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Abstract

The rapid development in modern wireless communication systems and remote
sensing and their applications towards portable and compact systems are in-
evitable. Microwave filters are critical components in the RF front-ends for
band selection and unwanted signal rejection. These filters generally occupy a
large area in the RF front-ends. In addition, RF filters’ in-band losses signifi-
cantly impact the overall system performance, such as noise figure and dynamic
range. Thus, compact and high-quality factor RF filters are greatly desirable.
Embedded coaxial substrate integrated waveguide filters have shown great po-
tential compared to competing technologies in terms of high-Q, compact size,
planar form, and wide spurious free region. This dissertation develops the the-
ory and design of ultra-miniaturized high-QQ embedded loaded coaxial substrate
integrated waveguide filters with potential application in modern communication
systems.

In this research, high-Q and compact embedded loaded coaxial substrate
integrated waveguide (ELCSIW) resonators are designed and investigated. Inte-
grating air-filled parallel plate capacitive loading into an embedded coaxial cavity
enables the achievement of a highly miniaturized resonator with a 99 % minia-
turization factor compared to the conventional substrate integrated waveguide
resonator. In-depth analysis of the resonant frequency, miniaturization factor,

and unloaded quality factor is presented. A second-order ELCSIW filter with

Vil



a resonant frequency of 1.1 GHz is developed and implemented. The filter ob-
tains a simulated insertion loss of 0.26 dB and a wide spurious free stopband
up to seven times its resonant frequency. The overall ELCSIW filter size is
0.07\, x 0.26),. The proposed ELCSIW filter demonstrates superiority in com-
pactness, quality factor, and stopband rejection compared to other miniaturized
counterparts. Moreover, the proposed ELCSIW filter showed a high power han-
dling capability of 113 Watts through theoretical investigation. A mixed (electric
and magnetic) inter-resonator coupling mechanism is developed and integrated
into the ELCSIW filter to generate a transmission zero to improve the stopband
rejection. The arbitrary location of the transmission zero is determined by the
intensity of each coupling mechanism. Moreover, a novel post-fabrication fre-
quency tuning mechanism for the embedded loaded coaxial substrate integrated
waveguide filter is developed. The tuning mechanism is constructed of additional
embedded capacitive loading strip lines that can be altered to compensate for
fabrication tolerances. The circuit model and the working mechanism of the
tuning circuit are explained and illustrated. The novel tuning method shows a
capability of a post-fabrication tuning range of 10 % for the proposed ELCSIW
filter.

This research illustrates the feasibility of designing and integrating low-loss,
compact, low-cost, and lightweight filters for future communications and radar

systems.
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Chapter 1

Introduction

1.1 Motivation

Over the last decades, the rapid development in wireless communications tech-
nologies driven by low-cost integrated circuit fabrication has opened doors for
new systems such as automotive radars, UAV communication systems, and cube-
Sat atmospheric remote sensing systems. Low-altitude UAVs are widely em-
ployed in various industries for a variety of applications due to their mobility
and versatility. UAVs have been considered the key factor in the development
of many applications, including surveillance and monitoring, military, telecom-
munications, delivery of medical supplies, and rescue operations [1]. Thus, UAV
research and development is the fastest-growing market globally. The world-
wide market share for unmanned aerial vehicles is projected to grow from an
estimated $§ 27.4 billion in 2021 to $ 58.4 billion by 2026 [2]. This indicates
the rapid growth and demand for lightweight, compact airborne communication
systems in the next few years. This expansion in the use of UAV systems led
to additional stringent demands on the specifications of their RF front-ends,
requiring more compactness, cost-effectiveness, and lower loss.

Consider the example in Figure 1.1 where frequency-modulated continuous
wave radar is deployed on UVA for detecting buried people for rescue missions [3].

In disaster events such as earthquakes and collapsed buildings, searching quickly



for buried people is vital for their survival. These scenarios are dangerous for
rescue teams to approach quickly due to the instability of collapsed structures.
Thus, technological solutions using UAVs and radar systems can be safer and
more time-efficient for detection and rescue missions. The fundamental operation
of the rescue system in Figure 1.1 is to detect buried people and measure their
movement, particularly respiratory activity, using low-frequency signals. The
movement can be identified by extracting the phase change on the low-frequency
generated signal. The operation frequency is from 1.16 to 1.36 GHz with a
pulse duration of 900 us transmitted every 25 ms allowing for a 75 cm range
resolution. Despite the system operating in a low-frequency band, it is critical

to have a compact, lightweight RF front-end module for UAV deployment.

Deploying UAV

Extracted
breathing signal

Tx/Rx Modules

e
Day, ling (ﬁ ‘ s \
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) \\
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Figure 1.1: Hlustration of the fundamental concept of the human respiration de-
tection system using multiple UAV radar units (from [3]).

Heterogeneous €, medium

Filters have been extensively used in RF front-ends to suppress interference
signals and spurious generated signals. These filters, in particular electromag-
netic filters, occupy a large area in the RF front-end. Therefore, much research
and developments have been directed toward miniaturizing RF filters to meet
the requirement of the next generation of compact systems.

Figure 1.2 illustrates a front-end module of a simplified super-heterodyne



transceiver. The RF front end consists of two parallel branches for signal recep-
tion and transmission. In the receiver path, the antenna receives the signal and
passes through an RF bandpass preselect filter. Preselect filters are commonly
implemented in the receiver path right after the antenna to capture the desired
signal and prevent possible image interfering and jamming signals. The receiver
noise figure, which determines the system’s sensitivity, is significantly affected
by the insertion loss of the preselect filter. In other words, any increase in the
insertion loss of the preselect filter increases the noise figure, which limits the
ability of the receiver to detect the signal from the noise floor [4]. Therefore, it
is crucial for the preselect filters to have a compact size and a low insertion loss
to reduce the impact on the system performance. Then, the signal is amplified
using a low noise amplifier (LNA) and converted down to the intermediate fre-
quency (IF) and baseband digital signal processing stages. In the transmitter
path, the generated signal is filtered at the IF stage and up-converted to the RF
band. Then, the RF signal is amplified with a high power amplifier (PA) and
passes through a bandpass filter to suppress the transmission band noise and

spurious emissions.
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Figure 1.2: A simplified example of a super-heterodyne transceiver (from [5]).

A wide range of technologies can be utilized to implement filters based on



the application’s requirements. Planar transmission lines, such as microstrip
lines and coplanar waveguides, have been preferred in manufacturing a variety
of filters and microwave components in the low-frequency range. They exhibit
a low profile, lightweight and inexpensive manufacturing process. However, pla-
nar transmission lines have higher losses and exhibit signal interference between
adjacent elements due to their structure’s inherent radiation [6]. Conventional
metallic waveguides are considered the best performance transmission line re-
garding quality factors and electromagnetic shielding. However, they are too
large to embed in circuit boards and raise difficulties in manufacturing using
standard fabrication techniques. Dielectric resonators offer a low-loss solution in
a compact form factor, with the degree of miniaturization being inversely pro-
portional to the square root of the dielectric constant of the low-loss material
used. As a result of their high dielectric constant, dielectric resonator filters
have limited spurious-free characteristics and require additional fabrication com-
plexity [7]. The development of substrate integrated waveguide (SIW) reduced
the gap between the lossy planar technology and bulky metallic waveguides,
and achieved a remarkable trade-off. SIW technology combines the advantages
of planar technology, namely low weight, and planar structure, and the metallic
waveguide technology, which has a high-quality factor, electromagnetic shielding,
and high power capability [8]. Another advantage that SIW technology provides
is the possibility of integrating a complete system in one substrate, including an-
tennas, passive elements, and active elements. Nevertheless, the size of the SIW
is too large for compact airborne systems. Thus, numerous techniques have been
proposed to miniaturize the SIW filters. The next two sections present overviews
of the substrate integrated waveguide technology and the miniaturization tech-
niques and structures for SIW. Figure 1.3 depicts a relative comparison between

the aforementioned filter technologies in terms of size, insertion loss, and cost.



Among the miniaturized SIW filters, the loaded embedded coaxial substrate
integrated waveguide filters demonstrate high miniaturization and high-quality
factors. The feasibility of a loaded embedded coaxial substrate integrated waveg-
uide filter to meet the stringent requirements of modern wireless systems in terms
of size, weight, power, and cost (SWaP-C) is investigated. The proposed filters
have shown ultra-miniaturized size and high-Q. In addition, the presented work

has low weight and can handle 113 watts.
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Figure 1.3: The relative size, insertion loss, and cost of various RF resonators
(from [9]).

1.2 Overview of Substrate Integrated Waveguide Technology

Increasingly crucial to the development of future communication systems is the
integration of passive and active components in a substrate. In communication
systems, low cost, high performance, and a low profile are desirable character-
istics. The integration of planar and non-planar system components presents
obstacles. Interconnections between technologies, such as metallic waveguides
and planar transmission lines, become the cause of performance deterioration

and loss. In addition, incorporating non-planar components in a system limits



its miniaturization [10]. Planar transmission lines, such as microstrip lines and
coplanar waveguides, have been preferred in manufacturing a variety of passive
elements, interconnects, and antennas in the low-frequency range. They exhibit a
low profile, are lightweight, and can be created using inexpensive manufacturing
processes. However, they produce higher losses and exhibit signal interference
between adjacent elements [11]. When compared to other types of transmission
lines, waveguides outperform due to the absence of electromagnetic radiation and
dielectric loss and hence superior transmission characteristics. However, they are
impractical to embed in circuit boards and have difficulties manufacturing us-
ing standard fabrication techniques. These limitations inspired researchers to
investigate and explore new technologies that surpass existing constraints. In
1998, researchers in Japan developed a technology called a laminated waveguide.
The developed laminated waveguide is constructed of two sidewalls of vias and
metalized planes that can be manufactured by standard printed circuit board
(PCB) processing [12]. The primary motivation behind this invention is to meet
the requirements of emerging compact systems. This was the first attempt to
develop substrate integrated waveguide. Later in 2001, Ke Wu proposed the first
integration between the microstrip line and substrate-integrated waveguide [13].
The development of SIW reduces the gap between the lossy planar technology
and the bulky metallic waveguide. SIW technology combines the advantages of
planar technology, namely low weight, and compactness, and the metallic waveg-
uide technology, which has a high-quality factor, electromagnetic shielding, and
high power capability [8]. These advantages attracted researchers’ interest in the
SIW techniques, which have been widely studied and developed at a fast pace
compared to other substrate-integrated structures [14]. Figure 1.4 shows the
popularity of SIW products in academia and the industry based on the number

of IEEE technical papers published since the invention of the SIW. The figure



suggests a linear increase in the published paper in the field of SIW over the next

few years.
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Figure 1.4: The SIW-related publications trend in the IEEE community

(from [14]).

Substrate integrated waveguides are periodic structures consisting of two par-

allel rows of metallic vias electrically connected to a ground plane and filled with

dielectric materials, as shown in Figure 1.5. They have low loss, planar structure,

and low fabrication cost. They exhibit an equivalent behavior as conventional

waveguides and demonstrate high power capability [15]. The distinctive feature

of SIW is that an entire system can be integrated into a single layer, hence avoid-

ing the need for transitions between technologies. A variety of microwave active

and passive components are integrated into SIW, such as amplifiers [16], [17],

filters [18], [19] and oscillators [20], [21].
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Figure 1.5: The geometry of the SIW structure (from [22]).

The wave propagation of SIW is similar to conventional waveguides. It sup-
ports the TE modes in which the surface current of the sidewalls can travel ver-
tically along the metallic vias. Due to gap discontinuity along the longitudinal
direction on the sidewall, SIW does not support TM modes. This characteristic
classifies the SIW to be an H-plane waveguide [23]. Both SIW and conventional
waveguides exhibit the same modes of dispersion characteristics. Therefore, SIW
is equivalent to a conventional waveguide with equivalent width. The effective
width of the SIW (wess) is characterized by the diameter of the via (d) and the
spacing between vias (p), and its expressed by [24]:

d2
.95p’

(1.1)

weff:w—o

where w is the width of the SIW as shown in Figure 1.5. The cut-off frequency
of the SIW can be determined by [24]:

c 2\
=572 (w N O.95p> ’ (1.2)

where €, is the substrate relative dielectric permittivity and ¢ is the speed of
light.

The main components of loss in the substrate integrated waveguide structure



are dielectric loss (ay), conductor loss (a.), and radiation leakage (). The total

loss mechanism can be expressed mathematically as [25]

Qtotal = Og + Qe + Q. (13)

Although radiation leakage exists in SIW, it’s considered negligible if the de-
sign rules for d and p are correctly followed. The finite conductivity of the metal
planes and vias is the primary cause of the conductor loss. The SIW’s field distri-
bution is equivalent to that of the rectangular waveguide. Hence the waveguide’s
analytical formula for calculating the conductor loss in [26] can be used for the
SIW. Replacing the rectangular waveguide width with the effective width of the
SIW, the conductor loss of the SIW can be determined by [25]

VT feoer (1+2(fo/ f)?(R/wesy))

o) =T /o = o/

, (1.4)

where h is the substrate thickness, ¢y is the free space dielectric permittivity,
and o is the metal conductivity. Similarly, the analytical formula of dielectric
loss derived for the rectangular waveguide can be adopted for the calculation of
the attenuation constant of the SIW. The dielectric loss is proportional to loss

tangent (tand) and be expressed as [25]

g = TIVer tand. 1.5
Vi =

The SIW operates as equivalent to conventional waveguides with negligible leak-

age and free of bandgap in operation bandwidth if it follows the design rules of



d and p, which are [24]:

p>d (1.6a)

Aﬂ <0.25 (1.6b)

% <1x 107 (1.6¢)
Aﬁ > 0.05, (1.6d)

where ko = 27 f, /€ €opio and pig is the free space permeability. A. denotes the
cutoff wavelength of the fundamental mode of the SIW. The condition (1.6a)
states that the via spacing must be larger than the via diameter so it can be
physically realizable. The condition (1.6a) is vital to avoid any bandgap in the
operating bandwidth. To avoid leakage in the SIW structure, condition (1.6c)
must be satisfied. For manufacturing process cost and mechanical rigidity of the
SIW, the drilled vias should be minimized. Thus, condition (1.6d) suggests that
the number of drilled vias should not be more than 20 per wavelength. The
region of operation of SIW based on d and p is visualized in Figure 1.6.

This section summarizes the fundamental operation and characteristics of
the SIW structures to highlight the advantages of this technology. The losses
in the SIW are reviewed, and an analytical estimation of each loss mechanism
is provided. Also, design rules for developing SIW structure are presented and
discussed. These fundamental concepts and design rules are implemented in

designing the ELCSIW cavity resonators and filters.
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Figure 1.6: The SIW region of interest with respect to its cut-off frequency, vias
diameter, and vias spacing (from [24]).

1.3 Overview of Miniaturization Techniques in Substrate Integrated

Waveguide Technology

The SIW demonstrates the advantages of compact size and planar integration
over the non-planar bulky waveguide. This allows integration with other planar
technology and reduces the need for non-planar transitions. SIW is still con-
sidered a large structure compared to microstrip technology [9]. In addition,
modern compact systems impose a stringent requirement for the dimensions of
the RF circuit components making the conventional SIW less favored in compar-
ison to planar technology. Therefore, numerous techniques have recently been
developed to miniaturize SIW structures by operating at frequencies below fun-
damental resonant modes. An overview of some of the miniaturization techniques
is presented in this section.

The folded SIW (FSIW) is a miniaturized structure whose sides are folded
around its central part. This miniaturization technique was first presented in [27]

with a T-type folding structure. It reduces the broadside length of the cavity by

11



50 % with a slight increase in the losses. A C-type folding was developed in [28],
showing similar performance to T-type folding. The cross-section view of C-type
and T-type folded SIW are shown in Figu 1.7(a,b). In [29], a double-folded SIW
(DFSIW) Chebyshev filter using a multi-layer low-temperature co-fired ceramic
was presented. The double-folded SIW resonator is constructed by placing a
metal plate with two orthogonal slots into the cavity. This resonator structure
reduces the footprint of the circuit size by about a quarter of the fundamental
TFEjp, mode. With its multi-layer design, the stacked Chebyshev filter is able
to reduce its area by 88 %. Moreover, quadri-folded SIW (QFSIW) was used
for the first time to miniaturize the conventional SIW cavity by 89 % [30]. A
fourth-order Chebyshev filter was designed using a QFSIW cavity with vertical
C-shaped coupling slots. The double-folded and quadri-folded SIW cavities are
shown in Figs. 1.7(c,d).
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Figure 1.7: Cross section of folded SIW (a) C-type and (b) T-type. (c¢) A 3-d
view of double folded SIW resonator cavity. (d) Top view of quadri-
folded SIW resonator cavity (from [27-30]).
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Another technique to reduce the SIW circuit size is using a slow-wave tech-
nique [31]. The slow-wave structure is composed of a double-substrate with em-
bedded metallic vias in the bottom layer connected to the bottom metal layer,
as shown in Figure 1.8. The slow-wave effect is generated by physically separat-
ing electric and magnetic fields within the structure. This configuration reduces
the longitudinal dimension by more than 40 % due to a smaller phase velocity
than the conventional SIW. The slow-wave technique was used in designing a
fifth-order filter [32]. The filter was designed and measured at a center frequency
of 11 GHz with a bandwidth of 900 MHz. A slow-wave effect enables to achieve
more than 70 % size reduction compared to conventional SIW cavity filters. An-
other design methodology for a compact filter using the slow wave SIW technique
was developed in [33]. The design approach combines a segmentation technique
and polynomial fitting is provided to obtain accurate and fast design results. By
incorporating a ladder coupling scheme with periodic blind vias embedded into a
double-layer dielectric substrate, a bandpass filter at 11 GHz with a bandwidth

of 1 GHz is realized. The filter obtained 60 % miniaturization.
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Figure 1.8: The slow-wave structure (a) 3-D View, and (b) side view (from [31]).

Sub-mode techniques of SIW resonators have been proposed to minimize STW
cavities by cutting the cavity of the dominant mode at its symmetric planes [34—
38]. Half mode SIW (HMSIW), quarter mode SIW (QMSIW), eighth mode SIW
(EMSIW), and sixteenth mode SIW (SMSIW) have all been proposed by cutting

SIW resonators on their imaginary magnetic walls to obtain size reduction. The
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electric field distributions of the fundamental mode of the abovementioned sub-
modes are presented in Figure 1.9. The solid and dashed lines represent the
electric and magnetic walls, respectively. The half-mode SIW can be realized by
cutting the full-mode SIW cavity along its symmetrical plane A-A1, as shown in
Figurel.9b. The electric field remains unchanged, and the cavity resonates at the
fundamental mode with 50 % size reduction. Similarly, the quarter-mode SIW
archives 75 % as demonstrated in [35]. The eighth, sixteenth, and thirty-second
sub-modes techniques achieve highly compact filters compared to other SIW
miniaturization techniques with 87 %, 93 %, and 96 % size reduction, respectively
[36,37]. In [38], a novel folded ridged half-mode SIW (FRHSIW) is characterized
and implemented to design two miniaturized bandpass filters. By folding the
fundamental mode of a ridged half-mode SIW (RHMSIW) around the ridge as
shown in Figure 1.10, miniaturization of 96 % was achieved and demonstrated
by a second-order filter at 1.13 GHz with a quality factor of 132. Similarly, the
folded ridged quarter-mode SIW filter was designed using the concept, obtaining
98 % with a quality factor of 128. Overall, the sub-modes techniques exhibit
excellent advantages in miniaturizing SIW structure. The drawback of these
techniques is that the unloaded quality factor of these sub-modes is low due to

increased radiation loss at the open edges.
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Figure 1.10: 3-D and cross-sectional views of (a) RHMSIW, (b) transition be-
tween RHMSIW and FRHMSIW, and (¢) FRHMSIW along with
their respective fundamental mode field patterns (from [38]).

Composite right/left handed (CRLH) resonators have been proposed in SIW
technology to reduce the size of the SIW structure [39-41]. The CRLH structure
is realized by series and shunt capacitance and inductance that exhibit negative
refractive index allowing for much lower cutoff frequency [39]. The authors in [40]
proposed CLRH structure based on SIW cavity as shown in Figure 1.11a. The

CLRH structure behaves as shunt inductance and series capacitance. This circuit
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configuration generates resonance below the cutoff frequency of the SIW cavity
resonator. A second-order filter is designed at a center frequency of 6.1 GHz
with a bandwidth of 6.5 %. The filter has an insertion loss of 1.59 dB and a
quality factor of 50. A miniaturization of 45 % is achieved for the CLRH SIW
filter. In [39], a CLRH unit-cell is incorporated with folded SIW resonator as
shown in Figure 1.11b. The folded SIW technique is adopted to achieve 50 %
miniaturization for the proposed resonator. Then, the CRLH is introduced to
the structure to shift the cutoff frequency of the folded SIW down. Combining
the folded and CRLH techniques in a single SIW structure enables 80 % minia-
turization. A fourth-order filter is designed at a center frequency of 5.3 GHz
with a 6.2 % bandwidth. The filter’s insertion loss is 3.4 dB and has a quality

factor of 176.

Figure 1.11: (a) Unit-cell of CLRH-based SIW cavity resonator (b) CLRH struc-
ture based on folded-SIW (from [40] and [39)]).

The coaxial SIW was initially introduced in [42] as a novel topology for com-
pact coupled resonator filters. The coaxial SIW consists of a conducting post
at the center of the SIW cavity that is short-circuited at the bottom ground
plane and opened at the top metallic layer using an annular gap as shown in
Figure 1.12a. This short-circuited post behaves as the inner conductor of a trans-
verse EM-mode coaxial line along the vertical substrate thickness, while the SIW
via wall defines as the outer conductor of the coaxial line. The top annular gap

formed the capacitance load that shifts the resonant frequency to the lower side
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of the spectrum. A third-order Chebyshev filter using the proposed coaxial STW
resonator at a center frequency of 10 GHz and bandwidth of 2 %. The filter
obtained an insertion loss of 3.5 dB and an unloaded quality factor of 177. The
filter occupies 50 % less area than the conventional SIW implementation.

In [43], an embedded coaxial substrate integrated waveguide (ECSIW) filter
is presented. Figure 1.12b depicts the embedded coaxial SIW resonator layout.
The structure consists of metallic posts at the center of the square cavity con-
nected to the ground from one end. The other end is connected to a circular
metal plate below the top layer. The post diameter, length, and location in
the cavity control the inductance of the cavity. The size and location of the
metal patch determine the loading capacitance. To demonstrate the benefits
of the structure, an in-line three-pole bandpass filter at 1.5 GHz with a 10 %
bandwidth is designed in a low-temperature co-fired ceramic (LTCC) stack-up.
The filter achieves 96.8 % of miniaturization with a wide spurious-free band of
7 X fo. The insertion loss is 1.2 dB, and the quality factor is about 160. The
quality factor is primarily affected by the dielectric material above the metal
patch where the electric field is concentrated. Another example using embedded
coaxial substrate integrated waveguide is presented in [44]. The authors pro-
posed a fourth-order bandpass filter at 5.96 GHz. The structure is fabricated
using standard PCB technology. By carefully tuning the design parameters, the

filter obtained 96.4 % miniaturization with a quality factor of 320.
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Figure 1.12: (a) Coaxial SIW cavity resonator , and (b) embedded coaxial SIW
cavity resonator (from [42] and [43]).

The embedded coaxial SIW structure shows a good trade-off between the
miniaturization and the quality factor compared with other structures mentioned
above. The ECSIW demonstrates the capability of achieving a miniaturization
factor higher than 96 % with a moderate quality factor of 320. Yet, the quality
factor of ECSIW is still lower than the conventional SIW resonator. However,
the quality factor can be improved by removing the dielectric material above
the metal patch, eliminating the dielectric loss between the two metals, and
reducing the effect of conductor loss. As a result, an air gap forms on top of the
patch, which becomes the key component of a high-QQ embedded loaded coaxial
substrate integrated waveguide resonators and filters. This can only be obtained
by overcoming the challenges of creating a thin and robust air gap structure. This
research illustrates the feasibility of designing and integrating low-loss, compact,

low-cost, and lightweight filters using ELCSIW cavity resonators.

1.4 Dissertation Outline

Chapter 2 presents the modeling and analysis of the proposed ELCSIW structure.
Utilizing the ELCSIW resonator, a second-order ELCSIW bandpass filter is de-

signed and implemented. Validations are given through simulated and measured
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results for the second-order filter to verify the design concept. Detailed step-by-
step materials selection and fabrication guidelines in standard PCB technology
are provided. A comparison between the ELCSIW filter and the current state
of miniaturized substrate-integrated filters is presented. Then, a mixed coupling
technique to improve the stopband rejection is presented. This technique is im-
plemented on second-order ELCSIW filters to demonstrate the feasibility of the
mixed coupling in the proposed structure. Also, the power handling capability
of the ELCSIW filter is investigated in this work.

Chapter 3 presents a novel post-fabrication frequency tuning mechanism for
the ELCSIW filter. An investigation of the tolerances of the materials and the
fabrication process is provided. Then, the circuit model and the working mech-
anism of the frequency tuning circuit are explained. Using the proposed tuning
circuit, two mistuned ELCSIW filters are tuned back to their design frequency
to demonstrate the proposed method’s effectiveness.

Chapter 4 present an investigation of the capability of the ELCSIW technol-
ogy to scale to Ka-band frequencies. Material selections and design guidelines at
a higher frequency are presented. A second-order ELCSIW filter is designed and
simulated at 30 GHz to verify the operation in Ka-band. Next, simulation results
are presented for two mix-coupled ELCSIW filters at 30 GHz to demonstrate the
benefit of mixed coupling on stopband rejection.

Finally, in Chapter 5, the main outcomes of the research presented in this
dissertation are provided. Also, a summary of the contributions of this work and

suggestions for future work are highlighted.
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Chapter 2

Ultra-Miniaturized Substrate Integrated Resonators and

Filters

RF /microwave filters are crucial elements in modern wireless systems. Filters
are used to select RF signals and prevent unwanted signals from passing through
the system. The recent developments in wireless applications continue to im-
pose stringent requirements on RF/microwave filters and demand higher perfor-
mance, compact size, lighter weight, and lower cost. In this regard, compactness
and a high-quality factor are critical characteristics to be addressed for future
microwave filters; hence, recent efforts have been made to further reduce the
footprint of RF /microwave filters while maintaining a high-quality factor. To
achieve these characteristics, selecting a suitable resonator technology is the first
step in designing a microwave filter. Among RF /microwave resonator technolo-
gies, waveguides have shown the highest quality factor. However, their bulky
size limits their usage in many applications. Planar transmission line technolo-
gies, such as microstrip line and coplanar waveguide, are favored over waveguide
due to their ease of integration and small footprint, but at the expense of a
low-quality factor due to inherent dielectric and radiation losses. On the other
hand, ELCSIW resonators have the potential to achieve ultra-miniaturization

capability while maintaining a high-quality factor, low cost, and low complexity.
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This chapter presents the characteristics and modeling of the ELCSIW res-
onators. The design criteria and their trade-offs with regard to quality factors
and miniaturization are highlighted. Multiple filters are designed to demon-
strate the advantages of ELCSIW resonator technology. Finally, measurements

and discussions of the fabricated filters are presented.

2.1 Embedded Loaded Coaxial Substrate Integrated Waveguide Res-

onator Modeling

Embedded loaded coaxial substrate-integrated waveguide cavity resonators have
been analytically investigated and demonstrated in the literature [43-45]. Com-
pared to previously reported resonators, the proposed ELCSIW cavity resonator
achieves a higher quality factor while being ultra-miniaturized in size. The
ELCSIW cavity resonator shown in Figure 2.1 comprises of a 3.37 mm dielectric
substrate, a 0.069 mm prepreg, and three metallic layers. Through a copper-
plated post of diameter D, the middle metallic patch is short-circuited to the
bottom layer to form a highly capacitive loading coaxial cavity resonator. The
prepreg is cut over the metallic patch to remove the dielectric layer and create
a capacitive air-filled gap. As a result, the dielectric loss between the patch and
the top layer, where the maximum electric fields are present, is eliminated. The
proposed ELCSIW cavity resonator can achieve 99 % miniaturization with an
overall unloaded quality factor (Q,) of 500.

Using the eigenmode HFSS solver, the field distribution inside the proposed
ELCSIW cavity resonator is simulated and depicted in Figure 2.2. It can be
observed that the magnetic-field around the post has uniform ring-shaped dis-
tribution. On the top part, it can be noticed that the electric-field is strong
and uniformly distributed between the patch and the cavity top. Thus, the

resonator’s structure can be divided into two regions: capacitive dominant and

21



t% alr cavity | H

H1

W

(a) (b)

Figure 2.1: Proposed ELCSIW resonator (a) top view, and (b) cross-section

view. The image is not drawn to scale and dimensions are in mm.

(W =10, W,, = 7.5, D = 0.5 mm, s; = 0.2, H; = 3.37, Hy = 0.069,

=0.017,d=0.5,p=1).

inductive dominant. As a result, the resonator can be modeled as short-circuited

coaxial line and parallel plate capacitor, as shown in Figure 2.3. Considering the

equivalent circuit model, the susceptance B(w) of the resonator can be expressed
as [45]

B(w) = wC}, — Yycot(SHy), (2.1)

where

B =wyele

¢ is the speed of light in free space, and Y| is the characteristic admittance of
the coaxial line formed by the loading patch, the posts, and the outer square via
walls. The capacitance between the patch and cavity top and bottom is denoted
by C, and can be estimated using the parallel plate capacitor model. ¢, is the

dielectric constant of the H; substrate.
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Figure 2.2: (a) Top view of the magnetic field distribution, (b) cross-section view
of the electric field distribution, and (c) cross-section view of the
electric field intensity inside the ELCSIW cavity. The magnetic field
distribution in the lower side of the cavity resembles that of a coaxial
line. The electric field is primarily concentrated between the patch
and the cavity top.
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Figure 2.3: Quasi-static model of ELCSIW cavity resonator, (a) capacitive and
inductive regions in ELCSIW resonator, and (b) equivalent circuit
model.

At the resonance frequency,

B(w) =0 (2.2a)
Yi+Y,=0 (2.2b)
wC), — YycotBh =0 (2.2¢)
YycotBh
=" 2.2
o (2.24)
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For thick substrates,

1
BHy

cot(H;y) ~

Then, the resonant frequency of the ELCSIW cavity shown in Figure 2.3 can be
determined by [44]

fr:

1[ Yoc }1/2 (2.3)

21 | Cpi/e Hy
The capacitance C), has two components; a capacitance between the patch and

the cavity top (C}) and the cavity bottom (Cj,) and can be written as
Cp = Cy + G

When the perpendicular fields and fringing fields are considered, Cy and C} can

be determined by [46]

w? 2 W,
A TG

where W, is the patch width and ¢ is the separation between parallel plates

which are the thicknesses of substrates H; and H,. €y denotes the free space

permittivity. The characteristic admittance of the coaxial line can be written

1 [ 60 W\
Yo = — 1 2.
Nz {ﬁn(&” D )1 | 29

where D is the diameter of the coaxial inner conductor. R.s¢ is the outer shield

as [45]

factor for a coaxial line with a circular inner conductor and a square outer con-

ductor, which is equal to 1.079 [47]. W,y is the effective width of the SIW cavity
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and can be written as [48]

2 2

d
W,rr=W —1.08— +0.1—, 2.6
ff ’ +0.157 (2.6)

where W is the width of the SIW cavity, d is the diameter of the wall vias, and
p is the spacing between the vias.

Alternatively, the resonant frequency of the coaxial resonator can be deter-
mined using the lumped element model shown in Figure 2.4. All the lumped

capacitors are assumed to be in parallel and can be expressed as
Ctotal = C’t + Cb + Ccoa:w (27)

where C; and C), are determined by (2.4). Clpar and Ly, are the coaxial line

parameters per unit length and can be determined by [4]

2meg
Crone = —F——— (2.8)
In —ReffW
D
R e e W
Lcoam = 5_7?_ H(%), (29)

where g is the free space permeability.

Then, the resonant frequency of the ELCSIW resonator is determined by [4]

1

fT B 2m V Ctotachoaz .

(2.10)

Figure 2.5 and Figure 2.6 compare the resonant frequency of the ELCSIW
resonator found by the analytical models in (2.3) and (2.10). Figure 2.5 shows
the relationship between the resonant frequency, f,., and the air gap, H,, for

an ELCSIW resonator with a cavity width of W = 10 mm, dielectric substrate
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Figure 2.4: Lumped element model of an ELCSIW cavity resonator.
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Figure 2.5: A comparison of the resonant frequency versus air gap thickness
for the ELCSIW resonator shown in Figure 2.1. Simulation: eigen-
mode ANSYS solver solution, Model 1: Loaded coaxial line model
from (2.3), Model 2: Lumped element model from (2.10).

thickness of H; = 3.55 mm, patch width of W, = 7.5 mm, and post diameter of D
= 0.5 mm. This figure includes eigenmode simulation results using the eigenmode
HF'SS solver as a reference. The lumped element model using (2.10) shows more
accurate results over the range of Hs. Figure 2.6 shows the relationship between
fr and patch width, W, for an ELCSIW resonator. In this graph, the lumped
element model using (2.3) comparable results to the coaxial equivalent model
over a range of W, values. Overall, the lumped element model shows more

consistent results for the resonance frequency over different parameters.
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Figure 2.6: A comparison of the resonant frequency versus patch width for the
ELCSIW resonator shown in Figure 2.1. Simulation: eignemode AN-
SYS solver solution, Model 1: Loaded coaxial line model from (2.3),
Model 2: Lumped element model from (2.10).

The unloaded quality factor of the ELCSIW cavity resonator can be modeled

into dielectric and conductor quality factors as [4]

111
— = — (2.11)

=—+

Qu Qd Qc’
where (); denotes the dielectric quality factor and (). the conductor quality
factor, respectively. )y describes the effect of material dielectric loss and can be

defined as
Qi=—. (2.12)

where tand is the loss tangent of the dielectric material. The effect of the con-
ductor loss of the capacitors and inductors in the cavity is represented by Q.. It
considers the loss between the posts and the outside vias, the patch and the top

layer, the patch and the bottom layer, and the post’s inductance. A capacitor’s
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quality factor (Qep) can be expressed as [4]

1

Qcap = ma

(2.13)

where w denotes the angular frequency, Ry denotes the surface resistivity, and
C' is the parallel plate capacitance. Equation (2.13) can be used to determine
the quality factors of the coaxial capacitance (Ceoqaz), top capacitance (C;), and

bottom capacitance (Cy). The post via inductance quality factor is defined as

wlL

Qina = R (2.14)

where L is the post via inductance.
The fact the air gap is constructed by an adhesive prepreg layer raises concern
about the frequency sensitivity for the variation of air gap thickness. Due to the

high pressure necessary to cure the adhesive layer, the prepreg’s thickness tends
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T
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Figure 2.7: Variation in frequency as a function of the prepreg thickness at three
different post sizes, demonstrating the frequency sensitivity.



to decrease during the lamination process. The amount of decrease in thickness
is heavily dependent on the material selection. Therefore, full-wave eigenmode
simulations were performed to determine the sensitivity of the coaxial resonator’s
resonant frequency with respect to the air gap thickness. The simulations were
run with three different post sizes over a range of H, thicknesses, as shown in
Figure 2.7. The cavity’s dimensions are similar to those in Figure 2.1. The graph
depicts a high sensitivity of the resonant frequency to Hy fluctuation, with the
frequency shifting by 4 % for every 5 um variation in Hy. The resonant frequency
sensitivity slightly increases when the diameter of the post has increased. This
offers design flexibility in regard to post size. Additional details in this regard
are presented in the following sections.

One of the benefits of an ELCSIW resonator is its potential to achieve com-
pactness. To demonstrate this benefit, the miniaturization factor (MF) is used
to compare the sizes of an ELCSIW cavity resonator with an unloaded substrate
integrated waveguide cavity resonator. It quantifies, in percentages, the degree of
miniaturization that can be accomplished with an ELCSIW resonator operating.

The factor of miniaturization can be expressed as

ASIW - AELCSIW

Miniaturization factor (MF) = - 100 %, (2.15)

Asrw
where Agrw and Agpcsyw are the area of an unloaded substrate integrated
waveguide cavity resonator and an ELCSIW resonator, respectively.

The primary goal for the proposed ELCSIW design is to achieve ultra minia-
turization while maintaining a high-quality factor. At a fixed cavity size, (2.3)
and (2.10) suggest that the resonant frequency is affected mainly by the di-
electric substrate thickness, patch width, air gap thickness, and post diameter.
An analytical investigation using an eigenmode solver is performed for each pa-

rameter to evaluate their effects on the miniaturization factor and the quality
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factor of the ELCSIW resonator. From Figure 2.8 to Figure 2.11, each graph
shows the miniaturization factor and the quality factor over a range of values
of each parameter. Figure 2.8 demonstrates that an increase in H; will result
in higher compactness. This effect is anticipated by (2.10), which indicates that
an increase in H; will increase the coaxial line inductance, hence decreasing the
resonant frequency. Furthermore, the graph illustrates that increasing H; allows
for a higher quality factor. This increase in (), can be attributed to the cavity
becoming larger in volume, increasing stored energy capacity. Also, the figure
illustrates that increasing the thickness of H; over 3 mm has a small impact
on the miniaturization and quality factor of the ELCSIW cavity. This indicates
that the optimal thickness range of the dielectric substrate is between 2.5 mm
to 3.5 mm, as raising the thickness increases the overall volume and production

cost without significant improvement on performance.
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Figure 2.8: Miniaturization factor and quality factor of the ELCSIW resonator
versus dielectric substrate thickness (Hy).

In Figure 2.9, the miniaturization factor increases as the patch width increases
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due to increasing the capacitance between the patch and the cavity top (C;). On
the other hand, the quality factor declined by more than 35 % across the entire
range. As the patch size increases, the electric field concentration between the
patch and the cavity top increases, increasing the conductor loss and lowering
the quality factor. In Figure 2.10, the effect of the air gap thickness variation on
the ELCSIW resonator is investigated. As seen in (2.10), the air gap is inversely
proportional to the capacitance Cy, implying that decreasing the air gap allows
for a higher miniaturization factor. Furthermore, the quality factor increases
exponentially with increasing Hs before beginning to decline at 150 pum of air
gap thickness. This trend suggests that the air gap of the ELCSIW resonator
should be in the range between 70 pym to 100 um to optimize the quality factor
and maintain a high miniaturization factor. Figure 2.11 demonstrates that lower
post diameters provide a higher miniaturization factor, whereas larger diameter

sizes improve the quality factor.
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Figure 2.9: Miniaturization factor and quality factor of the ELCSIW resonator
versus patch width (W,.).
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versus air gap (Ha).
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Figure 2.11: Miniaturization factor and quality factor of the ELCSIW resonator
versus post diameter (D).
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In summary, the cavity parameters analysis for the quality factor and minia-
turization yields a few recommendations. To begin, the dielectric substrate thick-
ness should be about 3 mm in order to achieve the maximum miniaturization
factor and quality factor. Second, to fully benefit from the capacitive loading
between the patch and the cavity top, the patch width should be maximized. Fig-
ure 2.12 and 2.13 provide two comparisons of the air gap thickness and the post
diameter in terms of MF and @), to determine their optimal dimensions. Figure
2.12 demonstrates that more than 99 % miniaturization factor can be attained
using posts with a diameter up to 2.0 mm at an air gap thickness of 40 ym. This
range of posts offers a quality factor between 300 and 620. However, the optimal
dimensions for the air gap are constrained by the prepreg thicknesses available

on the market which will be discussed in depth in the ELCSIW resonator design

section.
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Figure 2.12: The miniaturization factor as function of Hs for multiple post di-
ameters values.
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Figure 2.13: The unloaded quality factor as function of Hy for multiple post
diameters values.

The unloaded quality factor analysis performed here assumes the copper con-
ductivity of all metallic surfaces is 5.8 x107 S/m. This assumption does not
hold in practice, especially when considering in-house fabrication, which involves
manual fabrication process steps and a flawed electroplating process. These im-
perfections are the results of surface roughness and non-uniformity of the elec-
troplated copper. The electroplating process is a controlled electrodeposition
process that coats the surfaces of the substrate and the walls of drilled vias with
the desired copper thickness. This procedure does not result in a smooth copper
surface. The copper roughness of the acid copper electroplating process could
exceed 10 pum as reported in [49]. Several criteria, such as the condition of the
electrolyte solution and the rate of copper deposition during electroplating, affect
the roughness of copper surfaces. Consequently, this imperfection in the copper
coating can decrease the quality factor of the cavity resonator. This decrease is

attributable to the conductor loss at the surface of posts and outer vias, where
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currents pass through the top, patch, and bottom metallic layers. Thus, a para-
metric analysis is performed to demonstrate the effect of copper surface roughness
on the ELCSIW cavity resonator quality factor. The simulations are performed
on the sample cavity resonator in Figure 2.1 using the eigenmode HFSS solver
and shown in Figure 2.14. These simulations account for the in-house copper
electroplating on the post and outer cavity vias. As the manufacturer suggests,
the patch, top, and bottom copper layers are assumed to have 2 pum of surface
roughness since they don’t receive the in-house copper coating. In Figure 2.14,
the quality factor of an ELCSIW resonator can suffer a considerable drop in the
case of higher surface roughness. At 5.8x107 S/m of conductivity and 10 pm
surface roughness, the resonator can only achieve 70 % of its best quality factor
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Figure 2.14: The unloaded quality factor as a function of copper surface rough-
ness at 5.8 x 10 7 S/m copper conductivity for the ELCSIW res-
onator in Figure 2.1.
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2.2 Embedded Loaded Coaxial Substrate-Integrated Waveguide Res-

onator

An embedded loaded coaxial substrate integrated waveguide cavity resonator is
developed in this section to demonstrate the proposed concept’s advantages. This
resonator serves as a building block for ELCSIW filters. The resonator is designed
to operate in the lower L band frequency. The goal of the proposed ELCSIW
resonator is to achieve 99 % of miniaturization, and an estimated quality factor of
500. The full-wave HF'SS solver is used to implement the design. The fabrication
method is based on standard PCB processing. The structure of the ELCSIW
cavity resonator is shown in Figure 2.15. It is composed of an input and output
feeding line, a capacitively loaded cavity, and an outer via cage. The feed line
is formed using a microstrip line connected to a coplanar waveguide through a
vertical via transition. The cavity contains a copper-plated post connecting a
metal patch to the cavity’s bottom. The air cavity above the patch is created
using a prepreg layer. The ELCSIW cavity resonator is formed by connecting the
top and bottom metal layers with a cage of copper-plated vias. In this section,
The structure of the embedded loaded coaxial substrate-integrated waveguide

resonator is explained, and the materials selection guidelines are outlined.

2.2.1 Material Selection

The theoretical analysis performed in section 2.1 imposes no constraints on the
dimensions of the coaxial cavity resonator’s design parameters. In reality, fab-
rication limitations such as lab equipment capabilities and availability of PCB
materials continue to be a challenge. In addition, the properties of available
the PCB materials, such as loss tangent and thermal expansion coefficient, con-
tribute significantly to the quality of the fabrication process. In order to optimize

the fabrication process and increase its likelihood of success, material selection
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Figure 2.15: Design illustration of the ELCSIW cavity resonator, (a) the top
view, (b) a 3D structure view, and (c) side view.

guidelines are presented in this section.

One of the objectives of the proposed design is to have a high-quality fac-
tor. As demonstrated in (2.11) and (2.12), the dielectric loss significantly affects
the resonator’s total unloaded quality factor. The initial Subl selection should
therefore have a low-loss tangent. According to the analysis in Figure 2.8, Subl
is preferable to have 3 mm+ of thickness to attain high quality and miniaturiza-
tion factors. Yet, thinner substrates can be adapted to build ELCSIW cavities

with the cost of low quality and miniaturization factors. The exact thickness
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is controlled by the PCB materials available. The manufacturer offers dielectric
substrates at certain thickness values, which might not match the desired thick-
ness of Subl. Thus, multiple substrates could be stacked using prepreg layers to
get the desired thickness. An advantage of stacking substrates is the flexibility
to implement the external and internal coupling circuits of ELCSIW filters into
Subl at varying heights, hence allowing for the control of coupling strength. This
is explained in detail in section 2.3. The drawbacks of stacking substrates are
that it increases manufacturing costs and restricts Subl thickness selections.
Furthermore, manufacturers provide a range of copper cladding thicknesses
for the dielectric substrate. To prevent increasing the surface resistivity, it is
critical to evaluate the influence of the skin depth of the copper traces at the
resonant frequency. At the resonance frequency, the copper cladding must be at
least three times greater than the skin depth of the traces [50]. The skin depth

at the resonant frequency is expressed as

_ ]2
5 = Tl (2.16)

where f, denotes the resonant frequency (Hz), p denotes permeability (Henry/m)

and p denotes copper bulk resistivity (2-m). The skin depth is about 2.0 ym at
1 GHz resonant frequency, which is substantially lower than the two standard
copper clads. As a result, the 17.5 um is sufficient for the proposed design.
Additionally, the thickness of the copper clad affects the capacitive loading in
the ELCSIW cavity. The effective air gap is determined by the thickness of the

prepreg and the patch metal and is defined as

Hairgap = H2 - t?

where H, is the thickness of the prepreg used to create the air cavity and ¢
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denotes the copper thickness of the metal patch.

When selecting dielectric materials, it is also essential to evaluate the stiffness
of the materials. During the lamination of the Subl, Sub2, and Sub3, as depicted
in Figure 2.16, a portion of the Sub3 above the air cavity is susceptible to bending
due to the high pressure and high temperature. This bending significantly affects
the capacitive loading as the air gap will be partially reduced. As a result, Sub3
should be chosen to have a lower risk of bending at high pressures. Flexural
strength is used to identify this property in the materials data sheet. Flexural
strength is the capability of a dielectric material to resist physical stress without
fracturing, and it is measured in pounds per square inch (kpsi). This means that

the material with a lower flexural strength is less likely to bend.

Figure 2.16: The effect of the lamination process on the air gap thickness.

The stacked materials will undergo a thermal lamination procedure during
the fabrication process at a high temperature. Based on its coefficient of thermal
expansion (CTE), the dielectric material will expand in the x, y, and z directions.
Since the production process involves copper electroplating, the CTE of the
desired dielectric material should be chosen as close as possible to the thermal
expansion coefficient of copper, which is 15 ppm/K°. This requirement minimizes
the risk of introducing fractures or imperfections in the plated copper during
lamination, which could lead to device failure.

Table 2.1 compares various substrate materials for the ELCSIW resonator
design depending on the aforementioned criteria. Thermoset Microwave Mate-

rial (TMMS3) exhibits most of the desired properties for the suggested design.
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While other materials, such as RO3003 and RT5880, have a low loss tangent,
TMM3 has a lower CTE, in the z-direction in particular, and higher flexural
strength, which is critical for avoiding lamination failure. Subl is recommended
to have a minimum thickness of 3 mm and multiple stacked substrates to pro-
vide implementation flexibility for the internal and external coupling circuits.
This will require stacking three substrates of thicknesses 1.27 mm, 0.635 mm,
and 1.27 mm. For Sub3, the available thickness that meets its requirements is
0.635 mm.

Table 2.1: Comparison of selected available PCB lamination materials.

Coeflicient of
Thermal Flexural
Materials | €, tand Expansion Strength
in (x,y,z)-direction | (kpsi)
(ppm/K)
RO3003 3 0.001 (17,16,25) -
RO4003 | 3.55 | 0.0021 (11,14,46) 40
RO4350B | 3.66 | 0.0031 (10,12,32) 37
TMM3 | 3.45 | 0.002 (15,15,23) 16
RT5880 | 2.2 | 0.0009 (22,28,237) 97

For the prepreg layer, the same criteria as previously mentioned must be
fulfilled. Table 2.2 compares the available prepreg materials for the resonator’s
design. Among these prepreg materials, SpeedWave 300P closely matches the
copper coefficient of thermal expansion and hence is suitable for bonding the Sub1
substrates. The available thickness of SpeedWave 300P prepreg is 0.1016 mm
(4 mis). In comparison, Sub2 requires a prepreg that can maintain its thickness
during lamination to achieve the desired air gap thickness. A large percentage
of prepreg materials have a high resin flow, which is desirable for enhancing
adhesion between bonding layers. However, high resin flow prepreg materials are
not suitable for constructing air cavities. Isola FR406N is a unique material that

allows for minimal resin flow and consistency in lamination. This material is
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available in thicknesses of 0.043 mm (1.7 mils) and 0.069 mm (2.7 mils). For the
proposed design, a thickness of 0.069 mm of ISOLA FR406N meets the design

specifications.

Table 2.2: Comparison of selected available prepreg materials.

Coefficient of
Thermal .
Materials €r tand Expansion i
. i (mm)
in (x,y,z)-direction
(ppm/K)
0.063,0.0762,
RO4450T 3.26 | 0.0037 (18,18,58) 0.0889, 0.1016
0.063,0.0762,
RO1200 2.99 | 0.0012 (29,29,29) 0.1016
0.0381, 0.0508,
RO2929 2.94 | 0.003 (50,50,50) 0.0762
0.0508, 0.063,0.0762,
SpeedWave 300P | 3.16 | 0.0021 (15,15,35) 0.0889, 0.1016
Isola FR406N 43 | 0.025 (17,20,75) 0.043, 0.069
(low-flow)

2.2.2 Effective Dielectric Constant and Loss Tangent

Figure 2.17 shows the stack-up of the Subl, which consist of three TMM3 di-
electric substrates and two SpeedWave 300P prepregs. The prepreg is chosen to
have electrical properties that match the TMM3 dielectric substrate as closely as
possible. TMMS3 substrate has a dielectric constant (€,1) of 3.45 and loss tangent
(tand;) of 0.002, and SpeedWave 300 prepreg has dielectric constant (€.2) of 3.16
and loss tangent (tandy) of 0.0021. Due to electrical properties differences, the
combination of TMMa3 substrates and SpeedWave prepregs will be represented by
a single homogeneous substrate with effective dielectric constant (e,.ss) and loss
tangent (tand,.sr), as illustrated in Figure 2.17b. These electrical parameters are
utilized to calculate the resonant frequency and quality factor of the ELCSIW

resonator, as explained in the section 2.1. The effective electrical properties of
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the stack-up (Subl) are defined by the thickness of each layer and its charac-
teristics. Weighted averages or eigenmode simulations can be used to predict
the effective dielectric constant and loss tangent. First, the effective dielectric
constant and loss tangent using weight average is estimated by

Erl(hl + h3 + h5) + €7~2(h2 + h4)

re - 217
Creff hy + hy + hy + hy + hs (2.17)

and

tands(hy + hs + hs) + tanda(hg + hy)
tande s = : 2.18
N0est hi + hy + hs + ha + hs (2.18)

The effective dielectric constant and loss tangent of Subl using the weighted
average method is found to be 3.432 and 0.002006, respectively. For an accurate
estimate of the effective dielectric constant of the stack-up layers, eigenmode
simulation is performed at the resonant frequency of 1 GHz for the resonator
sample in Figure 2.17a using TMMS3 substrates and SpeedWave prepreg with
dielectric constants of 3.45 and 3.16, respectively. Then, parametric analysis
for the effective dielectric constant is carried out using eigenmode simulations
for the sample resonator in Figure 2.17b. The dielectric constant of the single
homogeneous substrate is varied from 3.25 to 3.5, and the corresponding oper-
ating frequency is obtained. Then, the operating frequency is normalized to the
resonant frequency of sample resonator Figure 2.17a and plotted with respect to
the effective dielectric constant in Figure 2.18. The effective dielectric constant
of Subl using the eigenmode extraction method is found to be 3.426. Simi-
larly, the effective loss tangent can be extracted from the quality factor of the
sample resonator using eigenmode simulations. For the presented stack-up, the
prepregs layers and dielectric substrates have minimal loss tangent differences

and therefore have negligible impact on the effective loss tangent.
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Figure 2.17: (a) Side view of the stack-up layers of the ELCSIW cavity resonator,
(b) side view of the single homogeneous substrate with an effective
dielectric constant (e..fr) and loss tangent (tand,.sr). Note that
some wall vias of the cavity are not shown for clarity. All dimen-
sions are in mm, and the image is not drawn to scale. (h; = 1.27,
hy = 0.1016, hy = 0.635, hy = 0.1016, hy = 1.27, H; = 3.3782).
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Figure 2.18: Effective dielectric constant of Sub1 versus the normalized frequency
with respect to the design resonant frequency of 1 GHz.

43



2.2.3 Resonator Design

The proposed ELCSIW cavity resonator is designed at the lower L-band fre-
quency, following the guidelines listed in sections 2.1 and 2.2.1. Figure 2.19
depicts the stack-up of the resonator layers. The resonator is fed by a 50 €
microstrip line that is connected to a coplanar waveguide through a vertical

transition via. The cavity dimensions and substrate thicknesses are listed in

Table 2.3.

TMM3 B4 —

Top cover conductive layer =
Isola FR406N prepreg ———3>

TMMS3 B3

TMMS3 B1

Bottom conductive layer =————

Figure 2.19: 3D view of the stack-up layers of the ELCSIW cavity resonator.
Note that the vias of the ELCSIW cavity are not shown for clarity.

The transmission coefficient (Sy;) of the full-wave HEFSS simulation for the
proposed resonator is shown in Figure 2.20. The resonator is weakly coupled,

and its unloaded quality factor can be extracted using [50]

Qu

Qu: 1_’521|7

(2.19)

44



where,

_
Afzap

Q

A f34p is the bandwidth at which Ss; is lower by 3 dB from the maximum value

at the resonance frequency.

Table 2.3: Resonator design parameters. All dimensions are in mm.

Design Parameter Value
Cavity length (W) 10
Patch width (W) 8
Post diameter (D) 0.8
Coplanar waveguide width (W,) 2.6
Microstrip line width (W) 1.2
Microstrip pad (W),) 2.6
Vertical via transition diameter (D,) 1
Air cavity to via spacing (S1) 0.9
Coplanar waveguide length (L) 3.7
Coplanar waveguide gap (.S2) 0.25
Outer via diameter (d) 0.5
Outer via spacing(p) 1
Bottom substrate thickness (H) 3.378 (133 mils)
Isola prepreg thickness (Ha) 0.0685 (2.7 mils)
Top substrate thickness (Hj) 0.635 (25 mils)
Copper clad thickness (t) 0.0175
SpeedWave prepreg thickness 0.1016 (4 mils)

45



-30 I

-40 Qu=480 1

-50

-60 - -

S, , (dB)

-70 - 7

80 ]

_90 L L L L L L L L L
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Frequency (GHz)

Figure 2.20: The transmission coefficient (Ss;) of a weakly coupled ELCSIW
cavity resonator.

The proposed ELCSIW cavity resonator has dimensions of 10.5 mm x 10.5 mm,
or 0.067A, x 0.067\,. Compared to a conventional SIW cavity resonator, this
cavity size has achieved a miniaturization factor of 99.9 %. In addition, the
ELCSIW cavity resonator has a quality factor of 480. These features illustrate the
advantages of the proposed ELCSIW technology for developing and constructing
compact filters that meet the requirements of future modern communications

systems.

2.3 Second-Order Embedded Loaded Coaxial Substrate-Integrated

Waveguide Filter

A second-order Chebyshev ELCSIW filter is developed to demonstrate the pro-
posed concept at the L-band frequency. The filter is designed to operate at an
arbitrary 1.1 GHz to validate the fundamental principle and benefits at a low

microwave frequency. Two ELCSIW resonators are placed adjacent to each other
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e Patches”

Vertical via
transition

Figure 2.21: Design illustration of the second-order ELCSIW filter, (a) a 3D
structure view, (b) top view, and (c) side view. The image is not
drawn to scale.

to form the filter, as shown in Figure 2.21. The filter has 70 MHz bandwidth, or
6.3 % of fractional bandwidth, and an equi-ripple of 20 dB. The input/output
feed lines consist of 50 2 microstrip lines connected to tap striplines through
vertical transition vias. These tap striplines are short-circuited to the post of
the resonator and allow for magnetic coupling to the cavity. The filter achieves
99 % percent miniaturization, which provides an integration advantage for RF

substrates.
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The design procedure for the second-order ELCSIW filter is demonstrated as

follows:

1. Obtain the filter design specifications and determine its external and inter-

nal coupling coefficients.

2. Select the stack-up materials and the adhesive prepreg that meet the guide-

lines explained in section 2.2.1.

3. Design 50 2 microstrip lines given the materials selection and their thick-

nesses in step 2.

4. Design the microstrip lines to striplines vertical via transitions to mitigate

the discontinuity effect of the vias on the input/output signal path.

5. Design the tap striplines for the external coupling to attain the designed

coupling coefficient.

6. Design the tap striplines for the internal coupling to attain the designed

coupling coefficient.

7. Design the cavity parameters to achieve the desired miniaturization using

(2.4), (2.7), (2.8), (2.9), (2.10), and (2.15).

8. Simulate the filter using the full-wave HFSS solver and tune the cavity
parameters to obtain the desired resonant frequency and bandwidth of the

second-order filter.

The coupling coefficient and the external coupling of an n** filter can be deter-

mined by [50]
FBW

Mi,j+1 Ep—
VY9 Gi+1
_ %0 (2.20)
Qel FBW
Qen = I In1

-~ FBW '’
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where FBW is the fractional bandwidth of the filter and g; are lowpass prototype
coefficients for the desired filter shape. The g-values of the n’* degree Chebyshev

function can be obtained by [50]

go = 10
2 . ( T )
= —sin | —
g ~ on
1 4sin [—(%2_711)”} - sin [—(Qigs)ﬂ} .
= : fori=2,3,...n (2.21)
gi—1 72 + SiIl2 [M}
1.0 for n odd
In+1 =
coth? (%) for n even
where

L4y
8 =In [coth (17%7” and

v = sinh (%) ,

where L4, is the passband ripple. The Chebyshev polynomial coefficients, the
calculated inter-resonator coupling coefficient, and external coupling for the
second-order ELCSIW filter are listed in Table 2.4.

Table 2.4: The filter’'s Chebyshev polynomial coefficients, inter-resonator cou-
pling coefficient, and the external quality factor of of the second-order

Chebyshev ELCSIW filter.

9o g1 92 g3 k1o Qex
1 |0.6667 | 0.5455 | 1.2222 | 0.0779 | 10.48

Following material selection guidelines, the selected substrate material is
Rogers TMM3, and the adhesive prepreg is SpeedWave 300P. The air cavity
is constructed on a low-flow Isola FR406N prepreg. The stacked-up layers of the
second-order ELCSIW filter are shown in Figure 2.22.

The microstrip lines are designed on the top copper surface of Substrate 4 with
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TMMS3 Substrate 4 ———>

Isola FR406N prepreg =——3

TMMS3 Substrate 3 =3

SpeedWave Prepreg  ———3p

TMM3 Substrate 2 =————3p

SpeedWave Prepreg =——>p

T1
TMMS3 Substrate 1 =—————pp
BI

Bottom cover metal layer

Figure 2.22: A 3-D view of the stack-up layers of the second-order ELCSIW filter.
Note that the plated vias that form the walls of the ELCSIW filter
are not shown for clarity.

pair of copper pads on both sides that short-circuited to the ground plane through
plated vias. The microstrip lines are connected to the external tap striplines
through plated vertical transition via. The external coupling tap striplines are
shorted to the posts on the bottom side of Substrate 3 (B3) at the height of H,,.
The internal coupling tap stripline is placed on the bottom side of Substrate 2
(B2) at the height of H;,. It is magnetically coupling the two resonators through
the metal connection between their posts [43]. The metal patches are on the top
side of Substrate 3 (T3). The following subsections will provide details on how

to determine the ELCSIW filter parameters.

2.3.1 Input/Output Feed Lines Design

The 50 €2 microstrip lines are designed on the top side of Substrate 4. The

characteristic impedance of the transmission line is determined by the height
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and the dielectric constant of the substrate and the width of the line and is given

by [4]

60 8h W,
1n( + m) for W,/h<1
Zo = N W 4h

1207

Ve [Win/h +1.393 + 0.667In(W,, /h + 1.444)

(2.22)

for W,,/h > 1,

where W, is the microstrip line width and h is the thickness of the microstrip

line substrate. €, is the effective dielectric constant and can be approximated by

er+1+er—1 1
2 2 1+ 120/W,,

Next, the vertical via transition, which causes discontinuity in the signal path,

(2.23)

€ —

is appropriately designed to reduce its impact on the filter’s insertion loss. The
vertical transition is shown in Figure 2.23. It can be seen that the signal propa-
gates on the microstrip line and through the bottom of the substrate. Capture
pads are formed on the bottom side of Substrate 4 to ensure the continuity of
the vertical plated vias, and they are isolated from the ground plane with an
anti-pad. The via transitions are then connected to the striplines to couple the
energy to the resonators. This configuration creates capacitive and inductive dis-
continuities on the vertical transition that contributes to the degradation of the
signal. These discontinuities can be modeled in lumped element model as shown
in Figure 2.24. The configuration of this lumped element model is similar to the
low-pass filter circuit model. Thus, the impact of the vertical via transition is
comparable to a low pass filter. The capacitance C] in the lumped circuit model

can be approximated by [51]

1.41€, Dyt

Ci " ———+
1 D2_D17

[bF] (2.24)
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where Dy and D, are the diameters of the capture and the anti pads, respectively,

and t is the thickness of the copper traces. All the dimensions are in inches.

Figure 2.23: A 3D view of the input/output feed line and vertical transition.

50 Ohm
— ¢, 50 Ohm

Figure 2.24: Vertical via transition equivalent lumped element circuit model.

The inductance of the via is divided into two parts. The first inductance
is between the microstrip line capture pads and the second capture pads on
the bottom of Substrate 4. The second inductance is formed between the second

capture pad and the stripline tap. Both inductances can be approximated by [51]

Li%5.08h[ln(%>+1] mH]  i=1,2, (2.25)

r

where h and r are the vertical vias’ lengths and diameters in inches, respec-

tively. It can be seen from (2.24) that minimizing the effect of the capacitance
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is obtained by decreasing the capture pad diameter and increasing the anti-pad
diameter. Similarly, the inductance can be minimized by reducing the length of
the via, which means reducing the substrate thickness. However, the substrate
thickness is associated with other parameters that can affect the filter design.
Hence, increasing the vertical via diameter can help reduce the inductance. Tak-
ing all these into consideration, the capture pads and the anti-pads are made to
be 2.4 mm and 3.4 mm, respectively. The vertical vias are selected to be 1 mm.
The calculated values of the via capacitance and inductance are shown in Table

2.5.

Table 2.5: Calculated capacitance and inductance of the vertical via transition
lumped circuit model elements.

Lumped Element Value
Ch 0.006987 pF
Ly 0.2454 nH
Lo 0.6668 nH

The circuit model in Figure 2.24 is implemented in AWR, Microwave Office
Design. The S-parameters of the circuit model are shown in Figure 2.25. The
figure shows that at 1.1 GHz, the return loss is greater than 20 dB, and the
insertion of only 0.0165 dB, which ensures the minimum effect of the overall filter
insertion loss. Also, the vertical via transition’s low pass filter cutoff frequency

is at 18 GHz.
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Figure 2.25: S-parameters of the vertical transition via lumped element circuit
model.

2.3.2 External Coupling Mechanism

As depicted in Figure 2.2, the ELCSIW cavity has a strong uniform magnetic field
around the post. This configuration allows for direct input/output tapped-line
coupling to the plated post. The magnetic coupling can be varied by adjusting
the height of the tapped line between the vertical via and central posts [43]. The
external coupling is represented by the external quality factor, with a strong
external coupling resulting in a low external quality factor.

To obtain the physical realization of the calculated Q.,, a single loaded res-
onator is simulated in the full-wave HFSS solver as a function of the tapped-line
height and width. Then, the external quality factor can be extracted by [50]

Qe _ Wo - 7_511(“}0)

I (2.26)

where wy denotes the angular resonant frequency and 7g1; denotes the group
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delay at the angular resonant frequency. Figure 2.26 shows the extracted external
quality factor as a function of the external stripline tap height and width. It can
be seen that the stripline height is inversely proportional to the external quality
factor. The highest external coupling can be achieved when the stripline is short-
circuited to the metal patch. In addition, a fine tuning of the external coupling
is achieved by varying the stripline width. This enables optimization flexibility
after choosing stack-up substrate thicknesses and allows to finely adjust the Q...
The desired @, is 10.48 and it can be physically realized with a direct stripline
tap to the cavity post at H., = 2.1 mm as seen Figure 2.26. The width of the
external stripline tap can be fine tuned to achieve the desired coupling.

22 \ \ \
—-o-H =1.52mm
ex

20’—O—H =2.1lmm #ecscsccccce *
ex . .

.

-o-Hex= 2.67mm E
18 H . -
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0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
WCx (mm)

Figure 2.26: External quality factor of an ELCSIW resonator as a function of
the external tap width at different tap heights.

2.3.3 Inter-Resonator Coupling Mechanism

Similarly, the inter-resonator coupling is achieved by short-circuiting the two

resonators with a stripline between their posts. The height of the stripline
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determines the strength of the magnetic coupling, which determines the filter
bandwidth [43].

To extract the physical dimensions of the inter-resonator stripline, two cou-
pled resonators are simulated using the eigenmode HFSS solver as a function of
the tapped-line height and width. The coupling coefficient, k, can be extracted

by [50]
o= h

k_f2+f17

(2.27)

where f; and fy are the coupled resonators’ split resonant-mode frequencies.
Figure 2.27 shows that the stripline height is proportional to the inter-resonator
coupling. The desired k;5 is 0.0779 and it can be physically realized with a direct
stripline tap between the cavity posts at H;, = 1.3716 mm as can be extracted
from Figure 2.27. The width of the internal stripline tap can be fine tuned
to achieve the desired coupling. Nevertheless, the heights of the striplines are
limited by the stack-up substrate thickness. Therefore, the selection stack-up

substrates must consider the external and inter-resonator coupling parameters.
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Figure 2.27: Inter-resonator coupling coefficient of two coupled ELCSIW res-
onators as a function of the internal tap width at different tap
heights.

2.3.4 Simulation Results

The designed filter in Figure 2.22 is simulated using the full-wave HFSS solver.
The filter parameters’ dimensions and thicknesses are listed in Table 2.6. The
second-order filter’s S-parameters are shown in Figure 2.28. The insertion loss of
the simulated filter is 0.26 dB, which includes the input/output feed lines losses
and the filter cavities losses. To extract the losses of the filter only, back-to-
back input/output feed lines are simulated, and their S-parameters results are
shown in Figs. 2.29 and 2.30. The input/output feed lines contribute 0.065 dB
of losses into the overall insertion loss. Thus, the insertion loss of the filter is
estimated to be 0.195 dB. To extract the unloaded quality factor of the filter,
the following equation determines the quality factor based on its insertion loss
and bandwidth [52]

IL =4.343

> g (dB), (2.28)

=1

AQun
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where A is the fractional bandwidth, @),, is the unloaded quality factor of the
resonators, and g; are the low-pass filter prototype coefficients which are listed
in Table 2.4. The summation of the coefficients is found to be 1.2122. Using
(2.28), the extracted unloaded quality factor of the second-order ELCSIW filter
is found to be 415 where the unloaded quality factor of the ELCSIW resonator is
found to be 480. This reduction in quality factor is due to additional conductor
loss introduces by the inter-resonator coupling as current flowing on the stripline

tap between the two highly loaded resonators.

Table 2.6: Second-order ELCSIW filter design parameters. All dimensions are

in mm.
Design Parameter Value
Cavity length (W) 10
Patch width (W) 8
Post diameter (D) 0.8
Microstrip line width (W,,) 1.2
Microstrip pad (W},) 2.6
Vertical via transition diameter (D,) 1
Air cavity to via spacing (5) 0.9
Outer via diameter (d) 0.5
Outer via spacing (p) 1
Bottom substrate thickness (H) 3.378 (133 mils)
Isola prepreg thickness (Hs) 0.0685 (2.7 mils)
Top substrate thickness (H3) 0.635 (25 mils)
External tap height (H.;) 2.1082 (83 mils)
Inter-resonator tap height (H;,) 1.3716 (54 mils)
Copper clad thickness () 0.0175
SpeedWave prepreg thickness 0.1016 (4 mil)
Inter-resonator stripline width (Wi2) 2
External coupling stripline width (We,) 2

Figure 2.31 shows the filter free spurious stopband. It can be noticed that
the stopband is spurious-free up to 7x f,.. This demonstrates one of the many
advantages of the ELCSIW filters. In appendix A.1, a fourth-order ELCSIW
filter is designed and simulated to demonstrate the scalability of ELCSIW to

higher orders.
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Figure 2.28: Simulated S-parameters of the second-order ELCSIW filter.

Figure 2.29: A 3D view of the back-to-back input/output feed lines for the
second-order ELCSIW filter.
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Figure 2.30: Simulated S-parameters of the back-to-back input/output feed lines
for the second-order ELCSIW filter.
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Figure 2.31: Simulated S-parameters of the second-order ELCSIW filter showing
the achieved wide spurious free stopband.
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2.3.5 Fabrication Procedure

The designed resonator and second-order ELCSIW filter shown in Figure 2.15 and
2.21, respectively, are fabricated using a standard PCB process. The dimensions
and the substrate thickness of the stack-up layers for the designed resonator and
filters are presented in Table. 2.3 and 2.6, respectively. The fabrication steps are
designed to meet the capabilities of the ARRC fabrication lab. A summary of

the fabrication guidelines as follows:

1. Generate all Gerber and drill files needed for each layer.

2. Stack up all the dielectric substrates and drill the alignment and fiducial

vias.

3. Remove the copper from Substrate 1 top and Substrate 2 top layers using

the photolithography process and hydrochloric acid etchant.

4. Pattern the Substrate 1 bottom, Substrate 2 bottom, and Substrate 2 top
copper using a photolithography process. Then, the unwanted copper is

removed through an etching process.

5. Clean all layers with a micro etching bath and prepare them for the lami-

nation process.

6. Stack up and laminate Substrates 1, 2, and 3 with the Speedwave prepreg

in between using lamination guidelines in [53].

7. Drill the posts in the stacked layers and then clean them with a micro
etchant bath to prepare for the plating process. additional details on copper

plating are included in Appendix A.2.

8. Perform electroless copper plating on the stacked layers to deposit a copper

seed layer for the post walls.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Cover the top side of the stacked layer with Kapton tape to preserve the
thickness of the copper patch on Substrate 3 top during the electroplating

process.

Perform pulsed electroplating on the stacked layer with a slow deposition

rate to ensure uniform copper plating.

Pattern the Substrate 3 top copper layer to form the metal patches using

the photolithography process, and the remaining copper is etched away.

Pattern the Isola prepreg in which the air cavities are formed and prepare

it for the lamination process.
Pattern the Substrate 4 bottom copper layer using LPKF U4 ProtoLaser.
Stack up and laminate the subassembly and Substrate 4.

Drill cage vias and SMA pads vias using LPKF S104 ProtoMat milling

machine.

Perform electroless plating and electroplating processes on the stacked

boards to plate the drilled vias.

Mill the top side of Substrate 4 and the bottom side of Substrate 1 using

the LPKF U4 ProtoLaser.
Cut filter sample out of the board.

Solder two 50 2 SMA connectors to the input/output microstrip lines.

The resonator and filter are fabricated using the capabilities of the ARRC.

Multiple duplicate prototypes for the designed resonator and the filter are im-

plemented on one board through the same fabrication process.
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2.3.6 Measurements and Discussion

The designed ELCSIW resonator shown in Figure 2.15 is fabricated following the
procedure outlined in section 2.3.5. The photograph of the fabricated resonator
is shown in Figure 2.32. An Agilent N5225A network analyzer is used to conduct
the measurements and a calibration is performed on the network analyzer ports
using an N4691-60006 electronic calibration kit to shift the reference plane to
the end of the coaxial cables. The resonator transmission coefficient is measured
and compared with the simulation results in Figure 2.33. The figure shows a
106 MHz frequency shift from the simulation results. This can be attributed to
the manual fabrication process steps and the frequency sensitivity to the thick-
ness of substrate Hy as shown in Figure 2.7. During the fabrication process, the
metallic patches had to be polished to remove any copper bumps at the edges
of the plated posts. As this was performed by hand, the copper thickness of
the metallic patch (¢) could have become less than 17.5 ym and resulted in a
larger air gap and thus a higher resonant frequency. Also, the Isola prepreg
used to construct the air gap has a manufacturer tolerance of £7 pum, which can
contribute to the frequency shift. The unloaded quality factor of the fabricated
ELCSIW resonator is extracted using (2.19) and found to be 312. In the simula-
tion, the copper conductivity is assumed to be 5.8 x107 S/m and has no surface
roughness, resulting in a 480 unload quality factor. However, the electroplating
process generates a copper surface with finite roughness, which causes an addi-
tional conductor loss. The copper roughness of the acid copper electroplating
process could exceed 10 pm as reported in [49]. From Figure 2.14, the estimated
copper surface roughness of the plated surfaces based on the measured unloaded

quality factor is found to be 10 pm.
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Figure 2.33: Comparison between the simulated and measured So; of the pro-
posed ELCSIW resonator.

The second-order ELCSIW bandpass filter shown in Figure 2.21 is fabri-
cated following the procedure outlined in section 2.3.5. The photograph of the
fabricated filter is shown in Figure 2.34. The measurements of the filters are per-

formed using an Agilent N5225A network analyzer. A calibration is performed
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on the network analyzer ports using an N4691-60006 electronic calibration kit
to shift the reference plane to the end of the coaxial cables. The simulated and
measured S-parameters of the filter are presented in Figure 2.35. Since the filter
and the resonator are built on the same board, the filter exhibits similar reso-
nant frequency discrepancies due to fabrication tolerances. The measured center
frequency of the filter is 1.156 GHz, which is 5.1 % higher than the desired res-
onant frequency. The measured insertion loss of the filter is less than 0.54 dB,
and the measured return loss is greater than 15 dB. The simulated insertion loss
is found to be 0.26 dB. There is a 0.28 dB additional insertion loss in the mea-
sured results, which can be attributed to the additional conductor loss caused by
the copper surface roughness produced by the in-house electroplating process.
In Figure 2.36, the filter exhibits a spurious free band of up to 7.8 GHz with a
rejection of at least 20 dB. This indicates the spurious-free band is larger than

7 X fr

Figure 2.34: Photograph of the fabricated second-order ELCSIW filter.
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Figure 2.35: Comparison between the simulated and measured wideband re-
sponse of the second-order ELCSIW filter.
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Figure 2.36: Comparison between the simulated and measured results of the
second-order ELCSIW filter with a wide frequency sweep.

To verify that the variation of the Hy has affected the resonant frequency,

clamps are used to tune the filter by applying a force on the top cover substrate
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to reduce the thickness of the air gap. The setup of this post-fabrication tuning
is shown in Figure 2.37. The filter’s resonators are tuned separately since the
fabrication tolerance and errors might impact each resonator differently. The
S-parameters of the measured tuned filter are compared to the simulated results
and presented in Figure 2.38. The measured insertion loss is less than 0.47 dB,
and the measured return loss is greater than 20 dB. The fractional bandwidth
of the measured filter is 5.56 %, which is 0.7 % smaller than the fractional
bandwidth predicted by the simulation. This decrease in fractional bandwidth

is caused by the mistuned frequency of one or two of the filter’s resonators.

Figure 2.37: Post-fabrication tuning setup for the second-order ELCSIW filter.
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Figure 2.38: Comparison between the simulated and measured results of the de-
signed second-order ELCSIW filter after the post-tuning.

As can be seen from the results of the measurements, the resonant frequency is
affected by the tolerances and errors encountered during the fabrication. These
effects result in a frequency shift either above or below the desired frequency.
Hence, post-fabrication frequency tuning is necessary to account for fabrica-
tion defects and material tolerances. The next chapter proposes a novel post-
fabrication frequency tuning method in ELCSIW technology to compensate for
the fabrication tolerances.

In conclusion, the proposed ELCSIW filter achieves a miniaturization factor
of 99 % while providing a wide spurious free band with a quality factor greater
than 480. The filter performance in terms of miniaturization factor, unloaded
quality factor, and spurious-free band are summarized and compared to related
works in the literature and presented in Table 2.7. In [54], the authors developed
a miniaturized SIW cavity by folding the cavity at its center plane four times.
This allows achieving 89 % miniaturization factor with low Q,. In [37], a second-

order thirty-second mode SIW filter is proposed by cutting the SIW resonators
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on their imaginary magnetic walls to obtain size reduction. This technique ex-
hibits excellent advantages in miniaturizing SIW structures. The drawback of
this technique is that the unloaded quality factor is low due to increased radiation
loss at the open edges. In [38], a novel folded ridged quarter-mode SIW is char-
acterized and implemented to design a miniaturized bandpass filter. By folding
the fundamental mode of a ridged quarter-mode SIW around the ridge, minia-
turization of 98 % was achieved and demonstrated by a second-order filter with
a quality factor of 128. This high miniaturization factor comes with the expense
of a low-quality factor. In [43] and [44], two bandpass filters are developed using
the embedded coaxial SIW structure, achieving a high miniaturization factor of
96 % with an unloaded quality factor of 165 and 325, respectively. The pro-
posed ELCSIW filter in this work shows superior filter characteristics compared
to the reported work. Among the reported SIW miniaturization techniques, the
ELCSIW technology has the highest reported miniaturization factor, and the
highest reported unloaded quality factor. In addition, the filter exhibits a large
spurious-free band of seven times the resonant frequency, which matches the best
spurious-free range amongst miniaturized filters in the literature. These advan-
tages of the ELCSIW technology demonstrate its capacity to meet the stringent

requirements of compact modern communications systems.
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Table 2.7: Comparison between the related works in the literature and the proposed ELCSIW filter.

e || o | G| @ |onter| rw [ gy [P

[54] Quadri-folded STW | 32 | 89 % | 0.240, x 0.24)\, [120% | 4 | 96% | 1.6 | NA

[37] Thirty-second Mode SIW | 245 | 968 % | 0.2\, x 024X, | 65% | 2 [367% | 025 | 294xf,

[38] Folded-ridge QMSIW | 159 | 98 % | 0120 x 024N, | 92 | 2 [5B53% | 272 3.6xf,

[43] Embedded coaxial SIW 1.5 96.8 | 0.426), x 0.126X, | 165 | 3 | 10% | 1.2 |  7xf,

[44] Embedded coaxial SIW | 1 | 964 % | 0.237h; x 0237\, | 325 | 4 | 38% | 1.8 |  3xf,
This Work | Embedded loaded coaxial SIW | 1.1 | 99 % | 0.07 Ay x 026X, | 480 | 2 | 63% | 047 |  7xf,

*Extracted using Cohn formula [55].



2.4 Second-order Embedded Loaded Coaxial SIW Filter with Mixed

Electric and Magnetic Coupling

Designing filters with transmission zeros is desirable to improve the stopband
rejection. The coupling mechanism and filter topology are utilized to achieve
transmission zeros in the stopband. Source-load coupling and cross-coupling are
common mechanisms used to generate transmission zeros [56-58]. These mech-
anisms achieve the desired requirements with the cost of degrading isolation
between input and output ports since they often require folded cross-coupled
topology. Low-order filters can achieve the stopband requirements that are typ-
ically met by high-order filters by using the generated transmission zeros. This
adds an additional advantage to low-order filters, which generally are smaller
in size and have a lower insertion in comparison to high-order filters. In [59],
a method of generating transmission zeros is developed by mixing electric and
magnetic coupling. An inline filter topology and configuration that allows for
two controllable separate electric and magnetic coupling is characterized to gen-
erate transmission zeros. One transmission zero can be generated in an inline
two-pole filter by controlling the intensity of the electric and magnetic coupling.
The location of the transmission zero is determined by which coupling is domi-
nant. This mixed-coupling mechanism can be used in second-order topology to
obtain a compact filter with excellent stopband rejection.

One of the benefits of the ELCSIW filter is its capacity to generate two
electric and magnetic coupling paths with minimal additional fabrication cost.
The proposed technology’s unique structure allows two adjacent resonators to
electrically couple by extending striplines from the resonator patches and form
interdigital capacitor, as shown in Figure 2.39. In conjunction with direct tap
magnetic coupling, this extra coupling mechanism provides mixed-coupling that

can produce a transmission zero on either side of the passband. The intensity of
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Figure 2.39: Design illustration of the second-order ELCSIW filter with mixed
magnetic and electric coupling mechanisms.

C,,
|
I

~— | e

e s g
L.,
Jin C—= L C == L Jout
~— SPY

Figure 2.40: Equivalent lumped element circuit model of the mixed-coupling
second-order ELCSIW filter.

electric coupling demonstrated in Figure 2.39 is adjusted by the length and the
width of the striplines, and the spacing between them. To illustrate the effect
of the mixed-coupling mechanism, an equivalent lumped element circuit model
of the second-order mixed-coupling ELCSIW filter is presented in Figure 2.40.
L and C denote each resonator’s total inductance and capacitance, respectively.
L,, represents the direct tap inductance from the flowing current between the res-
onator posts. (), represents the capacitance of the interdigital capacitor between

the resonator patches.
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The inter-resonator coupling of a mixed-coupling filter can be extracted by

[60]
w2, — w? M.—-FE
k= odd even __ c c 2.99
wgdd + wgven 1- MCEC’ ( )
where
—1/2
~1/2 LL,,(C+2C,,)
Weven ( O) Wodd |: oL + Lm ( 30)

are the even and odd frequencies modes, respectively. The electric and magnetic

coupling can be determined by the

Cm L
E,=—"_ M, = . 2.31
C+0Cp L+ L, ( )

The resonant frequency of the individual resonator is determined by

wy = (2.32)

LL,.(C+C,)] "
L+1L, '

The frequency at which the transmission zero is generated by the mix coupling
can be represented by

—-1/2

Wi = (L Chy) (2.33)

Figure 2.41 shows the extracted inter-resonator coefficients of two weakly mixed-
coupling ELCSIW cavity resonators. The plot illustrates the coupling coefficient
(k) as a function of stripline length (Ls) at different heights of the direct tap
coupling. In an interdigital capacitor, the longer the strip length, the higher
the capacitance and the stronger the electric coupling between the strips. For
direct tap coupling, the higher the position of the tap (H;,), the smaller the
inductance (L,,), and the stronger the magnetic coupling. As (2.29) suggests,

the coupling coefficient becomes positive when the magnetic coupling M. is larger
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Figure 2.41: Inter-resonator coupling coefficient (ks1) as a function of the electric
coupling strip length at different heights of the inter-resonator tap.

than electric coupling E, and vice versa. Thus, it can be noticed that the increase
of L, leads to an overall electric dominant coupling, which can be countered by
placing the direct tap at a higher position. Two examples of mixed-coupling
second-order ELCSIW filters, namely filter A and filter B, are designed and
simulated to demonstrate the benefits of mixed-coupling. Figure 2.42 shows the
S-parameters of filter A where the magnetic coupling is dominant. This generates
a transmission zero in the upper stopband of the filter.

In Figure 2.43, the plot shows the location of the transmission zero in the
lower stopband of the filter when the inter-resonator coupling is dominant by the
electric coupling. The parameters of filter A and filter B are listed in Table 2.8.
In Figure 2.44, transmission zeros locations as function of the strip length (L)
are illustrated. When the length of the interdigital strip is increased, the trans-
mission zero shifts from the upper side of the filter passband to the lower side.
This increase causes the mixed-coupling to change from magnetically dominant

to electrically dominant.
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Figure 2.42: Second-order embedded loaded mixed-coupling coaxial SIW filter
with dominant magnetic coupling.
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Figure 2.43: Second-order embedded loaded mixed-coupling coaxial SIW filter
with dominant electric coupling.
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Figure 2.44: Simulated second-order mixed-coupling filter B showing the trans-

mission zero locations as a function of the strip length (Ly).
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Table 2.8: Mixed-coupling second-order filters design parameters. All dimen-
sions are in mm.
Filter A Filter B

Design Parameter value value
Cavity length (W) 10 10
Patch width (W) 7 7
Post diameter (D) 0.8 1.3
Coplanar waveguide width (W,) 2.6 2.6
Microstrip line width (W,,) 1.2 1.2
Microstrip pad (W},) 2.6 2.6
Vertical via transition diameter (D,) 1 1
Air cavity to via spacing (57) 0.9 0.9
Outer via diameter (d) 0.5 0.5
Outer via spacing (p) 1 1

Bottom substrate thickness (H;)

3.378 (133 mils)

3.378 (133 mils)

Isola prepreg thickness (Hs)

0.0685 (2.7 mils)

0.0685 (2.7 mils)

Top substrate thickness (Hj)

0.635 (25 mils)

0.635 (25 mils)

External tap height (H.,)

2.3622 (93 mils)

1.524 (60 mils)

Inter-resonator tap height (H;,)

1.524 (60 mils)

1.27 (50 mils)

Copper clad thickness (t) 0.0175 0.0175
Inter-resonator stripline width (W32) 1.75 1
External coupling stripline width (We,) 1.8 2
Strip length (L) 1.55 2.95
Strip width (W) 0.15 0.15
Strip gap (Gs) 0.05 0.5

2.5 Power-Handling Capabilities

Power-handling capability is a key factor in designing RF filters. It determined

the maximum power that a filter can handle at any point in time without per-

formance failure. Dielectric breakdown, gas ionization breakdown, and thermal-

related high-power breakdown are a few examples of failure causes [61]. In an

ELCSIW cavity resonator, the electric fields are concentrated in the air gap be-

tween the patch and the top cover, as shown in Figure 2.2. Therefore, the focus

of this power-handling capability is going to be on the air ionization breakdown

in an ELCSIW cavity resonator at room temperature and at 1 atmosphere pres-

sure. The ionization effect results from highly energetic electrons colliding and
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releasing new electrons. This effect creates a conducting path enabling a sharp
increase in the current and causing resonator breakdown. The ELCSIW filter’s
power-handling capability analysis can be performed using a full-wave solver.
Knowing the stored energy in each resonator and the peak electric field in the

resonator, the maximum power-handling capacity can be determined by [62]

Eair reakdown 2 1
Pmax = ($) X e, (234)

Ermaz—norm Wistored—maa
where Eu i preakdown 1S the air ionization breakdown, E,,qz—norm 1S the maximum
electric field in the cavity normalized to 1 nJ of stored energy, and Wored—maz
is the stored energy in the resonator. In [63], high-power RF gas discharge in
a highly loaded evanescent-mode cavity is investigated. The electric field in the
evanescent-mode cavity is concentrated between the loading post and the top
wall. The study found that increasing input power leads to gas ionization and
discharge inside the cavity resonator. The air ionization breakdown is found to
be 7.9 MV /m in air gaps of tens of micrometers. The following section presents
a step-by-step procedure for predicting the ELCSIW filter’s power-handling ca-

pability.

e First, the second-order filter is modeled using the full-wave HFSS solver.
All structure details must be included to achieve a high-accuracy predic-
tion. In addition, the designed filter must avoid a load mismatch between
the input/output port and the filter. The load mismatch raises the stored
energy by a factor of (1-|T'|)? where I' is the reflection coefficient [61].
Moreover, the sharp edges and corners inside the resonator can cause a
significant increase in the electric fields and consequently lower power ca-
pability [64]. Thus, any sharp features in the design should be eliminated

if possible.
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e Next, the stored energy (Wyoreq) in each resonator is extracted. The stored

energy can be expressed as
1 2
Wstored — 56 |E| dU, (235)

where € is the free space permittivity and F is the electric field in the
examined volume. Full-wave HFSS solver simulation is performed for the
filter shown in Figure 2.21. Since the E-field is concentrated in the air gap
between the patch and the top cover, it’s important to assign fine mesh-
ing in the air volume for accurate stored energy results. After the simu-
lation is performed, the stored energy can be calculated using the post-
processing field calculator. The extracted stored energy for the second-
order ELCSIW filter at different frequency locations in passband is pre-
sented in Figure 2.45. In Figure 2.46, the locations of the extracted stored
energy are plotted on the filter passband S-parameters. It can be observed
that Resonator 1 has greater stored energy than Resonator 2. Also, the
maximum stored energy is occurred at the edge of the passband, as shown
in Figure 2.45 and Figure 2.46. The maximum stored energy is found to

be 2.223 nJ at 1.17 GHz.

e The next step is to extract the normalized electric field in the resonator.

First, the stored energy obtained in the previous step is normalized by

1nJ
Wstored ‘

(2.36)

Wstored—norm -

The Weiored—norm value is then inserted in the excitation source magnitude
in the full-wave HFSS simulation. The electric field can be plotted where

the maximum field intensity is using the 'ComplexMag E’ function. The
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electric field is plotted on a plane at the center of the resonator as shown
in Figure 2.47. The normalized electric field is observed at the edge of the
post via. This increase in the maximum electric field at the edge of the
posts is a result of the current crowding at the via edge. The 00— norm
is found to be 0.498 MV /m. To eliminate the sharp feature at of the post,
solid filled-via can be used to reduce the maximum field at the post and as
results increase the power-handling capability. The electric field is plotted
on a plane at the center of the resonator with solid filled-via, as shown in
Figure 2.48. The maximum electric field is observed at the patch edge, and
its found to be 0.452 MV/m.

Eventually, the power-handling capability of the filter with through-metalized

posts can be determined using (2.34) to be

7.9 1
(0.498> X 5993 113 Watts = 50.53 dBm

and for the case of a solid post via, the maximum power capability is

7.9 1
(0'452) X 5993 37 Watts = 51.3 dBm
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Figure 2.45: Simulated stored energy of the resonators of the second-order
ELCSIW filter.
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Figure 2.46: Frequency locations of the extracted stored energy of the second-
order ELCSIW filter.
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Figure 2.47: Electric-field distribution inside the second-order ELCSIW filter
cavity with the posts modeled as through-plated vias. The inset
figure shows a closer view of the electric-field at the edge of the
post.
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Figure 2.48: Electric-field distribution inside the second-order ELCSIW filter
cavity with the posts modeled as copper-filled vias. The inset figure
shows a closer view of the electric-field at the edge of the patch
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In conclusion, the proposed ELCSIW filter is a significant advancement in
the SIW filter technology and outperforms previous work in this area. This
technology has been shown to have the highest miniaturization factor and the
highest unloaded quality factor among the various miniaturization techniques
reported for SIW filters. The ELCSIW filter also has a wide spurious-free band,
seven times wider than its resonant frequency, making it an excellent choice
for modern communications and radar systems that require compact and high-
performance filters. These advantages make the ELCSIW filter a standout option
to meet the demanding requirements of compact modern communications and

radar systems.
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Chapter 3

Post-Fabrication Frequency Tuning of Embedded Loaded

Coaxial Substrate Integrated Waveguide Filters

Designing and manufacturing microwave filters involves multiple stages, each
requiring a high degree of precision and attention to detail. The use of commer-
cially available software has made designing and simulating a microwave filter’s
response much easier and more accurate. Despite the advanced software and
the design process, the measurement response of a microwave filter after fab-
rication can still differ from the simulation results. There are various reasons
for this discrepancy, including fabrication process tolerances and variations in
the physical properties of the materials used. To account for these differences,
post-fabrication tuning is an important step in the manufacturing process. This
step involves measuring the actual response of the filter and making any neces-
sary adjustments to bring it closer to the desired response. The tuning process
is done using specialized test equipment and can involve adjusting the physical
dimensions of the filter, adjusting the orientation of the components, and making
other changes to the design.

The proposed embedded loaded coaxial substrate integrated waveguide filter
can be accurately designed and tuned using the full-wave HF'SS solver. However,
the tolerances and variations in the dielectric permittivity and thicknesses of the

prepreg and the dielectric substrates will ultimately determine the final filter
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performance. These variations can introduce perturbation in the filter electro-
magnetic response, which can shift the center frequency. Figure 3.1 displays the
Se1 measurements of nine filters manufactured on the same circuit board. Even
though all of the measured filters were fabricated on the same circuit board, the
center frequencies of the filters varied. In addition, the manufacturing tolerances
might vary amongst resonators within the same filter, as observed in Filter 5
performance shown in Figure 3.1. Hence, post-fabrication frequency tuning is
required to compensate for manufacturing and material variations in each filter’s

resonator.

0 T T T
—Filter 1
—Filter 2
-5H Filter 3
—Filter 4
——Filter 5
-10H Filter 6
—Filter 7
—Filter 8
—Filter 9

-15

_40 1 1 1 1 1 1 1
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Frequency (GHz)

Figure 3.1: The measured Sy; of the nine fabricated filters showing frequency
variations due to the materials and fabrication tolerances.

The proposed ELCSIW resonator is composed of a bottom dielectric substrate
(TMMS3) and an upper air gap constructed in Isola prepreg. According to the
manufacturer’s datasheet, the dielectric constant of TMMS3 substrate is 3.45, with
a tolerance of £ 0.032 [65]. The resonator depicted in Figure 2.1 is simulated
using the eigenmode HF'SS solver with the variation in the dielectric constant, to

analyze the impact of the dielectric constant tolerance on the resonator resonant
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frequency, and the results are shown in Figure 3.2. In the figure, the tolerance
range for the TMMS3 dielectric constant is highlighted with a gray rectangle. Due
to the electric field distribution being more concentrated in the air gap than in
the dielectric substrate, it can be observed that the dielectric constant variation
has a minimal effect on the resonant frequency. The tolerance of the dielectric
constant of the substrate (H;) causes a small perturbation in fields, leading to

less than 0.2 % shift in the resonant frequency.
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Figure 3.2: The shift in the resonant frequency of the proposed ELCSIW res-
onator versus the dielectric constant tolerance of the substrate of
thickness H; = 3.378 mm).

Furthermore, the resonant frequency of the ELCSIW resonator is studied as
a function of the dielectric substrate thickness (H;) tolerance. The manufacturer
estimates a thickness tolerance of £+ 38.1 pm for a TMM3 substrate [65]. Since the
substrate H; is stacked of three layers of TMM3, maximum tolerance of + 114 ym
may occur. In Figure 3.3, the variation of H; versus its impact on the resonant
frequency is presented. A 1.5 % change in the resonance frequency is observable
due to 114 pum substrate tolerance. This shift is caused by the variation in the

cavity inductance, which is a function of the post length. However, this may
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be mitigated by measuring the actual thickness of the substrate and taking it
into account during the design process. For the SpeedWave prepreg used to
bond between Subl layers, the manufacturer estimates a thickness tolerance of
+ 12.7 pum [66]. Two SpeedWave prepreg are used in bonding three TMM3
substrates. Thus, maximum tolerance of + 25.4 ym may occur. From Figure
3.3, A 0.3 % change in the resonance frequency is observable due to 25.4 pm
prepreg tolerance affecting H;. The tolerance of the SpeedWave prepreg is found

insignificant and it can be considered negligible.
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Figure 3.3: The shift in the resonant frequency of the proposed ELCSIW res-
onator versus the variation in the dielectric substrate of the thickness

(Hy).

Additionally, the impact of Isola prepreg thickness (H;) on resonant fre-
quency is studied. Isola prepreg is a low-flow resin adhesive material that bonds
dielectric substrates through a high-pressure and high-temperature lamination
process. This prepreg has a thickness of 68.58 um and a tolerance of 4+ 7.62 pm.
The lamination process may result in further thickness variations due to lami-

nation imperfections such as uneven substrate surfaces. Therefore, eigenmode
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simulations are performed to evaluate the effect of the Hy thickness on the reso-
nant frequency, and the results are shown in Figure 3.4. It can be seen that H,
significantly impacts the resonant frequency of the ELCSIW resonator. With a
tolerance of only 7.62 pm, the resonant frequency can deviate by 10 % from the
designed frequency. This resonant frequency fluctuation can significantly impact
the practicality of using this technology for designing compact filters.

The investigation of the materials’ properties showed that the thickness of the
prepreg used to form the air gap is crucial in the fabrication process. From the
characterization of the Isola prepare lamination process, it has been observed
that the final prepreg thickness (Hy) becomes between 50 pm to 64 pm after
the lamination. Therefore, compensating for the frequency shift in the proposed

EICSIW resonator will primarily be for the Isola prepreg thickness tolerance.
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Figure 3.4: The shift in the resonant frequency of the proposed ELCSIW res-
onator versus the variation in the prepreg substrate thickness (Hs).

3.1 Post-Fabrication Tuning Circuit Model

Using screws and discs to mechanically adjust a resonator’s frequency is widely

used for post-fabrication tuning in dielectric resonators and waveguide filters
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[67-70]. By altering the field distribution inside the resonating structure, metallic
screws can be used to adjust the resonator’s frequency. For ELCSIW filters, the
ability to insert screws in a compact cavity is limited due to the extremely small
resonator size. The electric field is concentrated in the small micrometer-scale
air gap, which is difficult to manually adjust using screws or other mechanical
means. In addition, the metallic patch is extended over the cavity area, and
inserting a screw while avoiding contact with the patch is challenging.

Electrical tuning using varactor diodes is another method of tuning the res-
onant frequency of a resonator [71]. Varactors diodes are semiconductor junc-
tion devices in which the junction capacitance is controlled by reverse-bias DC
voltage. Filter tuning using varactors diodes has been realized in microstrip
resonators, substrate-integrated cavity resonators, and evanescent-mode cavity
resonators [72-76]. The low-quality factor of varactor diodes limits the quality
factor of varactor-tuned cavity filters, which is generally in the range of 50-200
due to varactor semiconductor losses [77,78|. In addition, the electrical tuning
approach requires an extra circuit to adjust the DC bias of the variable capacitor.
Therefore, the electrical tuning method is incompatible with the ELCSIW filter
implementation.

A recent approach to cavity tuning consists of using Radio-Frequency Mi-
croelectromechanical System (RF-MEMS) tuning elements [79-82]. RF-MEMS
switches, switches capacitors, and varactors are examples of RF-MEMS tuning
elements. For instance, RF-MEMS varactors achieve variable gap parallel plate
capacitance using micrometer-scale movable deflectable beams that is controlled
by a DC bias. Low loss and high linearity are examples of the advantages of
RF-MEMS varactors [83]. However, they also require extra circuitry and inte-
gration into the proposed ELCSIW filter to tune the resonant frequency, which

adds additional complexity and fabrication cost.
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In order to adjust the resonant frequency of the ELCSIW resonator while
adhering to the design constraints, a novel post-fabrication tuning mechanism
is invented. The novel tuning circuit is depicted in Figure 3.5. A single tuning
configuration consists of a tuning stripline coupled to the patch and a through
via to connect the stripline to the top layer and the ground plane. This configu-
ration allows for two parallel plate capacitances between the tuning stripline and
the patch and bottom ground plane. The stripline has a length L; and width
W;, and it is separated from the patch by a substrate with a thickness H; and
dielectric constant ¢;. A tuning via with a diameter D, and length H,, forms the
tuning inductance. The tuning stripline can be electrically disconnected from the
ground plane by removing the top copper strip (State OFF). The stripline can
be connected again by soldering the via pad to the top copper layer (State ON).
This reversible connection can be used to vary the inductance and capacitance
of the tunable ELCSIW resonator, which as a result, varies the cavity’s resonant

frequency. The resonant frequency of the tuned cavity is determined by [4]

1
B 2m V CtotalLtotal ‘

fr (3.1)

This single tuning configuration can be duplicated and embedded into the ELCSIW
cavity to have flexibility in the tuning range. Eight tuning elements are adopted
in this design of the tunable ELCSIW resonator. To understand the effect of
the tuning mechanism on the proposed resonator, a lumped element equivalent
circuit for the tuned resonator is modeled and presented in Figure 3.6. All
lumped capacitors are assumed to be in parallel. When all loading striplines are

grounded, the total capacitance of the cavity can be expressed as

C1tota,l = Ct + Cb + Ccoam + (Cstl + Csbl) + ...+ (Csti + Csbi)u 1= ]-7 27 "Na (32)
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where C; and Cy, are the capacitance between the stripline and the patch and
the stripline and bottom metallic layer, respectively. N denotes the number of
loading striplines embedded into the cavity. C;, Cy, and Clq, can be determined

using (2.4) and (2.8) as described in Chapter 2.

Amme Ay

1
(
]
i

(b)

H,

v\ \ Pat/c

Tuning Tuning strip

()

Figure 3.5: The structure of the proposed post-fabrication tunable ELCSIW res-
onator, (a) a 3D view, (b) top view, and (c) side view. The design
parameters are presented in Table 3.1.

The tuning capacitances Cy and Cy,, including the fringing fields, can be
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determined by [46]

L L L
O = e W n ercoWi (1 " ln(ﬂ'Wt)) i €t€olut (1 tIn (D))’ (3.3)
g m g Q g

where ¢ is the separation between the parallel plates. The first term in (3.3)

represents the parallel plate capacitance between the loading stripline and the
patch, whereas the other two terms represent the fringing field effect on both
ends of the stripline. The capacitance of the tuning stripline varies based on
its length and width and distance from the patch. Also, the dielectric constant
of the substrate that separates the stripline from the patch can be selected to

increase or decrease tuning capacitance.

Table 3.1: The post-fabrication tunable ELCSIW resonator design parameters.
All dimensions are in mm.

Design Parameter Value
Cavity length (W) 10
Patch width (W) 7.8
Post diameter (D) 14
Air cavity to via spacing (51) 0.9
Outer via diameter (d) 0.5
Outer via spacing (p) 1

Bottom substrate thickness (H;) | 3.378 (133 mils)
Isola prepreg thickness (Hz) 0.0685 (2.7 mils)

Copper clad thickness () 0.0175
Tuning via diameter (D;) 0.7
Tuning stripline length (L;) 2.7
Tuning stripline width (17}) 1.2
Tuning thin stripline width (G}) 0.1

Tuning substrate thickness (H;) | 0.2032 (8 mils)

The lumped inductance of the post and the vias connecting tuning striplines
to the ground are also assumed to be in parallel. The total inductance of the

tuned cavity is expressed as
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Ltotal - 1 1 1 1 ; Z - 1, 2, N, (34)

where N denotes the number of tuning striplines embedded into the cavity. Loq
can be determined by (2.9) as discussed in Chapter 2. The inductance of the
tuning via connecting the tuning stripline to the ground plane is approximated
by [51]
4h .
Ly ~508h|ln({ — ) +1| [nH] i=1,2,..N, (3.5)
r

where h and r are the vias’ length and diameter in inches, respectively. The tun-
ing inductance is proportional to the length of the via and inversely proportional

to its diameter.

3.2 Post-Fabrication Tuning Mechanism

The post-fabrication tuning mechanism compensates for the frequency shifts in-
troduced by the materials and fabrication tolerances by connecting or disconnect-
ing the embedded tuning elements. The frequency tuning range and step size are
determined by the tuning substrate of thickness H; and its dielectric constant ¢;.
The tuning striplines can be identical in size or with different lengths to obtain
different frequency tuning steps.

As was previously mentioned, the resonant frequency can fluctuate by 10 %

}

U

[lcoax Ceoax
[l
| [l

Figure 3.6: Circuit model of the proposed post-fabrication tunable ELCSIW res-
onator.
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depending on the tolerance of the Isola prepreg thickness (Hs). Measurements,
taken during experiments designed to characterize the lamination process, have
indicated that Hs ranges between 50-64 pm, despite 68.58 pm being reported as
the nominal thickness. This decrease in the thickness increases the capacitance
between the patch and the top cover, hence decreasing the resonant frequency.
Thus, the post-fabrication tuning primarily focuses on addressing this issue to
obtain the desired operating frequency.

To evaluate the impact of Hy on the resonant frequency of the tunable
ELCSIW resonator, full-wave HFSS simulations are performed for the resonator
in Figure 3.5, and the results are shown in Figure 3.7. It can be observed that
a 3 um decrease in Isola prepreg thickness causes a 20 MHz downward shift of
the resonant frequency. At an Isola prepreg thickness of 56 pm, the tunable
resonator’s resonant frequency shifts by approximately 9 %. Multiple tuning
striplines may be disconnected to unload the cavity to compensate for this fre-
quency shift. Figure 3.8 demonstrates the effect of disconnecting the tuning
striplines on the mistuned ELCISW resonator with Hy thickness of 56 pm. The
switches are labeled alphabetically in Figure 3.5, and the switches’ states are
defined in Table 3.2. It is necessary to turn off all switches but switch H to com-
pensate for the frequency shift caused by the Isola prepreg tolerance, as shown
in Figure 3.8. This can demonstrate the benefit of the proposed post-fabrication
tuning method, which requires no active elements or additional control circuits.
Also, the proposed post-fabrication tuning circuit does not require complex in-

tegration and can be implemented using the standard PCB fabrication process.
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Figure 3.7: The effect of the Hy tolerance on the resonant frequency of the sample
resonator in Figure 3.5.
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Figure 3.8: The impact of all switch states on the resonant frequency of the
sample resonator in Figure 3.5.
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Table 3.2: Switch states of the tunable ELCSIW filter. ON: switch is connected,
OFF: switch is disconnected.

State\Switch | A B C D E F G H
0 ON | ON | ON | ON | ON | ON | ON | ON
1 OFF| ON | ON | ON | ON | ON | ON | ON
2 OFF | OFF | ON | ON | ON | ON | ON | ON
3 OFF | OFF | OFF | ON | ON | ON | ON | ON
4 OFF | OFF | OFF | OFF | ON | ON | ON | ON
) OFF | OFF | OFF | OFF | OFF | ON | ON | ON
6 OFF | OFF | OFF | OFF | OFF | OFF | ON | ON
7 OFF | OFF | OFF | OFF | OFF | OFF | OFF | ON
8 OFF | OFF | OFF | OFF | OFF | OFF | OFF | OFF

The post-fabrication tuning mechanism is affected by the tuning stripline
area, the dielectric constant of the tuning substrate (¢;), and the substrate thick-
ness (H;). Full-wave HFSS simulations of the tunable resonator in Figure 3.5 are
conducted to evaluate the impact of each parameter on the resonant frequency.
The resonator is implemented in the full-wave HFSS solver with a weak exter-
nal coupling. The tuning striplines’ length and width are 2.7 mm and 1.2 mm,
respectively. The dielectric constant of the tuning substrate is set to 3.45. The
simulations are performed on three different tuning substrate thicknesses. Fig-
ure 3.9 shows the transmission coefficient (S31) of the tunable resonator in two
switch states, State 0 and State 8. State 0 indicates that all switches are con-
nected, whereas State 8 indicates that all switches are disconnected. The two
states reflect the circuit’s maximum tunability at each value of H;. For a thin
tuning substrate of 0.127 mm, it can be noticed that the resonant frequency can
shift 25 % by disconnecting all the striplines. With such a small gap filled with
dielectric material between the tuning striplines and the patch, the tuning ca-
pacitance (Cy) can change significantly depending on the switch configuration.

Increasing H; will decrease Cy; and restrict the tuning range to 8 % at a tuning
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substrate thickness of 0.3048 mm. Figure 3.10 shows the tuning range of the
sample resonator as a function of the tuning substrate thickness. The plot shows
that a frequency tuning range of 60 % can occur at a 0.05 mm tuning substrate
thickness. The limitation to having such a wide range is the availability of thin

dielectric substrates.
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Figure 3.9: The impact on the resonant frequency tuning of the sample resonator
when all switches are connected (State 0) and when all switches are
disconnected (State 8). This impact shows that maximum tunability
can be obtained for the sample resonator with ¢, = 3.45, L, = 2.7 mm,
and W; = 1.2 mm.

Moreover, the tuning substrate dielectric constant is proportional to the tun-
ing capacitance as suggested by (3.3). In Figure 3.11, the relationship between
the frequency tuning range and ¢; is presented. It can be seen that increasing
the tuning substrate dielectric constant allows for a large tuning range of 40 %
at a substrate thickness of 0.2032 mm. The ability to use a dielectric substrate
with a high dielectric constant provides additional design freedom and allows an

increase in C; to realize a wider tuning range.
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Figure 3.10: The maximum tuning range as a function of the tuning substrate
thickness for the sample resonator with ¢, = 3.45, L, = 2.7 mm,
and W; = 1.2 mm.

In addition to the substrate properties, the length of the tuning striplines can
be adjusted to obtain the desired tuning range to compensate for any tolerance in
H,. Figure 3.12 shows the relationship between the length of the tuning striplines
and the achievable tuning range. The plot shows a tuning range that increases by
increasing the length of the tuning striplines. At a tuning substrate thickness of
0.127 mm, the tuning stripline length can achieve a frequency variation of 25 %
when disconnecting the striplines. In comparison to the tuning range provided
by the tuning substrate parameters, the range provided by the stripline length is

limited. Hence, having tuning striplines of various lengths allows for finer tuning

step adjustments.
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Figure 3.11: The maximum tuning range as a function of the tuning substrate

dielectric constant at different tuning substrate thicknesses for the
sample resonator with L; = 2.7 mm and W; = 1.2 mm.
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Figure 3.12: The maximum tuning range as a function of the tuning stripline
length at different tuning substrate thicknesses for the sample res-
onator with ¢, = 3.45 mm and W, = 1.2 mm.

Equally significant to the tuning range that the circuit can provide is the qual-
ity factor that the tunable ELCSIW resonator can achieve. The primary goal of

designing the ELCSIW resonator is to achieve an ultra-miniaturized resonator
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with a high-quality factor. Embedding loading striplines into the ELCSIW cav-
ity can perturb the fields in the cavity and cause additional losses. Thus, the
impact of the tuning circuit on the quality factor of the sample tunable ELCSIW
resonator in Figure 3.5 must be investigated. The tunable ELCSIW resonator
has a tuning substrate thickness and a dielectric constant of 0.2032 mm and 3.45,
respectively. The loss tangent of the tuning substrate (tand;) is 0.002, and the
stripline length is 2.7 mm. In Figure 3.13, the quality factor of the proposed
tunable ELCSIW resonator and the frequency tuning range are presented as a
function of tuning substrate thickness. Quality factors are observed to be lower
when all switches are connected compared to when they are disconnected. This
impact is a result of the change in the intensity of the electric field between the
tuning stripline and the patch. Also, the quality factor drops considerably as
the thickness of the tuning substrate decreases. This can be attributed to the
increase of the electric field which results in higher currents crowding on the
striplines and the patch. This leads to higher conductor loss and lower quality
factor for the ELCSIW resonator. Selecting a tuning substrate with a high dielec-
tric constant of 10 can decrease the quality factor by more than 40 %, as shown
in Figure 3.14. This loss in the tunable ELCSIW cavity resonator is caused by
the increase in the conductor loss, as a result of higher currents flowing on the

metallic surfaces [4].
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Figure 3.13: The maximum tuning range and quality factor of the sample tunable
ELCSIW resonator as a function of the tuning substrate thickness
with ¢, = 3.45 mm, tand; = 0.002, L; = 2.7 mm, and W; = 1.2 mm.
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Figure 3.14: The maximum tuning range and quality factor of the sample tunable
ELCSIW resonator as a function of the tuning substrate dielectric

constant with tand; = 0.002, H; = 0.2032 L, = 2.7 mm, and W, =
1.2 mm.

The material’s loss tangent primarily defines the dielectric loss caused by the
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cavity substrates. The dielectric loss of the tuning substrate affects the over-
all unloaded quality factor of the tuned resonator. To determine the impact of
the loss tangent on the unloaded quality factor, full-wave HF'SS simulations are
conducted for different loss tangent values of the tuning substrate at multiple
substrate thicknesses. Figure 3.15 shows the relationship between the loss tan-
gent and the unloaded quality factor, as the quality factor decreases when the
substrate loss tangent increases. Also, the figure shows that the quality factor
degrades at different tuning substrate thicknesses at the same rate when the loss

tangent increases.
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Figure 3.15: The unloaded quality factor of the sample tunable ELCSIW res-
onator as a function of the tuning substrate loss tangent at various
tuning substrate thicknesses.

The quality factors shown in Figures 3.13 and 3.14 are determined at different
frequencies due to the variation of the loading from the tuning circuit. The
impact of the tuning circuit on the ELCSIW resonator quality factor is best
demonstrated by comparing tunable and non-tunable versions of the resonator
operating at the same resonant frequency. In section 2.2.3, an ELCSIW resonator

operating at 1.05 GHz with 99 % miniaturization factor was simulated, and the
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extracted unloaded quality factor is found to be 480. Similarly, the tunable
ELCSIW resonator in Figure 2.3 is adjusted and simulated to operate at 1.05 GHz
with L; = 2.7 mm, W; = 1.2 mm, H; = 0.2032 mm, ¢; = 3.45, and tand; = 0.002.
The simulated transmission coefficient of the tuned resonator is presented in
Figure 3.16. The unloaded quality factor is extracted using (2.19) and found to
be 315. For tand,=0.001, the extracted unloaded quality factor of the tunable
ELCSIW resonator is found to be 365. This comparison demonstrates that the
tuning circuit can improve the ELCSIW technology’s reliability at the expense

of a decrease in the quality factor.
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Figure 3.16: The transmission coefficient of a weakly coupled tunable ELCSIW
cavity resonator.

From the above parametric investigation, it can be concluded that the tuning
circuit needs to be carefully designed to account for the manufacturing tolerance

while maintaining a high quality factor.
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3.3 Post-Fabrication Frequency Tuning Filter

Two second-order tunable ELCSIW filters are designed and simulated to demon-
strate the mechanism and the benefits of the tuning circuit in compensating for
the fabrication tolerances. The filters are going to be named filter A and filter
B throughout the section. The filters are designed to operate in the lower L-
band frequency, arbitrarily at 1.04 GHz. The filters have 70 MHz bandwidth,
which is equivalent to 6.3 % fractional bandwidth, and an equi-ripple of 20 dB.
The input/output feed lines consist of 50 € coplanar waveguides connected to
tap striplines through vertical transition vias. These tap striplines are short-
circuited to the post of the resonators and allow for magnetic coupling to the
cavity. The structure of the second-order tunable filter is shown in Figure 3.17.

The design procedure for ELCSIW filter with the post-fabrication tuning

circuit is described as follows:

1. Determine experimentally the maximum and minimum thickness of Isola

prepreg that can be obtained after a full cycle of lamination.

2. Determine the maximum frequency shift caused by the tolerance of Isola

prepreg thickness obtained in step 1.

3. Design and obtain the initial dimensions of the ELCSIW filter following

the procedure in section 2.3.

4. Select the tuning substrate thickness and dielectric constant that can com-
pensate for the frequency shift obtained in step (2) using the parametric

analysis presented in section 3.2.

5. Measure the fabricated filter S-parameters and determine the shift in the

resonant frequency compared to the designed, if any.
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6. Simulate the filter with different combination of switches states and identify

the switches that need to be disconnected.
7. Disconnect the identified switches and measure the filter S-parameters.

The first tunable ELCSIW filter A is designed to have a tuning circuit that
can compensate for up to 6 % shift in the resonant frequency. This possible
frequency shift is a result of the Isola prepreg expected to have a thickness from
58 pum to 68 pm after the lamination process. For filter A, the material used to
implement the design is Rogers TMM3, which has a dielectric constant of 3.45
and a loss tangent of 0.002. Following the procedure described in section 3.2,
the physical dimensions of the tunable ELCSIW filter and its tuning circuit are
obtained and presented in Table 3.3. The tuning circuit is designed to have eight
tuning striplines with different lengths to allow fine-tuning of the filter response.
The tuning strip lines are labeled alphabetically and arranged to be symmetrical

around the filter center plane.
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Figure 3.17: The structure of the proposed post-fabrication tunable ELCSIW
filter, (a) a 3D view, (b) top view, (c) side view.

To demonstrate the impact of the tolerance of the Isola prepreg thickness
(H,), simulations of the filter A with a variation of Hy are performed, and the
results are shown in Figure 3.18. The filter is assumed to have Hy of 58 um,
instead of the nominal design thickness of 68.58 um, as a result of the lamina-
tion process and material tolerances. The filter performance with the nominal

thickness and defected thickness of H is depicted in Figure 3.19. It can be seen
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Table 3.3: Second-order post-fabrication tunable ELCSIW filter design parame-
ters (filter A). All dimensions are in mm.

Design Parameter Value
Cavity length (W) 10
Patch width (W) 7.8
Post diameter (D) 1.6
Coplanar waveguide width (W) 1.9
Coplanar waveguide gap width (z) 0.15
Vertical via transition diameter (D) 1
Air cavity to via spacing (S7) 0.9
Outer via diameter (d) 0.5
Outer via spacing (p) 1

Bottom substrate thickness (H;)

3.5052 (138 mils)

Isola prepreg thickness (Hy)

0.0685 (2.7 mils)

Top substrate thickness (Hs)

0.635 (25 mils)

External tap height (H.,)

2.794 (110 mils)

Inter-resonator tap height (H;,)

1.5748 (62 mils)

Copper clad thickness () 0.0175
Inter-resonator stripline width (WW35) 1.6
External coupling stripline width (W) 1
Tuning substrate dielectric constant (e;) 3.55
Tuning via diameter (D,) 0.5
Tuning strip width (17;) 1.2
Tuning thin strip width (G;) 0.1

Tuning substrate thickness (H;) 0.127 (5 mils)

Switch A tuning strip length (L) 1.9
Switch B tuning strip length (L;) 2.1
Switch C tuning strip length (L;) 2.4
Switch D tuning strip length (L) 2.4
Switch E tuning strip length (L;) 1.9
Switch F tuning strip length (L) 2.1
Switch G tuning strip length (L) 2.4
Switch H tuning strip length (L;) 2.4

that the center frequency of the filter is shifted from 1.04 GHz to 0.970 GHz
as Hy is assumed to be 58 um after the lamination process. Multiple tuning
switches may be disconnected to compensate for this frequency shift. Since the
tuning strip lines have different lengths, different combinations of switch states,
listed in Table 3.4, are implemented in the simulation to show the compensation
process to get to the nominal resonant frequency. The simulation results of the
switch states in Table 3.4 are shown in Figure 3.20. It can be observed that the
filter center frequency shifts upward when a tuning strip line is disconnected.
The filter center frequency is re-tuned to the designed frequency at 1.040 GHz

when switches A, B, C, F, and G are disconnected. The S-parameters of the
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tunable ELCSIW initial designed filter and the post-tuned filter are plotted in
Figure 3.21. Despite the material thickness tolerance, the performance of the

post-tuned filter has good agreement with the designed filter performance.
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Figure 3.18: The impact of Isola prepreg thickness variations on the tunable
ELCSIW filter center frequency. Showing only Sy; for clarity.
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Figure 3.19: S-parameters of the tunable ELCSIW filter (filter A) at
Hy = 68.58 ym and Hy; = 58 um.

Table 3.4: Switch states of the tunable ELCSIW filter (filter A). ON: switch is
connected, OFF: switch is disconnected.

State\Switch | A B C D | E F G H
0 ON | ON | ON |ON|[ON| ON | ON | ON
1 OFF | ON | ON |ON|ON | ON | ON | ON
2 OFF | OFF | ON | ON | ON | ON | ON | ON
3 OFF | OFF | OFF | ON | ON | ON | ON | ON
4 OFF | OFF | OFF | ON | ON | OFF | ON | ON
) OFF | OFF | OFF | ON | ON | OFF | OFF | ON
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Figure 3.20: The impact of disconnecting tuning switches of the tunable
ELCSIW filter (filter A) on the center frequency. Initial: initial
design of the ELCSIW filter with Hy = 68.58 pum. Showing only
S11 for clarity.
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Figure 3.21: S-parameters of the designed tunable ELCSIW filter (filter A) with
Hy; = 68.58 pum and the re-tuned ELCSIW filter (filter A) with
Hy = 58 pm.

In filter B, the filter is assumed to have the Isola prepreg thickness Hs to be
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50 pm instead of the nominal design thickness of 68.58 um as a result of the lami-
nation process and material tolerances. The filter performance with the nominal
thickness and defected thickness of Hy are depicted in Figure 3.22. It can be
seen that the center frequency of the filter is shifted from 1.04 GHz to 0.942 GHz
as the Hs is assumed to be 50 um after the lamination process. Multiple tuning
switches may be disconnected to compensate for this frequency shift. Different
combinations of the switches state are implemented in the simulation and listed
in Table 3.5. The simulation results of the states in Table 3.5 are shown in Fig-
ure 3.23. The filter center frequency is re-tuned to the designed frequency at
1.04 GHz when switches A, B, C, E, and G are disconnected. The S-parameters
of the tunable ELCSIW initial design and the post-tuned filter are plotted in
Figure 3.24. Despite the material thickness tolerances, the performance of the

post-tuned filter has good agreement with the designed filter performance.
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Figure 3.22: S-parameters of the tunable ELCSIW filter (filter B) at
Hy; = 68.58 pm and Hy = 50 pm.
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Table 3.5: Second-order post-fabrication tunable ELCSIW filter design parame-
ters (filter B). All dimensions are in mm.

Design Parameter Value
Cavity length (W) 10
Patch width (W) 7.8
Post diameter (D) 2.5
Coplanar waveguide width (W) 1.9
Coplanar waveguide gap width (z) 0.15
Vertical via transition diameter (D) 1
Air cavity to via spacing (S7) 0.9
Outer via diameter (d) 0.5
Outer via spacing (p) 1

Bottom substrate thickness (H;)

Isola prepreg thickness (Hy)

3.5052 (138 mils)
0.0685 (2.7 mils)

Top substrate thickness (Hs)

0.635 (25 mils)

External tap height (H.,)

(
3.0988 (122 mils)

Inter-resonator tap height (H;,)
Copper clad thickness () 0.0175
Inter-resonator stripline width (WW35) 1.6
External coupling stripline width (W) 1
Tuning substrate dielectric constant (e;)

1.5748 (62 mils)

Tuning via Diameter (D) 0.5
Tuning strip width (17;) 1.2
Tuning thin strip width (G;) 0.1
Tuning substrate thickness (H;) 0.127 (5 mils)
Switch A tuning strip length (L) 2.4
Switch B tuning strip length (L;) 2.3
Switch C tuning strip length (L;) 2.2
Switch D tuning strip length (L) 1.9
Switch E tuning strip length (L;) 2.4
Switch F tuning strip length (L) 2.3
Switch G tuning strip length (L) 2.2
Switch H tuning strip length (L;) 1.9

Table 3.6: Switch states of the tunable ELCSIW filter (filter B). ON: switch is
connected, OFF: switch is disconnected.

State\Switch | A B C D E F G H
0 ON | ON | ON |ON| ON |ON| ON | ON
1 OFF | ON | ON |ON| ON | ON| ON | ON
2 OFF | OFF | ON | ON | ON | ON | ON | ON
3 OFF | OFF | OFF | ON | ON | ON | ON | ON
4 OFF | OFF | OFF | ON | OFF | ON | ON | ON
5 OFF | OFF | OFF | ON | OFF | ON | OFF | ON
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Figure 3.23: The impact of disconnecting tuning switches of the tunable
ELCSIW filter (filter B) on the return loss. Initial: initial design of
the ELCSIW filter with Hy = 68.58 pm.
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Figure 3.24: S-parameters of the designed tunable ELCSIW filter (filter B) with
Hy, = 68.58 pum and the re-tuned ELCSIW filter (filter B) with
Hy =50 pm.

The novel post-fabrication frequency tuning technique for ELCSIW filters
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has demonstrated significant benefits in obtaining the nominal response of a mi-
crowave filter. Unlike traditional tuning methods, the proposed technique does
not involve mechanical tuning screws or require any active circuit components,
making it feasible to implement using standard PCB fabrication processes. This
technique takes into account the tolerances and variations in the materials prop-
erties that can cause differences between the simulated and measured responses of
an ELCSIW filter. The ELCSIW tuning technique involves embedding electrical
loading elements to the cavity resonators in the filter, which allows for the adjust-
ment of the resonant frequency of the filter after the fabrication. The adjustment
is made by connecting or disconnecting the loading elements. The simplicity and
flexibility of the proposed tuning technique make it an attractive option for man-
ufacturers of ELCSIW filters, as it can be easily incorporated into the existing
fabrication process with minimal additional costs.

In conclusion, the ELCSIW post-fabrication tuning technique provides a sim-
ple and effective solution for achieving the desired response of an ELCSIW filter,
regardless of the tolerances and variations in the materials properties. The tech-
nique is easy to implement and does not require any active circuit components,
making it a cost-effective solution for manufacturers. This innovative tuning
method expands the possibilities for implementing ELCSIW technology in vari-

ous applications.
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Chapter 4

Ka-band Ultra-Miniaturized Substrate Integrated

Waveguide Filters

This chapter presents the design and implementation of Ka-band embedded
loaded coaxial substrate integrated waveguide filters to demonstrate the scal-
ability of the ELCSIW technology to higher frequencies. An ELCSIW filter in
Ka-band is first developed with the goal of achieving a miniaturization factor
of 98.3 %, demonstrating the cutting edge of this miniaturization technology.
Two second-order filters are designed to show the technology’s potential to cre-
ate transmission zeros and enhance the stopband rejection by using a mixed

inter-resonator coupling.

4.1 Ka-band ELCSIW Bandpass Filter Design

A Second-order Chebyshev ELCSIW bandpass filter is designed to demonstrate
the technology’s scalability to Ka-band frequencies. Figure 4.1 shows the overview
of the Ka-band ELCSIW filter. The filter has 2 GHz of absolute bandwidth,
which is equivalent to 6.6 % of fractional bandwidth, and an equi-ripple of
20 dB. The input/output feed lines consist of 50 Q2 grounded coplanar waveguide
(GCPW) lines connected to tap strip lines through vertical transition vias. These
tap strip lines are short-circuited to the resonator posts and allow for magnetic

coupling to the cavity. The design procedure for a second-order ELCSIW filter
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is demonstrated in section 2.3.

(b)
Sub3 IH3
Sub2 TH2
Subl

! Il I
l !
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External coupling striplii nal cofiling st
Verflikal via H,
trallsition
(©)

Figure 4.1: The structure of the Ka-band second-order ELCSIW bandpass filter,
(a) 3D view, (b) top view, and (c) side view.

In Ka-band, the thickness of Subl (H;) is reduced to mitigate the effect of
the vertical via transition and increase its cut-off frequency to allow the filter

to operate up to 30 GHz. Also, the Subl thickness has a significant impact on
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the miniaturization factor. Figure 2.8 demonstrates the relationship between the
Subl thickness and the miniaturization factor. Therefore, the total thickness of
Subl is chosen to be 0.9652 mm (38 mils) to have a high miniaturization factor
while mitigating the effect of the vertical via transition. To meet the required
thickness, a Rogers 4003 dielectric material is chosen for Sub1 instead of Rogers
TMM3 used for the L-band filter in Chapter 2, as it has a wide range of small
standard thickness substrates. Rogers 4003 has a dielectric constant of 3.55 and
a loss tangent of 0.0021. Subl is created by stacking three Rogers 4003 substrates
(B1, B2, B3) and two SpeedWave prepreg layers for bonding, as shown in Figure
4.2. The thicknesses of substrates B1, B2, and B3 are 0.254 mm, 0.508 mm, and
0.1016 mm, respectively. The SpeedWave prepreg has a thickness of 0.0508 mm
(2 mils) and a dielectric constant of 3.16. The external and internal coupling
strip lines are etched on the bottom of substrate B2 at the height of 0.3048 mm.
The air cavity is constructed in the Isola prepreg (Sub2) of thickness 0.06858 mm
(2.7 mils). Rogers TMM3, with a thickness of 0.381 mm (15 mils), is then used
to cover the air cavity. Because of its superior structural properties, TMM3 was
used as a cover to minimize any bending into the air cavity during the lamination

process.

Sub3 —— >

Sub2 ——

peed Wave Prepreg

Subl —

peed Wave Prepreg

Figure 4.2: The substrate material stack-up for the Ka-band ELCSIW BPF.
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4.1.1 Input/Output Feed Lines Design

50 € grounded coplanar waveguides are designed on the bottom of Subl as
the input/output feeding lines and presented in Figure 4.3. The characteristic
impedance of the transmission line is determined by the ratio of the width of the
trace (IW.) to the gap (g) on a given substrate height and dielectric constant [4].
Two rows of fence shorted vias surround the coplanar waveguide to suppress
any parasitic parallel plate modes. The distance of the fence vias from the
copper trace (X7) should be minimized to push the higher order modes to higher
frequencies. Also, the spacing between the vias (p;) should not exceed A/4
at the highest frequency of operation to prevent any energy leaking into the
side ground region structure beyond the fence vias. This energy leaking will
generate higher order modes in the GCPW structure degrading the performance
of the interconnect [84]. The design parameters of the coplanar waveguide are
presented in Table 4.1. In Figure 4.4, the simulated S-parameters of the designed
grounded coplanar waveguide are presented, showing low dispersions in the Ka-

band frequency range.

Figure 4.3: Top-view of the grounded coplanar waveguide trace with design pa-
rameters illustrations.
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Figure 4.4: The simulated S-parameters of the designed grounded coplanar
waveguide.

Next, the vertical via transition is appropriately designed to reduce its impact
on the filter’s insertion loss at the Ka-band frequency range, and it’s presented
in Figure 4.5. The signal propagates in the GCPW on the bottom substrate
and then travels through a blind vertical via. A capture pad, with a diameter
of 0.35 mm, is formed on the bottom of substrate B2 to connect the via to the
external strip lines that are shorted to the cavity posts. A small capacitance
is formed between the coplanar waveguide and the surrounding ground plane
(C1). The via length between the coplanar waveguide and the capture pad can
be modeled as an inductance (Li). There is also a small capacitance formed

between the capture pad and the top copper layer (Cy). As discussed in detail

Table 4.1: Grounded coplanar waveguide design parameters. All dimensions are

in mm.
Parameter Value
GCPW substrate thickness 1.03378 (40.7 mils)
GCPW trace width (W,) 0.35
GCPW gap (9) 0.05
Fence via diameter (d) 0.06
Fence via to trace spacing (X) 0.085
Fence via to via spacing (p;) 0.12
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in section 2.3.1, the vertical via transition, which is represented by two shunt
capacitances (C, C3) and one inductance (L;), behaves as a low pass filter.
Cy and Ly can be determined using (2.24) and (2.25), respectively. The small
capacitance that is formed between the capture pads and the top copper layer

can be determined by
€€, A

C(2: d )

(4.1)

where €, is the permittivity of free space, €, is the dielectric constant of Subl, A
is the area of the capture pad, and d is the distance between the capture pads
and the top copper layer. The equivalent lumped element circuit model of the

vertical via transition is presented in Figure 4.6.

= C,

Signal path

Capture pads

IS
|

Figure 4.5: Overview of the Ka-band vertical via transition to illustrate the
lumped elements affecting the signal path.

The impact of the vertical transition on the filter performance can be miti-
gated by appropriately tuning the dimensions of the capture pad diameter, the
vertical via length, and the via diameter. The placement of the GCPW on
the bottom side of the structure allows for a shorter via transition, creating a
smaller inductance. This impact increases the cut-off frequency of the via tran-
sition. Also, the increase of vertical via diameter reduces the via inductance and

increases the cut-off frequency. Moreover, the impact of the vertical via on the
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filter can be minimized by reducing C5 [51]. This can be obtained by receding
the area of the capture pad.

The circuit model is simulated in AWR circuit solver, and vertical via dimensions
are tuned. After tuning, the vertical via diameter is chosen to be 0.2 mm. The
desired external coupling determines the length of the via, where the capture
pad of the external strip line is placed and is initially set to 0.3048 mm. The
capture pad diameter is chosen to be 0.35 mm. The calculated capacitance and
inductance based on the design parameters are presented in Table 4.2. The
simulated S-parameters of the vertical via circuit model using the calculated
capacitance and inductance are shown in Figure 4.7. It can be seen that low loss
is obtained across the frequency range of interest.

L1
Y YT

50 Ohm
C1 — C2 50 Ohm

Figure 4.6: Ka-band vertical via transition equivalent lumped element circuit
model.

Table 4.2: Calculated capacitance and inductance of the Ka-band vertical via
transition lumped circuit model elements.

Lumped Element Value
Ch 0.01207 pF
Cy 0.004082 pF
Ly 0.1712 nH
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Figure 4.7: The simulated S-parameters of the Ka-band vertical transition via
lumped element circuit model.

4.1.2 Simulation Results

The Ka-band Chebyshev ELCSIW second-order bandpass filter in Figure 4.1
is simulated using the full-wave HFSS solver. The filter is excited using two
wave ports normalized to 50 €2 placed at the edge of the coplanar waveguide
substrate. The filter parameters’ dimensions and thicknesses are listed in Table
4.3. To demonstrate the frequency scaling of the technology, the filter is designed
at an arbitrary center frequency of 30 GHz with a bandwidth of 2 GHz. This
Ka-band filter achieves 98.3 % miniaturization as compared to its substrate-
integrated waveguide counterpart filters. The second-order filter’s S-parameters
are shown in Figure 4.8. The simulated insertion loss is 0.9 dB, and the return
loss is greater than 20 dB. Moreover, the filter displays a wide spurious-free band

greater than 30 GHz.
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Table 4.3: Ka-band second-order Chebyshev ELCSIW bandpass filter design pa-
rameters. All dimensions are in mm.

Design Parameter Value
Cavity length (W) 0.5
Patch width (W) 0.35
Post diameter (D) 0.095
Coplanar waveguide width (W,) 0.35
Coplanar waveguide gap (g) 0.05
Vertical via transition diameter (D,) 0.2
Air cavity to via spacing (57) 0.9
Outer via diameter (d) 0.06
Outer via spacing (p) 0.12
Bottom substrate thickness (H;) 0.9652 (38 mils)
Isola prepreg thickness (Hs) 0.0685 (2.7 mils)
Top substrate thickness (Hj) 0.381 (15 mils)
External tap height (H.;) 0.3048 (12 mils)
Inter-resonator tap height (H;,) 0.3048 (12 mils)
SpeedWave prepreg thickness 0.0508 (2 mil)
Copper clad thickness () 0.0175
Inter-resonator stripline width (Ws) 0.05
External coupling stripline width (W,,) 0.08

S-Parameters (dB)
o~
(e}

N
S
T

_50 1 1 1 1
10 20 30 40 50 60 70 80

Frequency (GHz)

Figure 4.8: The simulated S-parameters of the Ka-band second-order ELCSIW
bandpass filter.
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4.2 Ka-band Mixed-Coupling ELCSIW Bandpass Filter Design

Second-order filters typically have a less sharp roll-off compared to higher-order
filters, as observed in the performance of the Ka-band filter in Figure 4.8. This
can result in unwanted signals leaking into the passband. Thus, two second-order
ELCSIW bandpass filters in Ka-band with improved stopband rejection are de-
veloped. The stopband improvement is obtained by generating a transmission
zero (TZ) in the stopband using a mixed-coupling mechanism as discussed in
section 2.4. The ELCSIW unique structure allows two adjacent resonators to
electrically couple by extending strip lines from the resonator patches and form-
ing interdigital capacitor. The length and width of the strip lines and the spac-
ing between them adjust the intensity of electric coupling. This extra coupling
mechanism, in conjunction with direct tap magnetic coupling, provides a mixed
coupling that can produce a transmission zero on either side of the passband
based on which coupling is dominant. The first filter (case A) is designed to
have a TZ in the upper stopband, whereas the second filter (case B) is designed
to implement a TZ in the lower stopband. Both cases demonstrate the reconfig-
urability of the ELCSIW filter to have a TZ in an arbitrary location around the
passband.

In Figure 4.9, the first mixed coupling second-order ELCSISW filter (case A)
is presented with two extended strip lines from the resonator patches. The filter
is designed based on the specifications and guidelines in section 4.1. The initial
dimensions of the filter are listed in Table 4.3. The extended strip lines from the
patches add extra capacitance and electrical coupling to the filter, and therefore,
some of the designed parameters in Table 4.3 need slight modifications to achieve
the desired specifications. These modifications to the design parameters are
updated in the figure caption. The design procedure of the mixed coupling

mechanism and the location of the TZ are discussed in section 2.4. Following
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the abovementioned guidelines, the filter is implemented and simulated in the
full-wave HFSS solver, and the S-parameters are shown in Figure 4.10. The
simulated insertion loss is 0.9 dB, and the return loss is greater than 20 dB. The

figure shows a TZ realized at 37 GHz to improve the stopband rejection.

Figure 4.9: Design illustration of the second-order ELCSIW filter (case A) with
mixed magnetic and electric coupling mechanisms. (Ls = 0.08 mm,
W, = 0.03 mm, G, = 0.03 mm, D = 0.107 mm, Wi, = 0.13 mm,
We, = 0.09 mm).
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Figure 4.10: The simulated S-parameters of the Ka-band second-order ELCSIW
filter (case A).
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The mixed coupling second-order ELCSISW filter (case B) is presented in
Figure 4.11 with three extended strip lines from each resonator patch. Similarly,
the filter is designed based on the specifications and guidelines in section 4.1. The
initial dimensions of the filter are listed in Table 4.3, and slight modifications
on these design parameters are provided in the figure caption. The filter is
implemented and simulated in the full-wave HFSS solver, and the S-parameters
are shown in Figure 4.12. The simulated insertion loss is 1.1 dB, and the return
loss is greater than 20 dB. Additional loss is noticeably degrading the passband
performance. The additional loss is caused by the strong electric field coupling
between the extended strip lines. Figure 4.12 shows a TZ realized at 23 GHz,
which significantly improves the lower stopband rejection as compared to the

filter performance in Figure 4.8.

Figure 4.11: Design illustration of the Ka-band second-order ELCSIW filter
(case B) with mixed magnetic and electric coupling mechanisms.
(Ls = 0.12 mm, Wy = 0.03 mm, G5 = 0.03 mm, D = 0.215 mm,
Wis = 0.05 mm, W, = 0.087 mm, H;, = 0.1016 mm).
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Figure 4.12: The simulated S-parameters of the Ka-band second-order ELCSIW
filter (case B).

The ELCSIW technology is a cutting-edge development in the field of sub-
strate integrated waveguide compact filter technology. This technology is a
promising new technology for ultra-miniaturized SIW filters. The ELCSIW tech-
nology has been demonstrated in Ka-band frequencies showing 98 % miniaturiza-
tion factor, excellent insertion loss of less than 1.1 dB, and improved stopband
rejection using full-wave simulations. This shows the capability of ELCSIW
technology to scale to higher frequencies at a compact size and low loss. This
technology has the potential to advance future communication and radar sys-
tems; however, several challenges need to be overcome in order to implement it
in a standard PCB process.

One of the challenges is the size of the smallest feature in the design, which
must be chosen according to the fabrication capability. For instance, the Proto-
laser U4 has the ability to fabricate strip lines of width 30 pm using 20 pm focused
laser beam diameter with a 1.2 pum resolution. This can limit ELCSIW imple-

mentation in PCB technology in frequencies higher than Ka-band. However,
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this technology can be explored for applicability to other fabrication processes,
such as semiconductor technologies, to create even smaller features. Another
challenge is the vertical transition low pass filter effect. This effect limits the
substrate thickness selection as a thicker substrate lowers the low pass filter
cutoff frequency. Other external coupling mechanisms, such as CPW to SIW
transition coupling and slots coupling, can be investigated as alternatives to the
vertical via transition.

In summary, the ELCSIW technology offers a compact and low-loss solu-
tion for filters in wireless communications and radar systems. Although some
challenges need to be overcome, further research and development in this field
will help fully realize this technology’s potential and provide better solutions for

future communication and radar systems.
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Chapter 5

Summary and Future Work

5.1 Summary of Work

This research is focused on advancing the field of ultra-miniaturized filters for use
in the next generation of wireless communications and radar systems. These sys-
tems have strict RF front-ends requirements, including compactness, lightweight
design, high power capability, and low loss. In order to meet these demands,
ultra-miniaturized embedded loaded coaxial substrate integrated waveguide fil-
ters are developed and implemented.

First, a comprehensive modeling and analysis of the proposed ELCSIW struc-
ture are presented. Integrating a highly loaded air-filled parallel plate capacitor
into an ELCSIW resonator is key to achieve a high miniaturization factor with
a high-quality factor. Detailed step-by-step materials selection and fabrication
guidelines in standard PCB technology are provided. An ELCSIW resonator is
simulated at 1.1 GHz, obtaining a 99 % miniaturization factor and an unload
quality factor of 480. Utilizing the ELCSIW resonator, a second-order ELCSIW
bandpass filter is designed and implemented at 1.1 GHz. The simulated filter
exhibit a low insertion loss of 0.26 dB at 6.3 % of fractional bandwidth. More-
over, the proposed filter demonstrates a spurious free stopband more than 7x f,.,
highlighting another technology advantage. The power handling capability of

the ELCSIW filter is investigated in this work. A power handling capability
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prediction method is shown, and it predicted that an ELCSIW filter is capable
of handling up to 113 Watts of power. A comparison between the ELCSIW filter
and the current state of miniaturized substrate-integrated filters is presented.
The ELCSIW filter demonstrates superiority in compactness, quality factor, and
stopband rejection compared to the state-of-the-art filter technologies in the lit-
erature.

Another emphasis of this dissertation is enhancing the stopband rejection of a
second-order ELCSIW filter. Implementing two controlled electric and magnetic
mixed inter-resonator coupling mechanisms enabled the realization of a trans-
mission zero on either side of the passband of the second-order ELCSIW filter.
The transmission zero will occur at the lower side of the passband when the elec-
tric cross-coupling dominatesand vice versa at the upper side when the magnetic
cross-coupling dominates. The arbitrary location of the transmission zero is de-
termined by the intensity of each coupling mechanism. The unique structure of
the proposed ELCSSIW allows two coupling mechanisms to be implemented with
minimal additional fabrication cost. The configuration and the design guidelines
of the mixed-coupled ELCSIW filters are presented. Two second-order mixed-
coupled ELCSIW filters with two different transmissions zero locations are de-
veloped and simulated, showing improvements in the stopband rejection.

Next, a novel post-fabrication frequency tuning mechanism for the ELCSIW
filter is developed. The tolerances and variations in thicknesses and material
properties of prepreg and dielectric substrates can affect the resonant frequency
of the fabricated ELCSIW filters. Thus, additional capacitive loading strip lines
are integrated into the cavity in the design to compensate for the frequency vari-
ation. By connecting or disconnecting the loading striplines, the cavity’s total
inductance, and capacitance can be adjusted, allowing to tune the resonant fre-

quency. The circuit model and the working mechanism of the tuning circuit are
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explained. Two scenarios of mistuned ELCSIW filters are presented to demon-
strate the proposed method’s effectiveness. Using the proposed frequency tuning
method, the resonant frequencies of the mistuned filters are accurately tuned to
their originally designed frequency.

Finally, the scaling capabilities of the ELCSIW technology to high frequency
are investigated. Material selections and design guidelines are provided and ap-
plied to design a second-order ELCSIW filter at 30 GHz. The simulated filter
showed an insertion loss of less than 0.91 dB and a return loss greater than 20
dB. The filter area is 0.56 mm X 1.12 mm with more than 98.3 % miniatur-
ization factor. In addition, two second-order mixed-coupled ELCSIW filters are
designed and simulated at 30 GHz to illustrate the advantage of applying mixed-
coupling to increase stopband rejection by adding a transmission zero. Despite
the challenges, such as fabrication limitation and external coupling degradation
effect, further research and development in this technology will help fully realize
its potential and provide better solutions beyond Ka-band frequencies.

Overall, the work presented in this dissertation provides state-of-the-art ultra-
miniaturized high quality factor substrate integrated waveguide filters that have
the potential to be integrated into the next generation of wireless communications

and radar systems.

5.2 Contributions

This dissertation has provided contributions to the field of SIW miniaturization
techniques and post-fabrication tuning. The work contributions are summarized

as follows

— Accurate modeling and characterization of ELCSIW cavity resonators.

— Development and implementation of ELCSIW cavity resonator achieving
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miniaturization factor of 99 % and quality factor of 480.

— Provide design guidelines to fabricate multi-layer ELCSIW cavity with mi-

crometer scale air cavity.

— Design and fabrication of ultra-miniaturized bandpass filter with an inser-

tion loss of less than 0.54 dB.

— Development of an ultra-miniaturized bandpass filter with a theoretical

power handling capability prediction of more than 113 W.

— Design and development of an ultra-miniaturized inline mixed-coupled band-

pass filter with dynamic transmission zeros relocation.

— Design and development of a novel post-fabrication frequency tuning for

ELCSIW filters.
— Design and demonstration of ELCSIW filter at Ka-band frequency.

— Design and development of an ultra-miniaturized inline mixed-coupled band-

pass filter with dynamic transmission zeros relocation at Ka-band.

5.3 Future Work

In this dissertation, ultra-miniaturized embedded loaded coaxial substrate inte-
grated waveguide filters and resonators are presented. As shown in Chapter 3,
the resonant frequency of the ELCSIW resonator is sensitive to the capacitive
air gap constructed by the Isola prepreg. The Isola prepreg has its manufac-
turing tolerance, and in addition, its thickness may get reduced under the high
pressure applied during the lamination process. Three micrometers tolerance in
the thickness of the Isola prepreg can lead to a 5 % shift in the resonant fre-

quency. Also, the lamination pressure can cause thickness reduction in the Isola
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prepreg. Typically, the lamination process requires an experimental characteriza-
tion of bonding multiple layers to find the recipe that ensures excellent adhesion
while obtaining the required air gap thickness. Despite the characterizing of the
lamination process, there will be variations in the Isola prepreg thickness. The
typical setup for bonding two dielectric substrates and a prepreg is demonstrated
in Figure 5.1. An accurate Isola prepreg thickness can be obtained by inserting
a copper sheet with known thickness into the stack of the bonding layers. The
metal sheet acts as a stopper when the prepreg thickness is reduced under the
high-pressing lamination process, as shown in Figure 5.2. In other words, the
metal sheet stopper thickness is chosen to be smaller than the prepreg. Then,

when the pressing is applied , the metal stopper will prevent the prepreg from

l Pressing
Sub2

L ——
.
(a) (b)

Figure 5.1: The typical lamination setup for two substrates and a prepreg illus-
tration the prepreg thickness reduction after pressing.

l Pressing

shrinking beyond the thickness determined by the stopper.

Metal Stopper [Sub2 Metal Stopper
—_—

Cf|

(a)

Figure 5.2: The proposed lamination setup for two substrates and a prepreg
showing the benefit of the metal stopper in controlling the prepreg
final thickness.

In C hapter 3, a post-fabrication frequency tuning method for ELCSIW filters

is presented for the first time. This method allows a wide tuning range for the
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resonant frequency of the ELCSIW resonator by disconnecting capacitive tuning
strip lines embedded into the cavity. The capacitance of the tuning strip line
varies based on its length, width, and distance from the patch. This work can
be extended to a tunable ELCSIW filter. Using switch technologies such as pin
diodes or MEMS, an ELCSIW resonator can be developed to have a range of
tunable frequencies controlled by DC bias switches. The proposed overview of
the tunable filter is presented in Figure 5.3. Each switch can have a separate DC
bias. The number of tuning strip lines can be increased to more than eight to
increase the tuning range and flexibility of the tuning step size of the resonant

frequency.

Figure 5.3: The proposed overview of the tunable ELCSIW filter using switch
technology.

In Chapter 2, a mixed-coupling mechanism is implemented in the ELCSIW
filter to realize a transmission zero in the stopband to improve its rejection
characteristics. This method can be utilized in developing a new configuration
of quad-mode ELCSIW cavity resonators. The ELCSIW quad-mode has four
conductive posts and four patches within a single cavity, as shown in Figure 5.4.
Four different modes are generated in the cavity and coupled with each other.

Figure 5.5 shows the simulated vector plot of the electric-field distribution of the

134



resonant modes. The magnetic coupling is determined by the spacing between
the posts and the size of the posts, whereas the electric coupling is determined by
the inter-digital strip line length. This quad-mode configuration allows for four
different cross-coupling paths, which can generate four transmission zeros [85].
A transmission zero will occur at the lower side of the passband when electric
cross-coupling dominates and vice versa at the upper side when magnetic cross-
coupling dominates, as demonstrated in section 2.4. This new configuration of
quad-mode in ELCSIW technology enables to have an ultra-miniaturized filter
with multiple transmission zeros to suppress interference and higher-order modes
and improve the overall stopband rejection.

Further research and development in the higher-order, multi-modes, and tun-
able ELCSIW filters can expand the feasibility of integrating this technology in

different applications and systems, unlocking the full potential of the technology.
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Figure 5.4: (a) Design layout of the proposed quad-mode ELCSIW cavity
resonator, and (b) coupling scheme of the proposed quad-mode
ELCSIW filter.
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Figure 5.5: Vector plot of the simulated electric field distribution of the proposed
quad-mode ELCSIW cavity resonator, (a) fundamental mode, (b)
differential mode, (c) and (d) pair of orthogonal degenerate modes.
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Appendix A

A.1 Fourth-order ELCSIW Filter

A fourth-order Chebyshev embedded loaded coaxial substrata-integrated waveg-
uide filter is designed at 1.1 GHz to demonstrate the capability to scale ELCSIW
filters to higher orders. Four ELCSIW resonators are placed in box shape topol-
ogy, as shown in Figure A.1. The filter has 70 MHz of bandwidth, equivalent to
6.3 % of fractional bandwidth, and an equi-ripple of 20 dB. The input/output
feed lines consist of 50 2 microstrip lines connected to tap striplines through
vertical transition vias. These tap striplines are short-circuited to the post of
the resonator and allow for magnetic coupling to the cavity. The Chebyshev
polynomial coefficients, the calculated inter-resonator coupling coefficient, and
external coupling for the second-order ELCSIW filter are listed in Table A.1.
Following the design steps in section 2.3, the filter dimensions are realized as
shown in Figure A.1. The filter dimensions and the substrates’ thicknesses are
listed in Table A.2.

Table A.1: The Chebyshev polynomial coefficients, inter-resonator coupling co-
efficient, and external quality factor for the fourth-order Chebyshev
ELCSIW filter.

go g1 92 g3 g4

1 0.9332 | 1.2923 | 1.5795 | 0.7636

g5 k12 ka3 k3a Qex
1.2222 | 0.0574 | 0.0441 | 0.0574 14.8
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Figure A.1: Design illustration of the fourth-order ELCSIW filter. (a) A 3D
structure view, (b) top view, and (c) side view.

Then, the fourth-order filter is simulated using ANSYS HFSS full-wave solver,
and the simulated S-parameters are shown in Figure A.2. The insertion loss of
the simulated filter is 0.81 dB, including the input/output feed line losses. The
fourth-order filter features a sharp roll-off at the 3 dB cutoff frequency, hence
enhancing the filter’s selectivity.

In this section, The ELCSIW technology has demonstrated the ability to

scale to higher orders. This help improves the filter selectivity and unwanted
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signals leaking into the passband. Also, the exhibits a low loss and high minia-
turization with a fourth-order filter. This demonstrates the advantages of the
proposed technology in expanding its boundaries to higher order and different

configurations.

Table A.2: Fourth-order ELCSIW filter design parameters. All dimensions are

In mm.

Design Parameter Value
Cavity length (W) 10
Patch width (W, 1) 7.77
Patch width (W,.2) 7.93

Post diameter (D) 0.8
Microstrip line width (W,,) 1.2
Microstrip pad (W),) 2.6
Vertical via transition diameter (D,) 1.5
Air cavity to via spacing (S7) 0.9
Outer via diameter (d) 0.5
Outer via spacing (p) 1

Bottom substrate thickness (H)

3.378 (133 mils)

Isola prepreg thickness (Hs)

0.0685 (2.7 mils)

Top substrate thickness (Hj)

0.635 (25 mils)

External tap height (H.,)

1.6256 (64 mils)

Inter-resonator tap height (H;,)

1.27 (50 mils)

Copper clad thickness (t) 0.0175
Inter-resonator stripline width (W2) 0.36
Inter-resonator stripline width (Wag3) 0.25
Inter-resonator stripline width (Wsy) 0.36

Coupling window (Yi9) 6
Coupling window (Y53) 4
Coupling window (Y34) 6
External coupling stripline width (W,,) 1.7
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Figure A.2: Simulated S-parameters of the fourth-order ELCSIW filter.

A.2 ELCSIW Resonator and Filter Fabrication Process

The designed resonator and second-order ELCSIW filter shown in Figure 2.15 and
2.21, respectively, are fabricated using a standard PCB process. The dimensions
and the substrate thickness of the stack-up layers for the designed resonator
and filters are presented in Table. 2.3 and 2.6, respectively. The fabrication
steps are designed to meet the capabilities of the ARRC fabrication lab. The
summary of the step-by-step of the fabrication process is presented in section
2.3.5. Additional details on the copper plating are presented in this section.
Copper electroplating is a process of coating a copper layer on a surface of a
substrate. During fabrication, the stack-up layers required copper electroplating
for the posts and cavity vias of the filter and resonator. The stack-up layers
are made of dielectric materials that can not be directly copper coated with
an electroplating process. Therefore, the copper electroless coating process is
required before copper electroplating to deposit a thin layer of copper using a
chemical reaction. The electroless process starts with micro-etching the stack-

up layers using an acidic bath formulated to activate and condition drilled vias.
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Then, the stack-up is treated with a catalytic solution to provide a seed layer
on non-metallic objects before depositing copper using an electroless solution
bath. Then, the stack-up undergo the electroplating process to electrically de-
posit 17 um of copper. The conductivity and the roughness of the copper depend
on the condition of the electrolyte bath, organic additives used during the pro-
cess, and the electroplating method (forward or reveres pulse). The electrolyte
bath used in this experiment is an acidic sulfate-based bath. A brightener is
used as an additive solution to refine and orientate the grain structure of the
copper deposition [86]. This experiment uses the periodic pulse reverse plating
method to plate the via surface and uniformly achieve low surface roughness.
The periodic pulse reverse plating waveform is shown in Figure A.3. In Figure
A .4, cross-sectional photos of plated via using forward pulse and periodic pulse
reverse methods are presented. The forward pulse plating shows non-uniform
and pinholes in the via surface, whereas the periodic pulse reverse method shows
uniform and free-pinhole plating. The parameters of the periodic pulse reverse
waveform are listed in Table A.3 where T is the cycle time, t,, is the forward
pulse on time, ¢,7s is the forward pulse off time, ¢,¢, o, is the reveres pulse on
time, t,ev off is the reveres pulse off time, ¢ and 4,., are the current densities of

the forward and reverse pulse in A.ft=2 (ASF), respectively.
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Figure A.3: Schematic diagram illustrating the parameters to describe the for-
ward and reveres pulse plating waveform.

Free-pinhole
plating

pinholes o e,
@ ®

Figure A.4: Cross-section view of plated via using (a) forward pulse, and (b)
periodic pulse reverse plating methods.

Table A.3: The periodic pulse revers program and waveform parameters.

ton toff trev_on trev_off T 1f irev
4ms | 6ms| 1ms | 4ms |15ms |4 Aft=2 | 0.8 Aft=2
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