimensions in mind. Figure 5-2
shows a response centered around 4 GHz with the insertion loss closer to the design goal
of 5 dB.
The designer is also shown through simulation the best feed design option for
getting energy into and out of the dielectric resonator filter, as well as the best design for
feeding the coupled line filter. Though a -3 dB output signal level (common losses that
often come from connectors) is achieved here, it is left as a future work to explore other
possibilities such as the use of vias.
The rigorous mathematics involved in designing such a dielectric resonating filter
of rectangular cross section is also shown so that the designer may easily follow along
with the procedures taken to come up with this unique idea of a dual resonant filter. Also
for the designer‟s benefit a MATLAB script unique to this work has been provided which
will allow the user to input certain design parameters such as operation mode, frequency,
and dielectric constant to determine the finite resonant dimensions of the rectangular
dielectric resonator filter.
It has been left as a future work to fabricate the proposed device. If the MRL at
Penn State University is to be used for the device production, it is noted here that the 951
Low-Temperature Cofire Dielectric Tape used at this facility comes only in εr=7.8.
Using a material of εr=7.8 would increase the device dimensions to a notable extent over
what has been presented here. With large dimensions, such a device may no longer be
feasible. The fabrication process used is a screen printing process with ±7% error where
metalized layers are printed in a stacked fashion. Silver is used for metallization because
it is reasonably priced with good conductive properties. After the entire structure has
been laid out it is then fired to 850°c.
The cost of such a process is dependent on the size of the device as it is
specifically affected by the number of layers needed. Tape sizes come in either 0.1 mm
or 0.2 mm in thickness. Two options are available if fabricating at this facility: either the
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technician can handle the entire process or the designer can be trained on the equipment
and handle the fabrication his or her own self.
Cutting the fabricated design out of the solid block of fired material may prove to
be a difficult but not impossible process as there is equipment that can cut through fired
951 material. For testing purposes, it is possible to add extra metallization to the outside
of the device to serve as contacts to the 50 Ω filtering system.
Also explored here and shown for the first time are simulations results for
footprint reuse with a multilayer coupled line bandpass filter. As shown in Figure 5-4,
Footprint reuse involves taking advantage of the multilayer aspect of the coupled line
design by adding continuous sections underneath the previous sections of an N-stage
filter. This tactic in theory saves valuable board space. Shown in the figures below are a
four-stage multilayer filter that employs the footprint reuse feature as well as the results
of a transmission and reflection test.

Figure 5-3: Footprint reuse cuts filter length in half but invites unwanted crosstalk
Figure 5-3 above essentially places sections three and four beneath sections one
and two of the four-stage filter, saving 50% of the z-directed board space.
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Figure 5-4: Filter sections under footprint reuse

Figure 5-5: S-parameter response from filter reuse method
Referring to Figure 5-5 above, though the transmission response of the filter
using footprint reuse has the shape of a bandpass filter, the performance itself suffers due
mostly to the “crosstalk” or unwanted coupling that takes place between lines within
proximity to one another. Perhaps continued future work in this area would yield results
that can somehow minimize crosstalk.
One such approach that could minimize crosstalk would be to use a varying
dielectrics approach. The advantage of this approach is the ability to localize the
capacitive coupling so that the designer may then increase or decrease the coupling value
between two traces without having to change the thickness of the device as this could be
an important engineering design constraint.
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Figure 5-6: Alternative hybrid dielectric approach using two dielectric materials
The proposed structure of Figure 5-6 has yet to be fabricated or prototyped on any
official, non-proprietary level. There have however been variations on the proposed
design. The authors of [Semouchkina 2005] introduce “high-K plugs” into a filter that
employs a hybrid dielectric substrate. The authors describe use of Dupont 951 LTCC
tape with dielectric permittivity of 7.8 as a base substrate. They punch holes 250 µm
deep and 1.25 mm in diameter into the top layer of the substrate. These holes are filled
with a specially prepared bismuth zinc tantalate (BZT) [Semouchkina 2005] LTCC tape
with dielectric constant of 74 and then fired. The same authors in “Miniaturizing Filter
with Double-Coupled Horse-Shoe Microstrip Resonators Capacitively Loaded by Using
High-Permittivity Material” discuss a similar process only using rectangular plugs. The
authors mention that prototyping proved to be difficult with the rectangular plugs because
of air gaps that may have crept in along the boundaries. This observation is indeed a
concern in multiple dielectric circuit fabrication.
One of the main issues that arise in the design of any multiple dielectric circuit is
the ability to fire both dielectrics successfully at the same time. This issue arises because
different materials have different firing temperatures which can result in a bowing of the
structure shape. Because of the documented fabrication difficulties with firing two
dissimilar dielectric materials, it is also proposed that air gaps be used as the second
dielectric material. With the current technology, it is possible to have ε 2 in Figure 5-6
filled completely with air. The process includes filling that area before firing with a
material that when fired at the firing temperature of ε1 burns away leaving gaps of air, a
process which is possible.
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This thesis work is successful in its goal of demonstrating a higher performing
high K filtering process. This work has introduced a new dual filtering device that
improves upon the current multilayer coupled line design and has shown in completion
how to design such a device complete with a MATLAB script for the designer‟s
convenience. This work has also thoroughly investigated the feeding possibilities for
such a complex structure to be implemented within a wireless system. This work has also
shown that there are areas to build upon such as fabrication of such a proposed device, as
well as improving the feed design to increase the signal level at the output. Steps have
also been laid out in terms of the investigation of the ability to fabricate a device that
further reduces footprint size through the use of multiple dielectrics within the multilayer
coupling device.
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Appendix A

Associated MATLAB scripts
A.1
The following MATLAB script does several computations. It can be used to
calculate the „d‟ dimension of rectangular dielectric resonator that supports z-directed
first order TE-modes. This can be used to simply design the resonator itself or it may
also be used to see how the dimensions change as parameters such as resonant frequency
and dielectric constant change.
The script may also be used to calculate the descriptive „Q-factor‟ that is
associated with the configuration of a specific resonator.
All of these calculations are performed after receiving user specified inputs.

m = input('"m" value: ')
n = input('"n" value: ')
a = input('"a" dim(mm): ')
b = input('"b" dim(mm): ')
er = input('relative permittivity of material: ')
f0 = input('desired resonant freq in GHz: ')
Am = input('energy Amplitude (usually normalized to 1):')
ur = input('relative permeability of material (usually 1):')
sig = input('conductivity of material (S/m):')

%For creating plots of f0 and er vs 'd'
%f0 vs d
% m=1;
% n=1;
% a=20;
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% b=20;
% er=38.6;

%er vs d
% m=1;
% n=1;
% a=20;
% b=20;
% f0=2.45;

c = 3e11; %speed of light in mm/s
e0 = 8.85e-12; % free space electrical permittivity in F/m
u0 = 4*pie-7; % free space magnetic permeability in H/m
w0 = 2*pi*f0*1e9;
k0 =w0/c;
kx = (m*pi)/a;
ky = (n*pi)/b;
kz = sqrt((er*k0^2) - ky^2 - kx^2);
Rs = sqrt((w0*u0)/(2*sig));

%x,y,r triangle dimensions that map out theta
y=sqrt((er-1)*k0^2 - kz^2);
x=kz;
r=sqrt((x^2 + y^2));

%two possible values for theta
theta1=asin(y/r);
theta2=pi+asin(y/r);
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%two corresponding values for 'd'
d1=(2*theta1)/kz
d2=(2*theta2)/kz

%For computing Quality factor 'Q'
We = (((Am^2)*(pi^2)*e0*er*a)/(16*a))*((d1/2)+((sin(2*kz*d1))/(4*kz))) +
(((Am^2)*(pi^2)*e0*er*b)/(16*a))*((sin(2*kz*d1))/(4*kz))

Pb = Rs*((pi*kz*Am)/(2*w0*ur*u0))*((d1/2)-((sin(2*kz*d1))/(4*kz))) +
Rs*((((pi^2)+(kz^2))*Am)/(2*a*w0*ur*u0))*((d1/2)+((sin(2*kz*d1))/(4*kz)))

Pf = Rs*(((pi^2)*(kz^2)*(Am^2))/(2*b*(w0^2)*((ur*u0)^2)))*((d1/2)((sin(2*kz*d1))/(4*kz))) +
Rs*((((((pi^2)/(a^2))+((pi^2)/(b^2)))*Am)/(w0*ur*u0))^2)*(b/2)*((d/2)+((sin(2*kz*d1))
/(4*kz)))

Pl = 0

Pd = Pb + Pf + Pl

Q = w0*(We/Pd)
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A.2
The following MATLAB script, is used to design the parameters of the
multilayered coupling sections of an „n‟ sectioned bandpass filter as described in the
earlier text.

%Sections 2 and 3 for er=38.6
plot(64.69*(38.6^0.5),40.95*(38.6^0.5),'o');hold

h=8.6*0.001 % ha thickness of transmission line itself (MKS unit m)
div=h/100 % mesh size (less than 4% of the smallest dimension)
A=[1.0:0.25:2.0]*0.001; % a/h ratio
B=[0.5:0.50:1.5]*0.001; % b/h ratio
er=1; % dielectric constant (use 1 if plot in normalized impedance figure)
s=0.01*h; % middle trace spacing (m)
s_h=-h + 3.9*0.001 % s_h vertical shift of second transmission line (+ down, up)
for an=1:size(A,2)
an
for bn=1:size(B,2)

[ze(an,bn),zo(an,bn),Z0,C]=evenodd_s_h2(A(an),B(bn),s,h,s_h,h/50/1/10,div,er);
end
end
plot(ze,zo,'r');plot(ze',zo','r')

%Sections 1 and 4 for er=38.6
plot(82.02*(38.6^0.5),37.66*(38.6^0.5),'o');hold

h=9.2*0.001 % ha thickness of transmission line itself (MKS unit m)
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div=h/100 % mesh size (less than 4% of the smallest dimension)
A=[0.59:0.02:0.61]*0.001; % a/h ratio
B=[0.9:0.1:1.0]*0.001; % b/h ratio
er=1; % dielectric constant (use 1 if plot in normalized impedance figure)
s=0.01*h; % middle trace spacing (m)
s_h=-h + 2.61*0.001 % s_h vertical shift of second transmission line (+ down, up)
for an=1:size(A,2)
an
for bn=1:size(B,2)

[ze(an,bn),zo(an,bn),Z0,C]=evenodd_s_h2(A(an),B(bn),s,h,s_h,h/50/1/10,div,er);
end
end
plot(ze,zo,'r');plot(ze',zo','r')
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Appendix B
Calculations
B.1
The following is a fairly detailed mathematical analysis formulated for the
purpose of finding the „Q-factor‟ of a rectangular dielectric resonating structure as shown
in figure 1 below. The MATLAB script of appendix A.2 is based on the formulas
worked here.

Figure B.1-1: Problem geometry
Since „Q‟ is a measure of the amount of energy to the amount of energy lost per
cycle or time period, it is defined as:

Q  0

We
Pd

where ω0 represents the angular resonant frequency, We represents the amount of
stored electric energy, and Pd represents the total dissipated power. The total stored
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electric energy can be found by integrating over each dimension of the rectangular
resonator.
We:
We  

V

1
2
 E dV
4

E  Ex  E y
2

2

where Ex and Ey are respectively,

Ex  A y cos x x  sin y y  cos z z 

E y  A x sin x x cos y y cos z z 

E  A 2  y cos 2 (  x x) sin 2 (  y y ) cos 2 (  z z )  2 A 2  x  y sin(  x x) cos(  x x) sin(  y y ) cos(  y y ) cos 2
2

2

A 2  x sin 2  x x  cos 2  y y cos 2  z z 
2

 A 2 2   d b a
 2 
2
2
We  
    cos  x  sin  y  cos  z z dxdydz
2
a 
b 
 4b  0 0 0
 2 A 2 2   d b a            
2

    sin  x  cos x  sin  y  cos y  cos  z z dxdydz
4
ab
a
a
b
b
 
 
 


0 0 0 
 A 2 2   d b a
 
 

sin 2  x  cos 2   cos 2 (  z z )dxdydz
2   
a 
b
 4a  0 0 0

finally,

 A 2 2 a   d sin(2 z d )   A 2 2 b   d sin(2 z d ) 
We  


 
 
4 z   16a   2
4 z 
 16b   2

Now to find the total dissipated power. The most sensible approach to this
problem is to break it into the portions of power escaping out of each face from the
geometry of figure 1.

Pdiss  2Pbottom  2Pleft  2Pfront

79
Given that the surface resistivity R s as mentioned earlier is defined by the
following:

0  0
2 DR

2 Rs 

,

It is possible to then define the following where J b,l,and f represent the surface
currents at the bottom, left and front faces:

Pb  Rs

d a

 J b  J b dS RS   J b dxdz


bottom

2

0 0
b a

Pl  Rs  J l  J l dS RS   J l dxdy


2

left

Pf  Rs

 J

0 0

f

d b

 J f dS RS   J f dydz


front

2

0 0

and



J b  nˆ  H y 0 J l  nˆ  H z 0 J f  nˆ  H x 0

The vector magnetic field „H‟ given earlier is defined as,




H  Hx  Hy  Hz

is now evaluated at each face bottom, left and front at the respective face
coordinate y=0, z=0, and x=0
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x2   y2 

xz 
H y 0  xˆ 
 A sin  x x sin  z z   zˆ  j  A cos x x  cos z z 
 j 


x2   y2 

yz 
H x 0  yˆ 
 A cos y y cos z z 
 A sin  y y sin  z z   zˆ 
 j 
 j 
x2   y2 

H z 0  zˆ 
 A cos x x  cos  y y 
 j 

The surface current for each face may now be resolved keeping in mind that based
on the problem geometry, the normal vector extends in the negative direction for each
face bottom left and front:

x2   y2 

xz 
J b  nˆ  H y 0  zˆ 
 A sin  x x sin  z z   xˆ  j  A cos x x  cos z z 
 j 



J l  nˆ  H z 0  0


yz 
J f  nˆ  H x 0   zˆ 
 A sin  y y sin  z z  
 j 

For the bottom and top faces, Pb:

x2   y2 
yˆ 
 A cos y y cos z z 
 j 
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 A z 
Pb  Rs 

 a 

2d a

  sin

2

0 0

 2

2

A



z 2
a
b2


 2 Rs

a 2  2


2

  2  2
 A 2  2
a
b
 Rs  






 







a


x  sin 2  z z dxdz



  d a
  sin   x  cos  x  sin  z  cos  z dxdz

 

.
z
z
 0 0  a   a 



2
d a

  cos
0 0

2

 
2
 x  cos  z z dxdz
a



Then using the following identities,
 x sin 2x 
 x sin2x 
 cos xdx   2  4   sin x dx   2  4 
2

2

 sin 2 x 
 sinx cosx dx   2 

and canceling certain terms, the total power escaping from the bottom and top
faces denoted as Pb is found to be:

 ( 2   z 2 ) A   d sin(2 z d ) 
  z A   d sin(2 z d ) 
Pb  RS 
 
  RS 

   4
2
a

4 z 
 2   2
z


 2

For the left and right faces, Pl=0.
For the front and back faces, Pf:

82

 A z 
Pf  Rs 

 b 

2d b

  sin

2

0 0



b


y  sin 2  z z dydz


 2

 2 


A



z 2
2 d b
a
b

  sin   y  cos  y  sin  z  cos z dydz
 2 Rs 

 

.
z
z
2
2

 0 0  b   b 
b 




2

  2  2
 A 2  2
a
b
 Rs  






 





2
d b

  cos

2

0 0

 
2
 y  cos  z z dydz
b



.
Again using the same trig identities used in finding P b along with making term
cancellations, the total power escaping the front and back faces is found to be:

2

  2 z2 
2
 ( 2  2 ) A   b   d sin(2 d ) 
  2  z A 2   d sin( 2 z d ) 
a
b
z
   
Pf  RS 

  RS 

2
2 
2
4


2
2
4

2
b






z
z










The total power dissipated is then:
Pd  Pb  Pf

The Quality factor may then be computed as:
Q  0

We
Pd
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