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Abstract

With the recent progress in wireless and satellite communication and the 5G
requirements for increased multi-band structures, integrated platforms with simple
configurations are in need to offer flexibility in the design, selective pass-bands generation
and/or unwanted frequencies suppression. In this connection, transmission zero realization
is one of the most interesting concepts in the design of high frequency filters responsible
for increasing attenuation and suppressing parasitic EM signals at specific frequencies. On
the other hand, evanescent-mode technique is an alternative for miniaturization. Here,
planar and 3D (waveguides) filters are studied with the focus on creating transmission zero
and evanescent-mode pole. This thesis creates a bridge between the planar and 3D
structures by expanding a comprehensive lumped element circuit modeling of distributed-
element structures. The results have enhanced flexibility in the filter design with multiple
notch-band realization, stop-band expansion and multi-band functionality using evanescent
and ordinary modes excitation.

For planar structures, the application of transmission zero is narrowed to notch-band
realization to suppress the signal at some specific frequencies avoiding interference
between local communication networks. Adopting the wave’s cancellation theory, multiple
notches are realized in UWB BPFs using the higher spurious resonance frequencies of a
resonator. In this connection, single-layer platforms are proposed to design UWB BPFs
with multiple notch-band frequencies. In addition, the concept is further studied to develop
tunable multiple notch-band UWB BPFs where a new configuration of coplanar waveguide
multi-mode resonator integrated with MEMS capacitor is developed for single/double

notch-band realization.



Moreover, the importance of such analysis is highlighted in 3D structures integrated
with new L-shaped irises and open side walls. The proposed integration is more studied
using lumped element equivalent circuits to conceptually discuss the behavior of
distributed-element structures resulting in the complete analysis and control of these
components. Furthermore, a prescribed filtering function is demonstrated using the lumped
element analysis including not only evanescent-mode pole, but also close-in transmission

Z€10.
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Chapter 1 Introduction

1.1 Synopsis

Filter is one of the main components in communication systems. This device is used to
partially pass a signal at some specific frequencies and simultaneously suppress the signal
in the other frequencies. An ideal filter has zero insertion loss and linear phase response in
its pass-band as well as infinite attenuation in the stop-band. However, practical limitations
cause deviations in the actual performance of the filter.

Apart from the efforts to design a near-ideal performance filter, the size and complexity
of a structure are also considered as the main design concerns. Available filter structures
are mainly categorized into two classes; planar and 3D structures. The former mitigates the
size and complexity concerns over the deviation from near-ideal performance, while the
latter lowers that deviation (high Q-factor, less radiation loss in higher frequencies, more
selectivity) at the expense of more complexity and larger volume size.

Depending on the application, the need arises to design and utilize complicated
structures that include the advantages of both classes, regarding near-ideal performance
(low loss and high isolation), small size and less complexity. Up to date, filters have
developed with variety of characteristics mainly with the focus on optimized bandpass
behavior. Suppression and stopband behavior however, has not been adequately
investigated.

In the literature, lumped element equivalent circuit proved to be an effective approach
to model the performance of distributed-element structures via behavioral analysis.
However, it has only been used for narrow-band applications, i.e. at their resonance
frequency and pass band. The problem becomes more pronounced noting that the narrow
band circuits have been vastly studied in the pass bands, neglecting the importance of

suppression in stopbands.



This thesis aims to cover these shortcomings and generate the knowledge required to
design filters in planar and substrate integrated structures and highlight the importance of
considering stopband and transmission zeros. Comprehensive circuit analysis is included
to accurately perceive the behavior of distributed elements and optimally take advantage

of these structures.

1.2 Thesis Objectives

The main objective of this thesis is to investigate wideband circuit modeling and develop
new techniques for flexible transmission zeros in both planar and SIW based filters.
Although our focus is mostly on TZ realization, pass band performance (transmission pole)
is also of significance importance in this work. Achieving low loss performance in small
size compared to wavelength has been always considered throughout the thesis. This work
aims on creating flexibility in the design of the number of pass bands and TZs.

To achieve the objective, a comprehensive and wideband circuit modeling of a
transmission line is studied. The results are then used for:

e Developing a more complete equivalent lumped element circuit for distributed
elements in transverse direction (Chapter 2).

e Developing a new technique based on wave’s cancellation theory to create single
and double transmission zeros and notch bands in ultra-wideband (UWB) filters
(Chapter 3).

e Developing a new technique based on waves cancellation theory to create triple
and quadruple transmission zeros and notch bands in ultra-wideband (UWB) filters
(Chapter 4)

e Developing UWB BPFs with single/double tunable transmission zeros and notch
bands by integration of MEMS capacitors with coplanar waveguide (CPW)
(Chapter 5)

e Developing new structures for flexible realization of transmission zero and
evanescent-mode pole at the same structure achieving miniature single/double band

filters with ultra-wide stop-band (Chapter 6).



e Developing new technique and structure for flexible realization of transmission
zeros by integration of substrate integrated waveguides (SIW) with planar

resonators (Chapter 7).

1.3 Thesis Overview

To achieve a lumped element equivalent circuit that can accurately model the behavior of
a distributed-element structure in a wider frequency band, we expand the conventional
lumped element equivalent circuit for the integrated substrate integrated waveguide. We
will elaborate more on the details of this proposal in Chapter 2.

It should be noted that this model studies the behavior of distributed-element structures
in the transverse direction. However, more future research work can be done to include the
propagation direction.

This thesis investigates the behavioral analysis of distributed elements for both planar
and 3D structures on one hand and for the integration of these two structures on the other
hand.

Ultra wide-band band-pass filters (UWB BPFs) with single notch-band are realized on
a single-layer structure with no via-hole or short-circuited stub. Since, the increase of
notch-band entails more complicated structures, either with multi-layered structures or via-
holes [3]-[6], complexity minimization with near-ideal performance is required in the
design of planar UWB BPFs with multi notch-bands.

In this study, we aim to design planar UWB BPFs with multi notch-band and
simultaneously minimize complexity. Thus, we propose the use of wave’s cancelation
theory in the development of single/double/triple and quadruple notch-band UWB BPFs
on a single-layer structure with no via-hole or short-circuited stub (Chapter 3 and Chapter
4).

Moreover, UWB BPFs with tunable single/multi notch-band are capturing the interests
of researchers [7]-[9]. As a result, our goal in Chapter 5 is to develop such filters with
tuning capabilities.

Another aim in this study is to investigate L-shaped iris embedded in 3D structures

(Chapter 6). A lumped element equivalent circuit is utilized to thoroughly discuss the iris



behavior in a wide frequency band. This structure has one more degree of freedom and
design parameter compared to the conventional iris structures; therefore, it enables design
flexibility with enhanced performance. The L-shaped iris is utilized to realize a two-pole
evanescent-mode filter with an enhanced stop-band and a dual-band filter combining
evanescent and ordinary modes excitation. Moreover, a prescribed filtering function is
demonstrated using the lumped element analysis not only including evanescent-mode pole,
but also close-in transmission zero.

It is well-known that a filter structure consists of a resonator and two coupling sections
where discontinuities including gap-coupled TLs and coupling aperture are employed to
realize coupling sections in planar and 3D structures, respectively. In this study, we
propose to partially integrate these two structures to make a trade-off between their
advantages and disadvantages resulting in size and complexity reduction.

To accomplish this, planar stepped-impedance resonator (SIR) is integrated with 3D
coupling structure and presented in Chapter 7. Moreover, reduced-height open-circuited
stubs are added to mitigate radiation loss of the resonator. The structure demonstrates a
small BPF with wide upper stop-band.

Furthermore, the capability of this integration is also studied to design dual-band BPFs
by adding the least complexity to the structure (one reduced-height open-circuited stub).
Note that the structure is realized in low frequencies and the design procedure can be further

studied for the higher frequencies in the future work.

1.3.1 Organization

This thesis has been written in paper-based format. The entire thesis is presented in eight
chapters.

Chapter 1 provides a brief background and motivation on this research. It includes
detailed literature review on transmission zero’s realization and also provides comparison
between the existing technologies.

Chapter 2 presents a thorough review of the literature and theories related to

transmission zero (TZ) and evanescent pole realization.



Chapter 3 presents a new technique to realize flexible single and double TZs in UWB
BPFs based on the wave’s cancellation theory. The technique is studied in detail involving
the first spurious resonance frequency of the resonator to generate notch-band.

Chapter 4 presents another study on TZ’s realization in UWB BPFs by further
developing the idea of the wave’s cancellation theory to increase the number of notch-
bands in this type of filters. In this Chapter, the structure in Chapter 3 is further developed
by integrating double notch-band filters with p-strip gap coupled transmission lines
resulting in triple and quadruple notch-band UWB BPFs.

Chapter 5 presents a further development on the use of wave’s cancellation theory to

realize ultra-wideband band-pass filters with tunable single/double notch-bands. To
develop the structure, multi-mode resonators (MMRSs) are integrated with MEMS actuators
resulting in independently tunable single and double notch-band UWB BPFs.
Chapter 6 investigates L-shaped iris embedded in substrate integrated waveguide
structures. A lumped element equivalent circuit is utilized to thoroughly discuss the iris
behavior in a wide frequency band. This structure has one more degree of freedom and
design parameter compared to the conventional iris structures; therefore, it enables design
flexibility with enhanced performance. The L-shaped iris is utilized to realize a two-pole
evanescent-mode filter with an enhanced stop-band and a dual-band filter combining
evanescent and ordinary modes excitation. Moreover, a prescribed filtering function is
demonstrated using the lumped element analysis not only including evanescent-mode pole,
but also close-in transmission zero. The proposed L-shaped iris promises to substitute the
conventional posts in substrate integrated waveguide filter design.

Chapter 7 presents a new technique to realize flexible multi-band band-pass filters based
on integration of open side-wall substrate integrated waveguide (SIW) and planar stepped-
impedance resonators (SIRs). Partially open side-wall SIWs are employed as evanescent
feeding for SIRs to develop single/dual-band BPFs with arbitrarily tunable resonance
frequencies and ultra-wide stop-band. Furthermore, a novel technique is developed to
realize TZs between the bands by using vertically integrated open and short-circuited stubs.

Finally, Chapter 8 summarizes the main conclusion and contributions from this study

and provides some recommendations for future studies.
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Chapter 2 Background and Principles

This chapter is divided into two main parts. In the first part, literature is initially
reviewed for the conventional techniques of transmission zero and evanescent pole
realization. In the second part, the conventional lumped element equivalent circuit of
transmission lines is critically discussed and a comprehensive wideband equivalent circuit

is proposed as a principle of operation in our designs and circuit modelling.

2.1 Literature review

This section is divided into two main parts where the literature is reviewed for the
conventional techniques of transmission zeros and evanescent pole’s realization,

respectively.

2.1.1 Transmission zero

This section is also divided into some sub-sections to review the proposed structures to
realize TZs for different applications such as notch-band realization or upper stop-band
extension in high-frequency filter design. Additionally, the proposed techniques are

separately discussed for both planar and 3D waveguide structures.

2.1.1.1 Single-multiple notch-band UWB BPF

The use of ultra-wide-band (UWB) technology has been dramatically increased since
the U.S. federal communication commission (FCC) authorized UWB for the unlicensed
use in short-distance communication in early 2002 [1].

A wide-band filter generally requires a large design area or complicated structure such
as a three-dimensional coupling structure utilizing either wire-bonding connections or via-
holes. In addition, since the 3.1GHz to 10.6 GHz UWB covers various existing wireless
communication frequency bands, such as the 3.5-GHz WiMax band, 5.0 GHz WLAN band,
5.9GHz DSRC, 8.0-GHz military and satellite-communication bands, it is desirable to

introduce multiple notch bands to avoid these interferences. In addition, it is expected that
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the rapid growth of communication systems will entail the need for UWB band pass filters
with multiple notches even further.

As the number of the required notches increases, the number of transmission zeros of
the filter should be enhanced which makes the design more challenging. In general, many
different designs have been introduced to realize UWB BPFs utilizing multi-mode
resonators (MMRs), defected ground structures and left/right-handed technique [2]-[10].
While these models offer effective techniques to design UWB BPFs, they still suffer from
a long list of drawbacks such as: incapable of realizing more than one notch-band [2]-[4],
lack of transmission zeroes for high selectivity [5]-[8], narrow upper stop-band [9]-[10],
complicated and expensive fabrication procedure including multi-layer structure [7], [8]
and [10] , high cost from the use of via holes [8]-[9], incompatibility with monolithic
microwave integrated circuits (MMICs) [7]-[9]. Although these filters provide double
notch bands, there is still a need to design multi notch bands including triple (TNBs) or
quadruple notch-bands (QNBs). Aligned with this need, two not quite different models
have been recently reported to demonstrate TNBs in [8]-[9]; but at the expense of multi-
layer LCP technology including short-circuited stubs or via-holes. Ref [10] has recently
reported the only quadruple notch-band filter (based on our knowledge) and yet requires
multi-layer patterning. Generally, three important characteristics are considered in the
priority of the notch-band filters including the size, complexity in the structure and the
number of the notch-bands. Table 2.1 summarizes several recently proposed single and
multiple notch-band UWB BPFs.

As provided in Table 2.1, each filter has its own advantages and disadvantages for
instance; the first two ones can provide a single notch-band, the ones proposed in [5] and
[7] are realized by a complicated multi-layer substrate without any transmission zero
accompanied by using via-holes and short-circuited stubs.

Moreover, the triple notch band BPF in [8] requires a three-layer substrate with via-
holes and short circuits, it also occupies a large area on the substrate. Eventually, the
quadruple notch-band UWB BPF developed in [10] also needs a multi-layer patterning and

the notches are not able to be arbitrarily tuned.



Table 2.1. Comparison between the conventional single/multiple notch-band UWB

BPFs.
Ref. Pic. Of Filter Structure Size (Agx Ag)  Notch. Num
[3]
p-strip +DGS 1.0 x0.2 Single-notch
[4] u-strip 0.86 x0.1 Single-notch
|. ~ Port2
T Multi-layer
[5]1  swsmet gm0 , 0.46 x0.1 Dual-notch
‘ p-strip
-strip + via
[7] HEHp 0.84 x0.5 Dual-notch
hole
Multi-layer
[8] u-strip 1.1 0.6 Triple-notch
+ via hole
[10] :
p-strip 0.46 x0.35 Quadruple-
notch

2.1.1.2 Tunable notch- band UWB BPF
As presented in the previous section, several studies have focused to realize single and
multiple notch-band filters [2]-[10]; however, they are limited to fixed notches. It is well

known that the existing parasitic signals change from place to place and from time to time.



Therefore, recent investigations have attempted to design tunable notch-bands for UWB
filters to suppress these tunable signals [11]-[15]. A single tunable notch-band UWB BPF
has been reported in [11] based on harmonic characteristics of a half wavelength
transmission line integrated with varactor diodes. Another tunable notch-band filter has
been investigated using open-circuited p-strip structure integrated with varactor diodes
[12]. An electronically reconfigurable notch-band UWB BPF on liquid crystal polymer
(LCP) substrate has been reported in the literature [13]. The same technology has been
used to develop tunable single notch-band UWB BPF.

However, these filters have been designed by incorporating varactor diodes and via
holes which require hybrid integration with associated complexity. Besides, they consume
power and show poor RF performance [13]. Figure 2.1 shows the structure as well as the

performance of the proposed tunable notch-band UWB BPFs discussed in [14]-[15].

S Parameter (dB)

Frequency(GHz)

(2) (b)

Figure 2.1. (a) The structure and (b) the performance of the tunable notch-band UWB
BPF proposed in [14]-[15].

Active filters have also been employed in several studies to meet these requirements but
at the expense of increased CMOS chip area, cost and power consumption [16]-[17].
MEMS filter technology has been widely studied during the last decade due to the superior
characteristics that it offers low DC power consumption and low RF loss [18]. To capture
such benefits, a miniaturized tunable notch-band UWB BPF integrated with MEMS

actuators has been recently investigated shown in Figure 2.2 [19].
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Figure 2.2. (a) The structure and (b) the performance of the tunable notch-band UWB

BPF proposed in [19].
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This filter provides a tunable single notch-band on a silicon-based substrate; however,
the structure is limited to a tunable single notch-band. Table 2.2 summarizes the

performances of the main reported tunable notch-band UWB BPFs in the literature.

Table 2.2 Comparison between the conventional tunable notch-band UWB BPFs.

BPF Structure Size (mm?) Notch-No  Rejection (dB)
Wei [14] u-strip + varactor diode 35%20 One 10
Wei [15] u-strip + varactor diode 35x17 One 11
Wu [19] Silicon + MEMS 4.8 x2.9 One 21

2.1.2 Transmission zero realization in 3-D waveguide

Transmission zeroes (TZs) or attenuation poles are required in the design of microwave
and millimeter-wave components to improve the performance of the structure in terms of
high selectivity, sharp skirts, and wide-band upper stop-band. The techniques of realizing
TZs can be initially reviewed in two categories including planar and 3D waveguide
structures. In the previous section, several techniques have been discussed to demonstrate
a TZ in the planar structures for notch-band UWB applications [2]-[23]. Here, the other
application of this concept is reviewed for both planar and 3D structures.

Some studies have proposed several different techniques to realize TZs for upper stop-

band extension in both planar and 3D structures [24]-[47]. For planar structures, the TZ is
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mainly tuned by changing the length of one open or short-circuited stub involved in the
attenuation pole resonance [24]. Figure 2.3 shows two types of planar structures to realize
tunable TZs [24]-[25]. As shown in the left-handed picture, two TZs have been
demonstrated and tuned using open-circuited stubs integrated with varactor diodes [24]. In
a similar way, a tunable TZ has been realized using the integration of complementary split

ring resonator (CSRR) integrated with varactor diodes [25].

Top

Vial/i._\/arﬂctor
5 diode
Via2—"

(a) (b)
Figure 2.3. The proposed structure for tunable TZs realization: (a) using combination of
open- and short-circuited stubs integrated with varactor diodes [24] (b) CSRR integrated

with varactor diodes [25].

TZs realization and tuning in 3D waveguide are reported to be a challenge where totally
two different techniques have been proposed to establish that in the literature. The first
technique is reported to be cross coupling between nonadjacent cavities or higher order
excitation which can provide controllable TZs; however, at the expense of complicated 3-
D structures. Figure 2.4 shows the concept behind this technique [28]-[39]. As shown in
Figure 2.4(a), the non-resonating TE o bypasses the resonance mode TMi1o [29] and in the
other model, coupling between nonadjacent cavities is realized to demonstrate a TZ. It
should be noted that these two techniques realize TZs based on the wave cancellation
theory [45]. In the other technique, the TZ realization is reported by means of multi metallic

posts and irises inside 3D structure [42]-[47].
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Table 2.3 Comparison between the conventional techniques of TZ realization in 3D

structures.

Ref. Resonator Structure

Structure TZ

i/ Waveguide

[28] L
.-u.‘:‘:

[29] Waveguide

[30] Waseguide

[33] Waveguide

[34]

ﬁ Waveguide
[36] w Waveguide

H-plane metal vane

y”"’“«“? . - '/,ﬂ_ Waveguide
el 8
371 |
=
0 d

1-2

1-2

*N
ocC

*N
oC

Mul
tiple

[39]

[42]

[44]

[45]

[46]

[47]

Resonant
made L& =

Waveguide  1-6

Waveguide 1-6

Resonant 2
mode 2 -

Waveguide #NOP

Waveguide 1-2

]
Wl?ﬁ’“ ] Waveguide  1-4
il o 5
- ”'5“1” "
AN i

[LLLLLL) LLLLILL
H ."l“l.. -

d ,]“7 i SIW lor2

'
fesaennt ' ' Yin

J— L]
— ] 0 ]
" ]
' I
' 1
R DA T

*NOC : Depending on the number of cavities

#NOP: Depending on the number of posts
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(a) (b)
Figure 2.4. The diagram schematic of TZ realization: (a) singlet with bypass coupling

[29] (b) non-adjacent cavity coupling [45].

Table 2.3 summarizes the proposed structures using the conventional techniques of TZ
realization in both 3D waveguides and SIWs. Inspecting the proposed structures, the
techniques result in complicated and bulky 3D structures. Another limitation imposed by

these structures is that at least one cavity or post is needed for each TZ.

2.1.3 Evanescent-mode band-pass filters

It can be said that the main advantage of the evanescent-mode resonators in comparison
to those operating in ordinary modes is their small size with high-Q but at the expense of a
higher in-band insertion loss.

Historically, the evanescent-mode resonator has been discovered and discussed for the
first time in [50]. Afterwards, this concept has been further discussed in other studies [51]-
[53]. Since operating in this mode was still unknown, it was called as “ghost mode” [50]-
[51]. Later, the concept has been analyzed based on a lumped element equivalent circuit

model as given in Figure 2.5 [51]-[53].
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Figure 2.5. The conventional lumped element equivalent circuit of a waveguide

operating in evanescent mode [53].

As shown in Figure 2.5(a), the waveguide operating in evanescent-mode can be
represented by two parallel inductors connected to each other by means of another series
inductor. Based on the model in Figure 2.5(b), an evanescent-mode resonance is realized
by adding some capacitors to the circuit [53].

The conventional lumped element equivalent circuits proposed in [53]-[54] have been
reported with some limitations where these circuits have been further expanded in some
other research studies [55]-[56]. Moreover, evanescent-mode filters have been realized
using double-step waveguide junction [57]-[58].

All the structures proposed in these studies have been reported to comply with the
original equivalent circuit presented in [53] where the waveguide is modeled with an
inductor under the 3D structure cut-off frequency and an evanescent-mode BPF is realized

by adding a parallel capacitor to the circuit.

2.1.3.1 Evanescent-mode BPF based on micro-machined technology

After a decade, the design of this kind of resonator has been resumed again in different
investigations [59]-[67]. In these studies, the original technique of evanescent-mode
realization has been applied to other technologies where two evanescent-mode BPFs have
been developed using micro-machined technology [60]-[61]. Table 2.4 compares these two
evanescent-mode microwave components in terms of size, fractional bandwidth and in-

band insertion loss.
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Table 2.4. Comparison between the conventional two p-machined evanescent-mode

BPFs.

Ref. Micro-machined Resonator Size (AgX Ag) FBW% IL(dB)

CEW.M crostrip
.

[60] 1.79 x1.4 1.9 1.6
Capacitive Post
(4 mm in Diameter)
Via Diameter = 2 mm
[61] CPW Feed .~ . e Via petiod 6 mm=6mm 0.23X023 169 083
<8 [ ] " Cavity height = 2 mm
SR 0L 0
¢ S8 [
P
o \.\ CPW Feed

Inspecting the two evanescent-mode filters developed based on the micro-machined
technology, we observe that the second effort in [61] has significantly improved the
performance and the size of the first one in [60].

Generally, the evanescent-mode BPFs can be categorized in two different classes. The
first class includes the BPFs designed by adding a parallel plate or post inside the
waveguide [47]-[67]. The second class is those developed based on metamaterials,
specifically complementary split ring resonators (CSRRs) placed either vertically inside
the waveguide or on the broad side of the waveguide [72]-[76]. Here, the proposed
evanescent-mode BPFs based on these two techniques are reviewed and compared in terms

of their size, fractional bandwidth and in-band insertion loss.

2.1.3.2 First class: evanescent-mode BPF based on embedded parallel capacitor
In some research studies, tunable evanescent-mode high-Q BPFs have been developed
based on the original technique integrated with MEMS actuators. It should be noted that

no significant changes have been reported in the original structure except incorporating
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tunable capacitors in the structure. In these structures, the parallel capacitor for resonance
has been realized by placing an iris between the ground and the top layer of the waveguide
integrated with tunable actuators. Depending on structure, metallic waveguide or substrate
integrated waveguides (SIW), these structures can demonstrate evanescent-mode BPFs
with different quality factors. Table 2.5 compares three types of these evanescent-mode
BPFs.

Inspecting the reported three evanescent-mode BPFs in Table 2.5, we observe that each
filter has its own advantages and disadvantages, e.g., the one proposed in [62] is the better
candidate for moderate bandwidth and good insertion loss. The filter in [65] is a better
choice for integration with other components and the one in [67] for higher unloaded-Q

applications, but at the expense of higher in-band insertion loss [90].

2.1.3.3 Second class: evanescent-mode BPF based on complementary split ring
resonator (CSRR)

As presented, several studies have recently proposed some techniques to tune the
evanescent-mode resonance using the conventional mechanism of evanescent-mode
realization below the 3D structure cut-off frequency.

In addition to the proposed works, some studies have been also reported to develop
different 3D structures to operate below the cut-off frequency of the 3D structures. These
studies have developed the evanescent-mode realization based on the metamaterial
concept, specifically the integration of waveguide cavity with complementary split ring
resonators (CSRRs). Depending on the configuration of this integration, these studies can
be categorized in two sub-classes.

In the first class, the CSRR unit cells are placed in the propagation direction while the
CSRR unit cells are etched on the broadside wall, top layer, of cavity in the other category.
Figure 2.6 shows the proposed configurations for these two classes [68]-[72].
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Table 2.5. Comparison between the new generation of evanescent-mode BPFs based on

the original structure.

Ref. Resonator Structure Size (Agx  FBW% IL (dB)
M)

Metallic
. >< . . .
[62] ) 0.17 x0.08 2.25 1.3
Waveguide
[65] SIW 0.23x0.1 3.1 3.1
Metallic
[67] ‘ 0.15%0.12 0.78 4.9
Waveguide
y K
X
z e
a
(a) (b)

Figure 2.6. Evanescent-mode realization using CSRRs integrated with waveguide cavity

(a) oriented in the propagation direction [68] (b) on the broadside wall [72].
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Different structures have been developed by means of CSRRs integrated with

waveguide cavities where Table 2.6 summarizes the recent studies based on this technique.

Table 2.6. Comparison between evanescent-mode BPFs based on the integration of

CSRRs and 3D SIW structures.

Ref. CSRR Configuration Size (AgX Ag) FBW% IL (dB)
[68] Propag. Direction 3.7x0.52 5.0 25
[69] Propag. Direction 0.68x0.21 6.2 3.5
[70] Propag. Direction 1.90%0.40 Not Given 15
[71] Propag. Direction 1.21x0.58 20 20
[72] Broadside Wall 0.79%0.32 11 2.63
[73] Broadside Wall 0.45x0.24 15-20 1.75
[74] Broadside Wall 0.10x0.14 54 3.30
[76] Both 0.49x0.40 8.7 1.20

The data presented in Table 2.6 reveal that the first configuration cannot be roughly
considered as a band-pass filter [68]-[71]. As pointed out in [68], this technique can be
only considered as a technique to realize the backward waves.

In contrast to the first configuration, the studies presented in [72] to [74] show that an
evanescent-mode BPF can be demonstrated by placing CSRRs on the top layer of
waveguide cavity. The data presented in Table 2.6 show that this configuration can realize
an evanescent-mode BPF with typical fractional bandwidth (FBW) of 10%. Discussed in
[74], the FBW can be decreased by sacrificing the insertion loss. In another effort, an
evanescent-mode BPF has been designed and proposed using multi-layer SIW integrated
with two CSRRs placing in both propagation direction and top layer of the waveguide [76].

As provided in Table 2.6, this filter provides the lowest in-band insertion loss.

2.1.3.4 Dual-band evanescent-mode band-pass filter
As discussed in the previous sections, evanescent-mode filters have become an

interesting alternative to further reduce the size of 3D structure filters. However, they are

19



mostly limited to a single frequency band and research studies on dual band BPFs are very
limited [77]-[78]. These two dual-band evanescent-mode BPFs have been reported based
on etching the multiple CSRRs on the top layer of the waveguide. The second band is
realized using the coupling between the CSRRs unit cells on the broadside walls of the

waveguide.

2.2 Principle circuit modelling: Enhanced wideband lumped

element equivalent circuit of a transmission line

In filter design, the electrical length of transmission lines (TLs), employed in the
coupling sections of the structure, determines not only the resonance frequency of the main
resonator but also that of the coupling sections. Inspecting the structure of a basic planar
band-pass filter for instance, the electrical length of the coupling sections and the main
resonator are equal to A/4 and 4/2, respectively. Therefore, as it is well-known, 4/4 electrical
length plays a crucial role in determination of the main resonance frequency of the entire
structure.

At the same time, lumped element-based analysis, due to its simplicity and easy-
digestive characteristics, is a crucial technique to predict and model the EM behavior of
transmission lines or distributed-element structures [79]-[84]. Inspecting the conventional
lumped element equivalent circuits in the literature, we observe that there are different
lumped element equivalent circuits corresponding to the different electrical lengths of a
TL. For example, the Richard’s transformation presents the lumped element equivalent
circuit of an open-circuited TL as a capacitor at the frequency corresponding to 4/8 [80],
and S.B. Cohn has proposed four possible L-C networks to demonstrate the inversion
properties of a A/4 transformer [79]. Although these circuits are fundamental and regularly
used in filter design, they are limited to narrow band applications. Four possible L-C
networks are proposed by S.B. Cohn to demonstrate the inversion properties of a quarter
wavelength transformer in terms of these networks. While these models are perfect in a
mathematical point of view at resonance, mathematically demonstrating the inversion
property of a quarter-wavelength TL, they are unable to model and predict the behavior of

a TL for the frequencies below and above the resonance frequency. More importantly, they
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not only exclude the impact of frequency, but also add some ambiguities to lumped element
L-C equivalent circuits of a quarter-wavelength TL from a circuit point of view by
including negative C or L components.

Here, we aim to investigate a wideband circuit modelling to not only include frequency
dependence, but also exclude negative L-C components. Moreover, the developed L-C
circuit not only meets the inversion properties of a TL at the frequency corresponding to
A/4, it but also reduces to the Richard’s transformation at the frequency corresponding to
A/8. More importantly, the proposed lumped element equivalent circuit models both planar,
TEM-supporting, and 3D waveguide, TE/TM-supporting, structures.

To develop the complete lumped element equivalent circuit, the conventional lumped
element equivalent circuit of a TL at the critical frequency corresponding to /4, known as
impedance-admittance inverter [79], [82]-[89], is initially discussed.

Here, due to the importance of the electrical length of 4/4, a comprehensive L-C network
with no negative L-C components is advocated to not only mathematically meet the
inversion properties of a TL at the critical frequency corresponding to 4/4, but also model
and predict the behavior of the TL for the frequencies below and above this critical
frequency.

To do this, following steps are taken in the next section.

e A simple and comprehensive, lumped element equivalent circuit is developed for
a quarter-wavelength TL to model the line for a wider frequency band.

e The deficiency of Richard’s transformation in the conventional lumped element
models of distributed elements is discussed as a comparative example of the
proposed lumped element equivalent circuit showing that the conventional models
miss the impacts of TZs out of the band.

It is shown that the proposed lumped element equivalent circuit reduces to Richard’s
transformation at the frequency corresponding to A/8.

2.2.1 The proposed lumped element equivalent circuit of a quarter-

wavelength TL
For narrow-band applications, a discontinuity in waveguides or some types of

transmission lines (TLs) (e.g., admittance or impedance inverters) is usually modeled using
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lumped element equivalent circuits [81]-[84]. For example, the changes in the cross section
of a waveguide (H-plane) are modeled using an inductor for the frequencies below the
waveguide cut-off frequency [81]. Also, an open-circuited stub is modeled using a series
L-C at the frequency corresponding to 4/4 [82]. Although, these models efficiently predict
their behaviors for narrow-band applications, but they are not sufficient at wide-band
applications. This scenario becomes more critical when two structures with different
resonance frequencies (or different electrical lengths) are analyzed (for our case, the LSI
integrated with the SIW in the transverse direction). In such scenarios, the behavioral
model of integrated structure is predicted only at a specific frequency by considering the
resonance effect of one sub-structure at a time.

However, we believe all the details should be considered for obtaining a thorough and
complete circuit model.

To develop a complete lumped element equivalent circuit modeling a TL within a wider
frequency band, the circuit model in Figure 2.7(b) is used. It includes both inductive and
capacitive impacts. In the transverse direction, the input impedance of a loaded TL (Z;s-11)
and its corresponding L-C components are calculated in terms of the characteristic
impedance and the electrical length of the transmission line (TL). In the general case, the
analysis of TL loaded with Z; is performed in the transverse direction by considering Zi to

be either zero (short- circuited load) or infinity (open-circuited load).

L
— / Cr
o Zo _— |_’

C = [z]
r’ Zin-1C T
Zin- ‘i.
1L ¥ z ; q-gz
(a) (b)
Figure 2.7. (a) Loaded TL with the electrical length of 8 and the characteristic impedance

of Zy (b) the corresponding lumped element equivalent circuit.
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The equivalency between the loaded TL and its corresponding lumped element
equivalent circuit in Figure 2.7 is mathematically analyzed using their input impedances.
The well-known input impedance of a loaded TL with the characteristic impedance of Z

and the electrical length of @ can be considered as in (2-1) [82]:

_ Z1+jZytan(0) )
Zin-1. = 207 Uiz tan() (2-1)

By expanding the term of tan (0) to 2tan(8/2) /(1 — tan?(0/2)), (2-1) can be
considered as (2-2).

z(1-tan? @) )+j2Zptan(3)
Zin-t1 = (

(2-2)

0N . Z 0
1-tan? (E))+jzz—’6tan(5)

On the other hand, the input impedance of the lumped element equivalent circuit given

in Figure 2.7(b) can be calculated as follows:

7 _ Z1(1-w?LC)+jwl
m-LC ™ (1_w210)+jwCZL(2-w?LC)

(2-3)

To map the numerator and denominator of equation (2-2) to those of the corresponding
lumped element equivalent circuit in (2-3), two well-known short- and open-circuited stubs
are considered. In the short-circuited analysis of the TL and its corresponding L-C circuit

(Z.=0), we get the following equations:

j2Zyt 6
2,= 0 Zyn_ry = jZo tan(0) = 2 (2-4)
1-tan (5)
jwL
Z,=0>Zin_1c =57 (2-5)

The values of the L and C components can be calculated in terms of the Zo and 6

parameters by equating the denominator and the numerator of (2-4) to those of (2-5).
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X, = wl = 2Zytan(5) (2-6)

1 0
Xe=wC = atan(g) (2-7)

Similarly, in the open-circuited analysis of the TL and its corresponding L-C circuit

(Zr=m), we get the following equations:

6
Zo Zo(1-tan?(3))
Z; = L _my = = 2-8
L © 7 Lin-TL jtan(6) j2tan(§) ( )
.2
7, =00 = Zip_joc = ——o il (2-9)

JwC(2—w?2LC)

The following simplification is done in the denominator of (2-9) for the frequency

corresponding to A/4 or 6=n/2.
02 2
P(w)=2-w?lC =1+ [1 — tan (2) ] o ator 6 =m/2,P(w) =1 (2-10)

Note that the lumped element equivalent circuit of the open-circuited stub (Z1=c0) will
be a C-L-C m-network circuit shown in Figure 2.8. This circuit consists of two parts in
parallel; a series L-C circuit and a capacitor where the series L-C circuit represents the
behavior of the line at the resonance (at the frequency corresponded to A/4), otherwise, the
capacitor C represents the behavior of the line at the other frequencies. Therefore, (2-10)
is derived based on the assumption of the narrowband behavior of the series L-C circuit at
O=n/2 and the entire circuit (the series L-C circuit parallel with C) models the line for wider
frequency band.

Now, the corresponding lumped element L and C components can be calculated for the

open-circuited case in terms of characteristic impedance and electrical length as follows:

X, = wC =2tan(®) Q-11)
Zo 2

X, = ol =2tan() (2-12)
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As a conclusion for the analysis, the lumped element equivalent circuits of the short-
and open-circuited stubs can be derived in a complete way as provided in Figure 2.8.

It should be noted that the main objective of this analysis, in comparison to the
conventional ones, is to study the lumped element equivalent circuit of distributed element
in a comprehensive way to include the different behaviors of distributed elements in
different situations. For example, a short-circuited stub or a slice of SIW waveguide in the
transverse direction is modeled with an inductor for frequencies below cut-off frequency
of the structure [81]; while it can be shown that its complete lumped element equivalent
circuit can be considered as a parallel L-C circuit. The L and C components stand for the
lumped element equivalent circuit of the structure below and above its cut-off frequency,
respectively. Similarly, an open-circuited stub is usually modeled with a series L-C circuit
at the resonance [84]; while the Richard’s transformation [80] models the stub with a
capacitor. Later, it is shown that the proposed lumped element equivalent circuit is
beneficial to include both transmission poles and transmission zeros in the design of a filter

in comparison to Richard’s transformation technique.

Zin-TL Zin-TL

Y, A
e | —

Y » for below cut-off
(O L =0 Zines T L
z X |

» for above cut-of C
- L T
(=fe) )
for wide-band - for narrow-band =
Zinic f=fo+4f3ap/2 f<fotlfss/2
f<fo-4Afzap/2 f2fo—Afzap/2
(a) (b)

Figure 2.8. (a) Short- and (b) open-circuited distributed elements and their lumped

elements equivalent circuits for wide-band applications.

Note that this lumped element circuit analysis will be extensively used in the design of
integrated structures specifically L-shaped irises integrated with SIW in Chapter 6 to

realize either TZs or evanescent poles.
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2.2.2 Evaluating the lumped element equivalent circuit of a quarter-

wavelength TL as a function of frequency

According to the discussion on the current ambiguities in the conventional lumped

element equivalent circuit of a quarter-wavelength TL in Section 2.2.1, here, the suggested

L-C network is discussed and evaluated as a function of frequency.

1-

2.

Unlike the conventional models, the proposed L-C network does not consist of
negative lumped elements, as shown in Figure 2.7(b).

To show the functionality of the circuit in terms of frequency, the proposed network
is similarly inspected using a short-circuited load or Y1=oo (Z1=0) as shown in
Figure 2.9(b). The short-circuited load is parallel with one of the capacitors where
it bypasses this capacitor. As the result, the circuit in Figure 2.9(b) is reduced to the
one in Figure 2.9(c). In this case, the calculated input admittance will be equal to
Yin = (1 — w%LC)/jwL. Comparing the two calculated input admittances of the
conventional and the proposed lumped element networks reveals that the
conventional one inverts the load of Yi,=o0 to Yin=0 regardless of frequency; while
the proposed one inverts the load of Yin=o0 to Yin=0 when the condition of 4/4 is met
or 1 — w?LC = 0 which corresponding to (1 — tan? (g)) = 0 resulting 6 = % or
t=A/4.

Inspecting the proposed equivalent L-C network of a TL at the frequency
corresponding to 4/4 with an open-circuited load or Zp =, the input impedance of
the TL in (2-1) reduces to the one in (2-8). This reduced input impedance inverts
the load of Zi=c0 to the load of Z1=0 at {=A/4 or 6=n/2.

It can be shown that at the critical frequency corresponding to 4/4 or 6=n/2, the

condition of resonance is met by which 1 — w?LC = 1 — tan? (g) =0 results.

Therefore, using these conditions, the equations (2-2) and (2-3) are reduced to the

following:

zZ L L

Zin_tL = Z_ZJZin—LC =—-Zy= |z (2-14)

czy c
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Inspecting the calculated characteristic impedance in (2-14), we observe that it includes

both the inductive (magnetic) and capacitive (electric) properties of the material.

L
— N
—Cc —cC
(@)

L
—W—I
— ——cC ==
I il

Short-Circuited Load
(b)

Figure 2.9. (a)The proposed Lumped element network of a TL at the frequency
corresponding to A/4 (b) the network with short-circuited load (c) input admittance of this

inverter with short-circuited load or Y1=c0.

2.2.3 Filter design using lumped and distributed elements
2.2.3.1 Richard’s transformation

Richard’s transformation [80] accompanied by Kuroda’s identities are some of the most
useful tools in filter design at microwave frequencies by which lumped elements are
converted to distributed elements or transmission line (TL) sections [84]. In this section,
the objective is to show while these techniques are significantly effective in the design of
microwave components, they are not still able to provide a comprehensive modeling in
transforming lumped elements to distributed ones or TLs.

To address the deficiency of the Richard’s transformation, the distributed-element and
lumped-element performances of a low-pass filter, presented in [84], is exemplified. A
filter is a device to partially pass a signal at some specific frequencies and simultaneously
suppress the signal at other frequencies. Transmission poles and zeros are responsible to
filter the signal, therefore, transmission zeros (TZs) are as crucial as transmission poles in

in filter design. Referring to the lumped element equivalent circuit provided by Richard’s
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transformation reveals that it merely models the transmission poles or the pass-band of the
distributed elements [84]. Figure 2.10 shows the performance of a distributed-element filter
in comparison to that of a corresponded lumped element circuit derived by Richard’s
transformation. Inspecting the results, we observe that the performance of the lumped-
element filter is in a good agreement with that of distributed elements only up to the cut-
off frequency or in the pass-band region, while it is not matched outside of the pass-band,

ignoring the TL realized by distributed-element circuit.
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Figure 2.10. “Amplitude responses of lumped-element and distributed low-pass filter”
[84], EM simulation in ADS on a 50-mil- thickness substrate with dielectric constant of

2.2 with normalized L1=L3=3.3487 and C>=0.7117 provided in [84].

2.2.3.2 The proposed transformation

In this study, the efficiency of Richard’s transformation in filter design is studied in
more detail and complete equivalent lumped element circuits are discussed to include not
only transmission poles in pass-band but also transmission zeros out of the pass-band. It is
shown that the new lumped element equivalent circuit models not only the transmission

poles but also the transmission zeros of the distributed-element structure. To address the
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deficiency of the conventional techniques, an example of a low-pass filter (LPF) presented
in [84] is discussed. Discussed in [84] and Figure 2.10, the conventional lumped element
equivalent circuit of the LPF in Figure 2.11 has been presented as a combination of two
inductors and one shunt capacitor. However, as shown in Figure 2.11(a), the complete L-C
equivalent circuit of the filter is derived using the circuits in Figure 2.7 and Figure 2.8. In
this modeling, each section of the layout is considered as an individual quarter wavelength
TL and. For example, the open-circuited stub with characteristic impedance of 64.9 Q is
modeled with a capacitor (Css) integrated with a series Les-Cgs circuit (analyzed in the
transverse direction) while the TL with characteristic impedance of 217.5 Q is modeled
with two shunt capacitors (C217) integrated with an inductor (L217) in the propagation
direction. The lumped-element values are then calculated using the equations in (2-11)-(2-
12). Table 2-7 gives the calculated values for the lumped element equivalent circuit of the

LPF in Figure 2.11(a).

Table 2.7 Calculated lumped elements of the LPF in Figure 2.11

Inductor Lso Les L7o L1y
Value (nH) 1.00 0.64 0.70 2.15
Capacitor Cso Css Cro Ca17
Value (pF) 0.40 0.61 0.57 0.18

With no optimization, the calculated lumped elements in Table 2-7 are simulated and
compared to the EM performance of the distributed elements. Figure 2.11(b) compares the
lumped-element and distributed-element performances of the LPF derived using the
Richard’s transformation and the proposed technique.

Inspecting the results in Figure 2.11(b), we observe that the proposed lumped element
equivalent circuit models not only the transmission poles but also the transmission zeros

of the distributed-element structure.
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Figure 2.11. (a) Layout of low-pass filter in [84] and its complete lumped element

equivalent circuit (b) comparison between the L-C performance of the filter using

Richard’s transformation (dashed black lines) and the proposed technique (marked red

lines) based on new lumped elements’ circuit of quarter-wavelength TL and distributed

elements (solid black lines).
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Chapter 3 Compact microstrip UWB double/single
notch-band BPF based on wave’s cancellation
theory

3.1 Introduction

Ultra-wideband band-pass filters are highly demanded since the U.S. FCC authorized
the unlicensed use of the ultra-wide frequency spectrum range for commercial purposes. In
the recent years, many different models have been introduced to realize wide and ultra-
wide BPFs mainly designed by means of multi-mode resonators (MMR) [1]-[6] and
defected ground structures [7]. While these models offer effective techniques to design
UWB BPFs with or without a notch-band BPF, they still suffer from a long list of
deficiencies such as:

A large electrical size [1]-[2], employing via-holes or short-circuited stubs [1]-[4] and
[6], lack of transmission zeroes for high selectivity resulting in narrow upper stop-bands
[5], ultra-narrow-band notch-band [6], incompatible with Monolithic Microwave
Integrated Circuits (MMIC) [7].

Despite these drawbacks, there is an ever-increasing need for multi-notches UWB band-
pass. The need to avoid interference from existing wireless communication signals makes
the design of multi notch-band UWB BPFs a subject of interest. No doubt, the rapid growth
of communication systems will increase the need for notch bands even further. To date,
several UWB BPFs have been reported realizing double/multi notch-bands; however, these
UWB BPFs suffer from a series of drawbacks including a large CPW periodical structure
with SIW and SIR [8], a large size based on a dual-line coupling structure [9], the need for
a multilayer non-uniformed periodical structure including short-circuited stub resonators
[10], the use of a complicated structure including the multilayer conductor-backed coplanar
waveguide [11] or the multilayer LCP technology [12]-[13].

While the proposed BPF in [12] provides dual notch-bands, its notches are still very
narrow-band and incapable of being tuned to an arbitrary notch-band. The double notch-

band BPFs introduced in [12]-[13] are reported to realize notches with wider bandwidth,
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though at the expense of a complicated 11-layered structure. Additionally, in [14], another
approach has been proposed to design a dual notch-band BPF based on left/right-handed
technique embraced by using many via-holes. Additionally, another single notch-band
UWRB BPF has been proposed in [15]; however, it is not capable of realizing more than one
notch-band. Moreover, a direct analysis has not been presented to establish the notch-band
in this study.

In this Chapter, a novel approach is introduced to design an ultra-wideband (UWB)
band-pass filter (BPF) that demonstrates double/single notch-bands using a simple micro-
strip transmission line. Two different UWB BPFs are designed and proposed using two
parallel T-shaped and tri-section stepped-impedance resonators (TSSIRs) with better
performance and smaller size compared to other existing counterparts. The design
procedure of these UWB BPFs is established based on the waves’ cancellation theory
conventionally utilized in rat race hybrid analysis.

The structure of the Chapter is as follows. Next section will explain the design procedure
of single notch-band BPF, simulated results and measured data. A model for the T-shaped
SIR is presented that improves the performance of the filter. The concept will be further
expanded to implement a double notch-band UWB BPF accompanied by the design
procedure of the filter. The proposed structure offers tuning flexibility of the frequency as

well as the bandwidths of the notches.

3.2 Proposed single notch UWB BPF

Here, waves’ cancellation theory is adopted to design UWB BPFs with single and
double notch-bands which were previously demonstrated using a multi-layer non-uniform

periodical structure [10] or a multilayer LCP structure [12]-[13].

3.2.1 The operation principles of the proposed single notch-band UWB
BPF

Inspecting the structure in Figure 3.1(a), we can substitute the two black boxes by two

tri- or dual-section stepped-impedance resonators. Considering the given graph in Figure
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3.1(b), the grey solid lines represent the S»1-parameter of a wide-band BPF (1) with a center
frequency of fi1, and the black dashed lines represent that of another wide-band BPF (2)
with a center frequency of f» whose S»1 parameter is crossed by that of the first filter at the
frequency of fu1 (region R1).

Based on the waves’ cancellation theory, extensively used in the rat race analysis [16],
when two traveling signals arrive to an output port with a 180° phase shift and equal
amplitude, they cancel each other out and the port is isolated. Here, we are utilizing a
similar concept to generate the notch. Therefore, the two signal paths through the BPFs

should satisfy the following condition.

|11 — P2tz = 2n+ D (3-1

where f1, > €1 and ¢> are the phase constants and the physical lengths of the two BPFs
given in Figure 3.1(a), respectively. It is well known that a transmission zero will establish
in this region due to the waves’ cancellation, indicated on the graph. The outcome of these

two integrated wide-band BPFs is another UWB BPF realizing a notch-band at the

frequency of fu1.
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Figure 3.1. (a) The parallel configuration of two wide-band BPFs (b) the proposed
concept to realize a single notch-band UWB BPF.
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To develop the BPF1 and BPF2, we propose to incorporate tri-section stepped-
impedance resonators shown in Figure 3.2 which have been well detailed in some research

studies in the literature [17]-[18].
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Figure 3.2. (a) The layout of a tri-section stepped-impedance resonator (b) simplified two

parallel dual-section SIRs.

With the geometry of the TSSIR depicted in Figure 3.2 and the corresponding analysis
in [17]-[18], as well as by assuming the same electrical length for the three sections of the
TSSIR (i.e. 61 = 62 = 63 = 0p), the electrical lengths of the first two resonance modes of
the TSSIR can be derived as follows:

_ -1 K1K; _
s = tan~? ( [ (3-2)

6oz = tan—1< w) (3-3)

Kz

where K1 (=Z3/2>) and K> (=Z2/Z1) are the impedance ratios of the given SIR in Figure 3.2.

Based on (3-2)-(3-3), the fundamental and the first resonance frequencies of this kind
of resonators are located close to each other. If we design an UWB filter using these
resonators, as will be explained in the next section, it realizes double notch-bands.
However, to design a single notch UWB filter, the first spurious resonance frequency of
the TSSIR should be properly suppressed.

Referring to the given equations in (3-2)-(3-3) that express the relation between K; and
K> for the conventional SIR, the smallest K is desired to further increase the frequency
ratio (77) of the fundamental (fo1) and the first spurious resonance (fo2) frequencies [3].
However, since only an impedance of 20-120 Ohm can be practically realized using the p-

strip fabrication process, the realization of a K; smaller than 0.15 is not possible [19]. To
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further decrease K and subsequently increase 74, a T-shaped SIR, shown in Figure 3.3(a),
is proposed to develop the same frequency ratio with more realizable impedance values.
Similar to the conventional case, the relationship between Ki, K> and rrcan be calculated
for the T-shaped SIR as depicted in Figure 3.3(b). Comparing the given graphs of the
proposed T-shaped SIR with those of the conventional ones presented in [3], it is found
that K1= 0.2 provides an exact frequency ratio (ry) as K1 =0.1 for the conventional one which
is difficult to realize in practice. Therefore, the proposed model is superior to design the

single notch-band BPF based on the principle given in Figure 3.3.
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Figure 3.3. (a) The T-shaped tri-section SIR (b) fundamental and the first spurious
resonance frequencies ratio versus impedance ratios of K> for several different values of

K.

3.2.2 Simulated and measured results of the proposed single notch-band
UWB BPF

As discussion in the previous section, an UWB notch-band BPF is designed employing
the proposed T-shaped SIR. To design this filter, two wide-band BPFs are arranged in
parallel with two different resonance frequencies using the parallel topology in Figure
3.1(a). The resonance frequencies of the two filters are adjusted in such a way that their
accumulative bandwidths exhibit an ultra-wide bandwidth and their S-parameters cross

each other only at one point.
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Consulting the impedance ratios of the proposed T-shaped SIR presented in Figure
3.3(b), K> is initially chosen to be 1 and the other impedance ratio, K1, is chosen to be 0.1
to realize a frequency ratio bigger than three. Figure 3.4 shows the final layout of the
proposed single notch-band BPF with the optimized parameters, using an EM simulator

tools (Agilent ADS Momentum).

Wo

W3 +

Lo

3 ILB
Ly -

Figure 3.4. The proposed parallel BPF with L= 12 mm, L;=3.4 mm, L, = 1.2 mm, L3 =
1.4 mm, L4 =1.6 mm, Ls=0.5 mm, L¢= 0.4 mm, L7 =6 mm, Lg =2.3 mm, Lo = 2.4 mm,
Lio=1.4mm, L11=0.9 mm, L2 =0.5 mm, L3 =2.2 mm, W= 0.3 mm, W; = W3= 0.2 mm,

W>=0.28 mm, S = 0.1 mm and $1= 0.12 mm.

The ultra-wideband single notch-band BPF is then fabricated on a Duroid 5880 substrate
with a 0.787 mm thickness and a dielectric constant of & =2.2. The size of the entire layout
is reported to be an area of 26 x 5.5 mm? including two extra transitions at the input/output
ports to avoid unwanted coupling between them shown in Figure 3.5(a).

Figure 3.5(b) and (c) present comparisons between the EM simulated and measured
results of the proposed single band-notched UWB BPF. The measured S-parameters are in
a good agreement with those of simulations. The slight discrepancy between the simulated
and measured Si; is attributed to the fabrication tolerance problems where a tolerance
analysis is performed to show the changes in this parameter, shown in Figure 3.5(d). As
shown in the results, Si1 is changed when the length of the I/O transmissions is changed.
Note that the same analysis can be done for the other parameters in the structure. The 3-dB
bandwidth of the measured filter is reported to be about 7.657 GHz from 3.87 GHz to
11.527 GHz which is within the BW authorized by the FCC. The measured in-band
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insertion losses are 0.215 dB and 0.43 dB at the center frequencies of the two pass-bands.

The measured and simulated dg/dw, the rate of change in transmission phase (S21 phase

derivative) with respect to frequency, are also presented where the results indicate that they

are almost flat except at the notched-band. Note that this parameter is stated in [28] is

defined as group delay in the pass-band of the filter.
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Figure 3.5. (a) A digital photograph of the proposed single notch-band UWB BPF (b)

and (c) comparison between the simulated and the measured performances of the filter in

terms of the group delay as well as insertion and return losses (d) tolerance analysis for

the length of L13 in the filter layout.

The proposed filter is much smaller than the previously published microstrip filters

while it avoids via holes and complicated multilayer fabrication. As comparison, the

conventional one introduced in [1] has an overall size of 575 mm? and the proposed one
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has an overall size of 143 mm? where a size reduction of around 75% has been
demonstrated.
Note that the structure demonstrates two TZs at the lower and upper stop-band (fi,i~ 3.1

GHz and fi,o~14 GHz) which are typical of this type of structure [21].

3.3 Proposed double notch (DNB) UWB BPF

3.3.1 Operation principles of the proposed UWB notch-band BPF

Similar to the UWB BPF with single notch-band, another double notch-band BPF can
be realized based on the waves’ cancellation theory provided in Figure 3.1(b); however,
unlike the previous case, the first spurious resonance frequency of the SIR is deliberately
supported to generate the second notch in the pass-band of the filter. Based on the proposed
concept given in Figure 3.1 as well as the TSSIR, provided in Figure 3.2, two TSSIRs are
chosen and arranged in parallel to realize a double notch-band UWB BPF given in Figure
3.6. In this design, the first spurious resonance frequency of BPF1 is utilized to produce

the second notch as will be explained in more detail.

Ws

Figure 3.6. Layout of the proposed double notch-band UWB BPF with optimized
parameters: Lo =3 mm, L =9 mm, L; 9.4 mm, L> =10.4 mm, L3 =4 mm, L4 =3.4 mm, Ls
=37mm, Le=4mm, L7=1.7mm, Lg=1.7mm, S=0.075 mm, W1 =02 mm, W>=3

mm, W3 =5mm, Wa=0.2mm, Ws=2.4mm, We=>5mm, W7=0.2 mm and Ws =1 mm.

Figure 3.7(a) presents the simulated frequency responses of the two wide-band BPFs

building blocks indicated with BPF1 and BPF2 and the resultant double notch-band UWB
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BPF indicated with BPF1+BPF2. At the frequencies of the desired transmission zeros,
signals flowing through these two paths must have almost the same magnitude and a phase
difference of about 180° based on (3.1). The results indicate that the signal-cancellation
phenomenon results in the realization of two notch-bands. The simulated phase difference
of the two filters is provided in Figure 3.7(b) presenting a phase difference of about 180-
200 degrees between the two filters with equal amplitudes at both notch bands confirming
the proposed concept. It should be noted that we have zoomed on the phase difference at

the notches for clear observation.
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Figure 3.7. (a)The simulated performances of the two BPF1 & 2 as well as DNB UWB

BPF (b) the phase difference between the insertion losses of the two BPF1 & BPF2.

One of the main advantages of the proposed filters is its flexible notch frequency design.
Previously presented filters in [10]-[13] with complicated LCP technology are not capable
of providing an adequate control to arbitrary tune the first notch-band with no information
for the second notch-band tuning. Similarly, the notch-band BPF proposed in [12] provides
a narrow range to tune the frequencies of notches typically around 0.1-0.2 GHz. To
compare as well as present the priority of the proposed prototype filter, the capability of
this model is fully investigated in terms of tuning flexibility of the two notches in a much

wider frequency range in comparison with the conventional filters.
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3.3.2 The first notch- band realization and tuning

As demonstrated, the first notch-band is established at the crossing point of the S»i-
parameters of the two parallel filters due to the waves’ cancellation, thus this point can be
freely tuned as long as the crossing point exists. To illustrate this tuning characteristic, the
resonance frequency of the first BPF can be kept constant while that of the other BPF can
be varied as long as the S-parameters of the two filters cross each other. Figure 3.8 provides
the performances of the two filters at the frequency their S-parameters cross each other.
The simulation is performed by the optimized parameters of the two filters given in the
caption of Figure 3.6 with changing L from 5mm to 13mm.

One may simulate these frequency responses by changing either the length of the
coupling sections of the second BPF (L4) or the value of this length for both filters. Note
that the other parameters can also be changed, e.g., Lo, L3 in the first BPF or Ls or Le in the
second filter, where the correlation between these parameters and the resonance frequency

of the designed filters have been well researched in several studies [17]-[18], [20]-[24].
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Figure 3.8. The simulated performances of both BPF1 and BPF2 with different values of
L.

Inspecting the simulated results in Figure 3.8, the crossing point of the two BPFs’ S
parameters can be tuned by changing the resonance frequency of the first BPF. Therefore,
different resonance frequencies are realized for the first notch-band, for instance, the 9-mm

length of coupling section of the first BPF is expected to establish the first notch-band at

48



6.56 GHz indicated by 0o1. If this length is changed to 5 mm, the notch-band frequency is
shifted to 7.38 GHz. Comparing these initial simulations with the recent studies based on
LCP technology, the tuning range of the first notched frequency is found to be around 1.8
GHz in the proposed model versus 0.2 GHz for those presented in [12] and [13].

3.3.3 The second notch-band realization and tuning

As demonstrated in the previous section, the second notched frequency of the DNB
UWB BPF is realized when the BPF1’s first spurious resonance frequency crosses the
BPF2’s S-parameter as shown in Figure 3.7(a).

As discussed in [22], the spurious resonance frequency of a SIR can be tuned by
changing the impedance ratio of the resonator (K). Equation (3-4) presents the relation

between fo and f1, the fundamental and the first spurious frequencies of the SIR, and K.

fa = #Wfo (3-4)

Based on the prototype double notch-band BPF, the first spurious resonance frequency
of the SIR is not suppressed, but it is tuned to demonstrate the second notch-band at
different frequencies. Since the first spurious resonance frequency of the first BPF
contributes in the second notch-band realization, we only consider the first BPF in this
section. The relation between the two impedance ratios, K1 and K>, and the ratio of the first
spurious and the fundamental frequencies in the first BPF1 is evaluated.

Figure 3.9 provides the simulated performance of the BPF1 for the six different values
of > with no changes in the other parameters of the structure. The simulated results show
that a tuning frequency range of around 2 GHz can be demonstrated for the first spurious

resonance frequency.

3.4 Fabricated prototype and measured results of the proposed

double notch-band (DNB) UWB BPF

The proposed UWB DNB BPF is fabricated and tested with two notch-bands according
to the graphs in given Figures 3.8 and 3.9.
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Figure 3.9. Sz performance of the first spurious resonance frequency of BPF1 with

different values of 5.

To realize this filter, the first and the second notched frequencies are chosen to be around
6.55 GHz, 9 GHz, respectively. Table 3.1 provides the parameters of both filters to realize
the double notch-band UWB BPF.

Table 3.1. The initial and optimized impedance and length ratios of the wide-band BPFs
(BPF1 and BPF2).

Filter 0/ZIf Ui Us K K folfsr
BPF1  Initial Value  1.00 0.500 1.00 0.50 2.70
BPF1 Opt. Value  1.15 0.398 0.69 0.29 3.89
BPF2  Initial Value  1.00 0.500 1.00 0.50 2.70
BPF2 Opt. Value  1.15 1.100 0.59 0.32 1.83

Before choosing the appropriate parameters, the length ratios of the TSSIR are defined
as free variables as U1 = 6-/01 and U» = 05/6>. These parameters are initially assumed to be
1 and 0.5, respectively. K is initially chosen to be equal to 1 and K> is then chosen to be
0.5 based on (3-2) - (3-3).

Based on the initial impedance and length ratios in Table 3.1, the initial parameters of

the tri-section SIR in Figure 3.2, are chosen to be 81 = 6, = 70°, 65 =35°,Z; =90 Q, 2, =
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Z3 = 45 Q at f1 for the first BPF. This is according to the basic correlation between the
fundamental frequencies, first spurious frequencies, characteristic impedances and
electrical lengths in (3-2) - (3-4). Similarly, the initial parameters are adapted for the second
BPF at f.» = 10 GHz based on the values given in Table 3.1. To evaluate the analysis, the
performance of the proposed double notch-band UWB BPF is simulated with initial and
optimized values given in Table 3-1. Figure 3.10 shows the EM simulated results for the
filter.

Inspecting the EM simulated results in Figure 3-10, we observe that the structure
demonstrates double notches within the UWB pass-band with the initial values; however,

these values are optimized to improve the loss and required BW.

R
=227

7

]
!

-20

L}
1
\
1
]
1
]
1
1
]
[
I|
1
1
i
Y
[

S21 (dB)
S11 (dB)

i

-30

‘Initial Values | =—1
Optimized Values| -——

Tnitial Values
V Optimized Values

.‘

40 -

- -50 | | L I
6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Frequency (GHz) Frequency  (Gliz)

(a) (b)
Figure 3.10. EM simulated performance of the proposed dual-notch-band UWB BPF

with initial and optimized values given in Table 3-1.

The UWB double notch-band BPF is fabricated on a Duroid 5880 substrate with a 0.787
mm thickness and a dielectric constant of &= 2.2. Two extra transitions are used at the
input/output ports to increase isolation between them. As provided in the digital photograph
of the fabricated filter in Figure 3.11(a), the actual size of the entire layout is reported to
be an area about 36 x 7.3 mm?. The scattering parameters of the proposed BPF are

measured by an Agilent 8722ES network analyzer over the frequency range from 1 GHz
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to 16 GHz. Figure 3.11(b) and (c) provide a comparison between the simulated and

measured performances of the filter.
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Figure 3.11. (a) A digital photograph of the proposed double notch-band UWB BPF (b)
and (c) comparison between the simulated and the measured performances of the double

band-notch UWB BPF in terms of phase variation as well as S-parameters.

The three pass-bands of the fabricated BPF are reported to be centered at 4.77, 7.62, and
10.525 GHz with 3-dB fractional bandwidths (FBWs) of 3.1 GHz (3.22 - 6.32 GHz), 1.66
GHz (6.79-8.45 GHz), and 3.31 GHz (8.87-12.18GHz), respectively. The two notch bands
centered at 6.55 and 8.62 GHz have a 10 dB FBW of about 7.2% and 4.87%, respectively.
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The attenuations at the two notch bands are measured to be around 24 dB and 19 dB,
respectively. Furthermore, shown in Figure 3.11, the measured do/dw within the three pass-
bands are flat except at two notch frequencies. In addition, the upper stop-band of the filter
is extended to 16 GHz with a suppression level of around 15 dB.

Table 3.2 compares the performance of the novel band-notched UWB BPF to its recent
counterparts indicating that the proposed filter is more suitable than the conventional filters
for UWB systems due to its smaller size, wider bandwidth and simplicity in design and
ease in implementation. It should be noted that the upper stop-band of the proposed filter

is wider than that of the conventional filter in [9].

Table 3.2. Comparison between the proposed and the conventional DNB UWB BPFs.

DNB UWB BPF  Size(mm?) TZ Up/Low BW(GHz) Structure
The Filter in [8] 3150 upper side 5.50 CPW + SIW + SIR
The Filter in [9] 450.0 None 7 u-Strip Lines
The Filter in [10] 405.7 upper side N-given Multilayer + via
The Filter in [12] 300.8 Two 8 11-Layered LCP
The Filter in [14] 680.0 None 8.10 L/R- Hand Via-Holes
New Filter 262.8 Two 8.96 p-Strip SIRs

Note that the rate of change in transmission phase with respect to frequency, do/dw, for
both filters with single and double notch-band presented in Figure 3.5 and Figure 3.11 takes
negative values at notch frequencies. While some studies have presented group delay with
negative value at notch frequencies [9], [13] and [25]-[26], some other works have
considered group delay with negative values doubtful [27]-[28]. Discussed in [28], group
delay at stop-band should be calculated from the phase of reflection coefficient using

lossless symmetrical two-port devices.
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3.5 Discussion on the lumped element equivalent circuit of

stepped-impedance resonator

In this section, the stepped-impedance resonator (SIR) given in Figure 3.2 is briefly
analyzed based on lumped element circuit presented in Chapter 2. Figure 3.13(a) shows a
pair coupled p-strip coupled line. Based on the analysis presented in Section 2.2, Chapter
2, each line can be modeled with a n-network C-L-C lumped element circuit at 4/4. Figure
3.13(b) shows the equivalent lumped element circuit of the coupled line where capacitor

C. stands for the coupling between the two lines.
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Figure 3.12. (a) Coupled p-strip line (b) equivalent circuit based on Figure 2.8.

Generally, a planar resonator is coupled to I/O ports with gap-coupled structure given in
Figure 3.14(a) [29]. Therefore, the equivalent lumped element circuit of the entire structure
can be derived by incorporating that of the main resonator in the lumped element circuit of
the coupled line in Figure 3.13(b).

Since, the electrical length of resonator is /2 at resonance [16]; the resonator is modeled
with two cascaded n-network C-L-C circuits shown in Figure 3.14(b). Note that each -
network C-L-C circuit represents the half of resonator at /4, details in Section 2.2, Chapter

2.
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(a) (b)

Figure 3.13. (a) The structure of coupled line resonator (b) its equivalent lumped element

circuit.

To evaluate the perfoamnce of the equivalent lumped element circuit, the EM perfonace of
the distributed-elemeent structure given in Figure 3.14(a) is simulated and comapred to the
L-C performance of its equivalent circuit given in Figure 3.14(b).
Figure 3.15 shows the comaprison between EM and L-C performances of the structure with
the given valuses in the caption of the figure.
Note that the L-C values of the circuit are calculated using equations (2-11) and (2-12) at
f0=5.4 GHz corresponding to the electrical length of 4/4 with charactristics impedance of
150 Q. This charactristic impedance is calculated for a transmission line with width of
0.23mm on a 0.787-mm-substrate with dielectric constant of 2.2 [30].
Inspecting the EM and L-C performances given in Figure 3.15, the L-C circuit models the
distributed-element structure at its transmission zeros as well as pass-band. However, there
is a discrepancy between these two results where one of the L-C circuit poles is out of the
pass-band. This discrepancy can be attributed to the following reasons:

e The calculated L-C circuit values have been directly used for simulation without

optimization.
e The equivalent lumped element circuits of the I/O transition lines (£3, the structure

given in Figure 3.15(a)) have not taken into consideration in the circuit.
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e The value of coupling capacitor C. has been approximately calculated [16] whose

value mostly impacts the discrepancy between S»1 out of the pass-band (it can be

shown by simulation).
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Figure 3.14. Comparison between EM and L-C performances of the structure (a) Sz; (b)
S11 with £1=11mm, £=22.5mm, £3=1.9mm, $S=0.075mm and for all lines #=0.23mm for
the distributed-element structure and L>=L3=L4=2.2 nH, C,=C3=C4=0.39 pF and C~=1 pF

for the lumped element equivalent circuit.

Similarly, the equivalent lumped element circuits of the stepped-impedance resonators
given in Figure 3.2 can be considered as the circuit provided in Figure 3.14(b); however,
the following points should be taken into consideration:

e For dual-section SIR with the same electrical lengths but different characteristic
impedances (different widths), the values of z-network Cs-L4-Cy circuit will be
different from those of m-network C3-L3-Cs circuit due to different characteristic
impedances (equations (2-11)-(2-12)).

e For dual-section SIR with different electrical lengths and characteristic impedances
(different widths), the values of z-network Cs-L4-Cjs circuit will be different from

those of z-network C3-L3-Cj3 circuit due to different characteristic impedances as
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well as different frequencies corresponding to different 4/4 (equations (2-11)-(2-
12)).
e For tri-section SIR, another z-network Cs-Ls-Cs circuit is cascaded to the m-network
circuits and so on.
Note that the equivalent lumped element circuit of the UWB BPFs with single and double
notch-band given in Figure 3.4 and Figure 3.6 can be derived and discussed in the same

way.

3.6 Conclusion

A novel approach has been introduced and investigated to realize compact ultra-wide-
band (UWB) band-pass filters (BPFs) with double/single notch-band using p-strip TLs and
avoiding via-holes. The proposed approach has been realized using two parallel stepped-
impedance resonators (SIRs) providing two paths with different electrical lengths.

Adjusting the lengths of these paths according to the wave cancellation theory provides
the required notch bands for the filter. The conventional tri-section SIR has been adopted
where its fundamental and first spurious resonance frequencies have been pointed to be
either suppressed or supported to realize an UWB BPF with single or double notch-bands.
The first and the second cases have been ascertained by the proposed parallel dual-section
T-shaped and tri-section stepped-impedance resonators, respectively. Two UWB BPFs
have been designed, analyzed and fabricated demonstrating single and double notch-bands.
Besides, the theoretical data have been verified by the measurements. Additionally, a size
reduction of around 75% has been achieved in comparison to the conventional BPFs with
single notch-band accompanied by two transmission zeroes at the lower and upper stop-
bands.

Moreover, the proposed double notch-band BPF has been reported to demonstrate a
similar performance to that of the recent filters designed by complicated multilayer LCP

technology, though with a size reduction of around 12.6%.
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Chapter 4 Developing single layer ultra-wide band
band-pass filter with multiple (triple and
quadruple) notches

4.1 Introduction

The use of ultra wide-band (UWB) technology has been dramatically increased since
the U.S. federal communication commission (FCC) authorized UWB for the unlicensed
use in short-distance communication in early 2002.

A wide-band filter generally requires a large design area or complicated structure, such
as a three-dimensional coupling structure utilizing either wire-bonding connections or via-
holes. In addition, since the 3.1GHz to 10.6 GHz UWB covers various existing wireless
communication frequency bands, such as the 3.5-GHz WiMax band, 5.0 GHz WLAN band,
5.9GHz DSRC, 8.0-GHz military and satellite-communication bands, it is desirable to
introduce multiple notch bands to avoid these interferences. In addition, it is expected that
the rapid growth of communication systems will entail the need of UWB band pass filters
with multiple notches even further.

As the number of the required notches increases, the number of transmission zeros of
the filter should be enhanced which makes the design more challenging. In general, many
different designs have been introduced to realize UWB BPFs employing multi-mode
resonators (MMRs), defected ground structures and left/right-handed techniques [1]-[14].
While these models offer effective techniques to design UWB BPFs, they still suffer from
a long list of shortcomings such as: incapable of realizing more than one notch-band [1]-
[14], lack of transmission zeroes for high selectivity [15]-[18], narrow upper stop-band
[17]-[19], complicated and expensive fabrication procedure including multi-layer structure
[19]-[21], high cost from the use of via holes [18],[20]-[22], incompatibility with
monolithic microwave integrated circuits (MMICs) [19]-[22].

Although these filters provide double notch bands, there is still a need to design multi
notch bands including triple (TNBs) or quadruple notch-bands (QNBs). Aligned with this
need, two not quite different models have been recently reported to demonstrate DNBs [22]

and TNBs in [23]-[24], but at the expense of using multi-layer LCP technology with short-
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circuited stubs or via-holes. Ref [25] has recently reported the only quadruple notch-band
filter (based on our knowledge) requiring multi-layer patterning.

To avoid the expensive and complicated fabrication process and at the same time
developing triple and quadruple notches, we propose a new solution using parallel
integration of stepped impedance resonators (SIRs) and gap coupled p-strip resonators.

On the other hand, parallel connection of two resonators has been previously reported
to realize dual-band BPFs [26]-[30], UWB BPFs and stop-band filters [31]-[32]; However,
they have not been studied to realize UWB BPFs with multiple notches (three and four).

In this Chapter, we propose to use two parallel SIRs as a platform integrated with gap
coupled p-strip resonators to develop several transmission zeros (multiple notches). Here,
we demonstrate that this technique offers the capability of designing a compact easy-to-
fabricate single layer UWB BPF demonstrating triple notch bands (TNBs) and quadruple
notch bands (QNBs). The proposed approach uses only p-strip transmission lines without
any via hole.

The arrangement of this Chapter is as follows. First, the proposed integration of SIRs
and gap coupled p-strip resonators is discussed. Then a detailed design procedure is
explained to demonstrate triple and quadruple notch filter. Two prototype units are
fabricated and their measured results are illustrated. The proposed notch-band filters are
much smaller in size compared to their previously published multi-layer counterparts and
provide low cost single layer patterning option. There are few abbreviations used in the

Chapter, which are defined in Table 4.1.

Table 4.1. Abbreviations and their definition.
Abbreviation TSSIR DNBs TNBs QNBs MNBs GCMR

Tri-Section ~ Dual Triple  Quadruple  Multi Gap
Definition Stepped- ~ Notch-  Notch- Notch- Notch- Coupled

Impedance  Bands Bands Bands Bands  Microstrip

Resonator Resonator
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4.2 The proposed principles of operation

Source/load coupling is one of the recent techniques for transmission zero realization in
3D waveguide structures [36]. Here the same idea but on planar structure is developed to
realize multi transmission zeros. Figure 4.1(a) shows the proposed configuration of UWB
BPF with multiple notch bands, while Figure 4.1(b) depicts the circuit model of the filter.
To produce multiple notches, we propose to use a double notch BPF as starting platform
(two parallel TSSIRs as a DNB BPF [33]) and integrated with GCMR to realize the third
and the fourth notches.

Figure 4.2 conceptually shows the expected performance of the proposed filter. The red
solid line represents insertion loss of a DNB UWB BPF and the blue dashed line stands for
that of the GCMR. The black dotted line shows the overall performance of the integrated
filter with the notches at the frequencies of fus1, far2 and fups.

The diagram in Figure 4.2 indicates that the response of the integrated filter tracks the
performance of the DNB filter across the band except at the additional notch frequency
(fup3) where it follows the GCMR performance. The concept can be explained based on
simple circuit theory. It is well known that when an RF signal is applied to a circuit
including two parallel paths with different impedances, the signal is mostly passed through
the path with the lower impedance. Inspecting the simulated input impedance of the GCMR
in Figure 4.2(b), we observe that the input impedance is large (open circuit) across the band
except at the resonant frequency where it approaches zero. Thus, the signal ideally follows
the GCMR behavior only at its resonances. In another word, notch-bands are realized at
the resonances of the GCMR.

Moreover, the forth notch-band can be realized by adding another parallel GCMR path
with different resonant frequency. Alternatively, it is shown in this paper that this can be
established by the higher order resonant frequencies of distributed GCMR resonators. In
the next sections, the design procedure of UWB BPFs with multi notch-bands is explained

in detail.
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Figure 4.2. (a) The principle operation of the proposed concept for triple notch-band

UWRB BPF realization (b) simulated input impedance of a GCMR.

4.3 Proposed multi notch-band UWB BPFs
4.3.1 Characteristics of the GCMR at resonance

As previously discussed, the response of the proposed filter in Figure 4.1 follows the

GCMR characteristics only at its resonances where the notch bands are realized. Thus, we

characterize the GCMR at its resonance frequencies using lumped element equivalent
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circuit and transmission line (TL) theory to understand the notch behavior in the proposed
filter.

Figure 4.3 shows the GCMR with the characteristic impedance and electrical length of
Zy and 6 as well as its lumped element equivalent circuit. In the given lumped element
equivalent circuit, two C-L-C m-networks and a coupling capacitor represent the two TLs
and the gap between them, respectively (Figure 2.7 and Figure 2.8, Chapter 2, Section
2.2.1).

01, Z1 01. 71
PI I N
(a)
L Cs L
A —
Pl —__— C CcZ—_T— —__ C Cc—_— P2
(b)

Figure 4.3. (a) Gap-coupled microstrip lines (b) lumped element equivalent circuit.

Based on ABCD matrix analysis, the resonance frequencies of the circuit are calculated

as follows [34]:

e I e | PO 4-1)

where the first and the third matrixes stand for C-L-C z-networks and the second one for
the coupling capacitor.
The Z>1 parameter of the impedance matrix can be calculated using the C component of the

total ABCD matrix of the circuit as (4-2) [34]:

1 1 1
Zyy =—= = 4-2
217 ¢r T 2c(a+c2) ij(Z—a)ZLC)[2(1—w2LC)+%(2—m2LC)] (4-2)
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Moreover, the resonance frequencies of the circuit can be calculated from (4-2) as follows:

_|2a+C) P
Wo1 = /m'woz— Ic (4-3)

Similarly, the structure can be analyzed using the transmission line theory presented in
[34].

The resonance condition of the conventional gap-coupled resonator, loaded by an open-
circuited stub, has been well explained using the method of image impedance in [34]. In
this structure, the GCMR is somehow different from the conventional one where it is
explained using its corresponding circuit model in Figure 4.4(a).

Considering 1/(jCyp) for the impedance of the capacitor C, the image impedance of the

GCMR in the structure can be expressed as follows [34]:

Zi1 _ \/ZZ sin(264)—acos?(61) (4_4)

1 sin(26,)+asin2(8,)

where a or attenuation is Z1/(jwCy), for the GCMR. Considering the electrical length of the
GCMR in terms of 0, the solutions of (4-4) is schematically derived for different values of
61, shown in Figure 4.4(b).

Inspecting the results, the number of the resonance frequencies can be adjusted by
increasing the electrical length of the GCMR. For example, for 6, equal to 6, there is only
one resonance frequency, while four resonance frequencies are demonstrated for 61 equal
to 46.

In addition, based on (4-4) and presented in Figure 4.4(c), the attenuation level and
bandwidth of the sub-pass bands of the GCMR can be also controlled by changing the
capacitor Cp given by a= Zi/(jwCy). It is shown that reducing the capacitance leads to
higher signal suppression. This is also verified by EM simulated results using ADS
Momentum for the different values of Cy in Figure 4.4(d).
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control the bandwidth and the attenuation of the GCMR in terms of C.
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To further understand the GCMR behavior, the performances of the DNB UWB BPF
and the GCMR resonators are separately simulated using the EM simulator tool where
Figure 4.5(a) shows the results for different values of the Lx parameter. As an example, Lx
=24 mm demonstrates five high-loss quasi pass-bands indicated by d1-ds at their resonance
frequencies. Three of them, d2-da, are realized within the pass-band of the DNB UWB BPF.
These points can be adjusted to produce notch bands at the certain frequencies and also
improve the selectivity at the lower and upper skirts. Figure 4.5(b) also shows the input
impedance of the GCMR. This reconfirms the fact that the input impedance of the GCMR
approaches zero at the resonance frequencies, thus, its performance becomes dominant

resulting in notches realization.
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Figure 4.5. (a) The simulated performance of the DNB BPF (type A) with Lo =3 mm, L
=9mm, L1 =9.4 mm, L, =10.4 mm, L3 =4 mm, L4 = 3.4 mm, Ls = 3.7 mm, L¢ = 4 mm,
L7=17mm, Lg=1.7mm, S=0.075 mm, W1 =02 mm, Wo =3 mm, W3 =5mm, Wa=

0.2 mm, Ws=2.4mm, We=>5mm, W7=0.2 mm, Ws =1 mm and the GCMR with Lo =2
mm, Lio=2.1 mm, L;; =3.6 mm, L2 =1 mm, S; =0.65 mm, Wo = 0.1 mm and with the

different values of Lx (b) the simulated input impedance of the GCMR.
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4.3.2 Triple notch-band (TNB) UWB BPF

In this section, a design procedure is discussed to design a triple notch-band (TNB)
UWB BPF. Based on the integration of three resonators in parallel, Figure 4.1,
accompanied by the simulated verifications in Figure 4.5, a triple notch UWB BPF is
designed by employing the DNB UWB BPF integrated with GCMR.

Inspecting the simulated results in Figure 4.5, we observe that the GCMR can generate
five quasi-pass bands from 0 GHz to 16 GHz. On the other hand, since we try to synthesize
a TNB UWB BPF, the electrical length of the GCMR should be chosen to add only one
transmission zero to the UWB pass-band while the other two notches have already been
realized by the DNB BPF. The following considerations should therefore be taken into
account in the design of triple notch UWB BPFs:

e 1 and J5 are determined to be located out of the pass-band to further suppress the
unwanted modes of MMRs.

e O is determined to be located at the operation frequency of the wireless local area
network (WLAN) to generate the third notch-band of the TNB BPF.

e 3 is determined to be exactly on or in the vicinity of one of the notches realized by
the DNB BPF. Note that it adds a degree of freedom to control the bandwidth of
the notch.

e 04 1s determined to be located at the upper side of the pass-band of the DNB BPF
to further sharpen its upper skirt.

According to the given considerations, a TNB UWB BPF is synthesized where Figure
4.6 separately presents the simulated performances of the GCMRs, the DNB and the TNB
UWB BPFs. The results are simulated using an EM simulator tool (Agilent ADS
Momentum) on a 0.787-mm-thick substrate with the dielectric constant of &= 2.2.

Inspecting the simulated results in Figure 4.6, we observe that the resultant performance
of'the filter follows that of the DNB BPF, except at the resonance frequencies of the GCMR
resulting in a TNB UWB BPF.
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Figure 4.6. The simulated performances of the GCMR, the DNB and the TNB UWB
BPFs with Lx = 24 mm, Agilent ADS Momentum.

4.3.3Quadruple notch-band (QNB) UWB BPF

Similar to the previous case, a new quadruple notch UWB BPF can be designed by
appropriately choosing the parameters of three sections of the proposed topology in Figure
4.1 and the design curves in Figure 4.6.

Based on the simulated results in Figure 4.5, the central frequencies of the five quasi-
pass bands (J1-ds) can be tuned for the different values of Lx parameter.

It is observed that more harmonics (sub-pass-band) can be demonstrated in the UWB
pass-band of the structure by increasing the length of the GCMR. Thus, the electrical length
of the GCMR is increased to realize six quasi pass-bands in the frequency range of DC
tol6 GHz.

In this case, since we try to synthesize a QNB UWB BPF, the electrical length of the
GCMR should be somehow chosen to add two transmission zeros within the UWB pass-
band while the other two required notches have already been realized by the DNB BPF.
The following considerations should be therefore taken into account to design a QNB UWB
BPF:

Similar to the TNB case, J1 and d¢ are determined to be located out of the pass-band to

further suppress the unwanted modes of MMRs.
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e 0 is determined to be located between the lower skirt of the DNB BPF and its first
notch-band.

e 03 is determined to be exactly on or in the vicinity of one of the notches realized by
DNB BPF where it adds a degree of freedom to widen the bandwidth of the notch.

e J4is determined to be located between either the first and the second notches of the
DNB BPF or the second notch and the upper side of the DNB BPF.

e Similar to the TNB UWB BPF, Js is determined to be exactly located at the upper
side of the pass-band to further sharpen its upper skirt.

According to the given considerations, a QNB UWB BPF is developed. To conceptually
show the locations of the QNBs within the pass-band of the proposed filter, the EM
simulated performances of the GCMR with six quasi pass-bands, the DNB UWB and the
QNB UWB BPFs are separately provided in Figure 4.7. The results are simulated using the
simulator tool (Agilent ADS Momentum) on a 0.787-mm-thickness substrate with the

dielectric constant of &= 2.2.
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Figure 4.7. The simulated performance of the GCMR, the DNB and the QNB UWB

BPFs with Lx = 33 mm, the other required parameters in the caption of Figure 4.5.

Inspecting the simulated performance of the proposed multiple notch-band BPF in
Figure 4.7, we realize three quasi pass-bands within the pass-band of the DNB BPF and
one transmission zero at its upper skirt resulting in a QNB UWB BPF. Note that the
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electrical length of Lx in the GCMR is further increased to be around 33 mm in comparison
to the previous case. Figure 4.8 provides the current distribution on the layout at different
notches. The current distribution indicates that the GCMR contributes to the filter
performance only at the first and the fourth notches. This is confirmed by the current
distribution presented in Figure 4.8(a) and (b). The results show that the current is mostly
conducted through the GCMR at the specified notched frequencies. However, the scenario
is different at the other notched frequencies as shown in Figure 4.8(c). Inspecting the
simulated results, we observe that the current flow through the SIRs is significantly higher

than that through the GCMR at the second notch-band realized by phase cancellation [33].

Figure 4.8. The current distribution on the layout at (a) the first notched (b) the forth
notched (c) the third notched frequencies.

4.4 Fabricated prototype and measured results
4.4.1 TNB UWB BPF

According to the given specifications, a TNB UWB BPF is designed using the simulated
results in Section 4.3 and the filter is fabricated on a Duroid 5880 0.787-mm-thick substrate
with the dielectric constant of &= 2.2. The size of the entire layout is reported to be around
8.2x37.6 mm?* where Figure 4.9(a) shows the digital photograph of this filter.

To verify the simulated performance of the proposed filter, the S-parameter

measurements are performed using an Agilent network analyzer from DC to 16 GHz.
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Figure 4.9(b) compares the simulated and measured performances of the TNB UWB BPF
in terms of the S-parameters and the group-delay.

The four pass-bands of the fabricated BPF are reported to center at 4.33, 6.02, 7.5 and
10.985 GHz with a 3-dB bandwidth of 2.26 GHz (3.2 — 5.46 GHz), 0.42 GHz (5.81-6.23
GHz), 1.6 GHz (6.7-8.3 GHz) and 2.85 GHz (9.56-12.41 GHz), respectively. The first
notch-band is measured at 5.63 GHz with a rejection level of 20 dB and a 3-dB bandwidth
0f 6.2% (from 5.46 to 5.81 GHz). The measured second notch band is located at 6.47 GHz
with a rejection level of 24.3 dB and a 3-dB bandwidth of 7.26% (from 6.23 to 6.7 GHz).
The third notch band is measured at 8.93 GHz with a rejection level of 11 dB and a 3-dB
bandwidth of 14.1% (from 8.3 to 9.56 GHz). The measured group-delay, dp/dw in the pass-
band of the filter, response of the filter in Figure 4.9(b) shows the variation of 0.2 nsec to
0.4 nsec in the sub-passbands.

Comparing the measured simulated results, we observe that the pass band deteriorates
at the vicinity of the notches which could be considered a drawback of this design.

Table 4.2 compares the performance of the proposed TNB UWB BPF with those of the
conventional counterparts designed using complicated multi-layer technologies.

These results show that the proposed filter is superior as it uses a single-layer substrate
compatible with MIMIC technology. The proposed filter also has the benefit of two
transmission zeros at both sides. Moreover, the notched frequencies in [23] appear to be a
constant multiple of each other with a ratio of @ = 1.3 while in the proposed prototype, the
DNB BPF and the GCMR can be designed in such a way that the three notch bands to be
tuned in a wider frequency range [23]-[24].
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Figure 4.9. (a) The digital photograph of the proposed TNB UWB BPF (b) simulated and
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measured results of the filter.

Table 4.2. Comparison between the proposed TNB UWB BPF and the conventional

counterparts.
Notched
BPF Structure Size(mm?) TZs Frequencies
(GHz)
SIW +CPW + One Located at
[35] 68 Via-Holes 654.0 Upper Side 6.8/8.35/9.48
Multi-Layer
[23] LCP + Via- 178.6 One Located at 4 o0/ o5/ g7
Upper Side
Holes
Multilayer +
[24] Short-Circuited 405.7 O‘{f Lgf%t%deat >:4/5.98/6.76
Stub pp
. p-strip Two Located 5.63/6.47/8.93
This Work TSSIR 308.0 at Both Sides

It should be noted that the main reason of the loss in the pass-bands of the filter,
especially at the first and the third sub pass-bands, can be attributed to the very high
characteristic impedance of the GCMR.
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4.4.2 QNB UWB BPF

Similarly, based on the simulated results in Section 4.3, the proposed QNB UWB BPF
is fabricated with the optimized parameters in the Figure 4.5 and Lx=33 mm in Figure 4.7.
Figure 4.10(a) shows the digital photograph of the filter whose size is reported to be around
46.5% 8.3 mm?. Figure 4.10(b) shows the measured and simulated performances of the
QNB BPF where a good agreement is observed between them and the little discrepancy is
attributed to the fabrication tolerance.

Based on the results in Figure 4.10, the five sub pass-bands of the fabricated QNB UWB
BPF are centered at 3.593 GHz, 5.31 GHz, 7.86 GHz, 9.43 and 10.83 GHz with 3- dB
bandwidths (FBW) of 0.71 GHz (3.24 — 3.95 GHz), 1.9 GHz (4.36 — 6.26 GHz), 1.33
GHz (7.19-8.52GHz), 0.65 GHz (9.1-9.75 GHz) and 1.05 GHz (10.3-11.35), respectively.

The four notched frequencies are centered at 4.26 GHz, 6.8 GHz, 8.78 GHz and 9.9
GHz, respectively. The attenuations at the centers of the four notched bands are measured
to be around 16.7 dB, 12.6 dB, 20.9 dB, and 27 dB, respectively. Furthermore, as shown
in Figure 4.10, the measured dop/dw, the group delay in the pass-band of the filter [28],
variation is reported to be between 0.2 nsec and 0.4 nsec. In addition, the upper stop-band
of the filter is extended up to around 16 GHz with a suppression level of around 10 dB.

The proposed QNB UWB filter demonstrates the capability of rejecting the four
unwanted parasitic bands. The design can be further developed to realize more notch-
bands. Compared to the only previously reported quadruple notch band filter [25] this filter
has a much simpler design procedure and requires only a single layer patterning which can
significantly reduce the production cost.

It is worthy to mention that the I/O SMA connectors are connected close to the main
resonator of the structure size reduction. This may be responsible for the discrepancy
between the simulated and measured results. In summary, the initial two notches are caused
by the SIR’s dimensions as outlined in [33] and the additional notches (third and higher)
can be introduced by the proposed technique in this section. The length of the GCMR is

the most important factor to specify the additional notched frequencies.
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Figure 4.10. (a) The digital photograph of the proposed QNB UWB BPF (b) the

simulated and measured results of the filter including S-parameter and rate of the change

in transmission phase with respect to frequency (d4.S»1/dw= do/dw).

4.5 Bandwidth reduction and improved pass-band behavior

For some applications, the parasitic interferences are focused on very narrow
bandwidths, thus an alternative multi notch-band filter design would be desired to reduce
the notch bandwidth. In this section modify the structure of the filter to reduce the
bandwidth of the notches.

To further decrease the bandwidth of the notches, we observed that distributing the gaps
(or capacitive coupling) along the GCMR realizes the notches with narrower bandwidth.
Figure 4.11(a) shows the proposed configuration with G=0.2mm and S$1=0.15mm. Figure
4.11(b) provides the simulated insertion loss of the GCMR for the distributed layout with
two additional gaps in the line. The proposed resonator is integrated with the double notch-
band platform and a new triple notch-band filter is designed with the simulated results in
Figure 4.12(a). In this case, one of the additional gaps is located at point 4 with L=18mm
where the design is somehow modified to demonstrate four notch-bands by moving the gap
to location B with L1=14mm, as presented in Figure 4.12(b). This new design demonstrates

multi notches with narrower bandwidth compared to the previous design.
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Note that there is an insertion loss difference between the simulated and measured results
for the prototypes in Figure 4.10 (0.5 dB to 1dB). The same loss difference is expected for

the simulated and measured results of the new designs in Figure 4.12.
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4.6 Conclusion

A new technique has been introduced to design multi notch-band ultra-wideband band-
pass filter. The proposed technique is used to develop new triple and quadruple notch-band
UWRB filters. The proposed technique has been developed by the parallel integration of
three resonators including two multiple-mode resonators (MMRs) and a gap-coupled p-
strip resonator (GCMR). Adopting the double notch-band (DNB) BPF, the two multiple
(three and four) notch-band UWB BPFs have been designed and simulated by appropriately
choosing the length of the third path to establish the desired transmission zeros in the pass-
band of the filter. The triple and the quadruple notch-band UWB BPFs have been fabricated
and measured. In comparison to the conventional triple notch-band UWB filters with
multilayer structure, the fabricated prototype is low cost, compatible with MMIC

technology, easy to fabricate with no via holes.
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Chapter S Compact MEMS-based ultra wide-band
CPW band-pass filters with single/double tunable
notch-bands

5.1 Introduction
The unlicensed use of ultra-wide-band (UWB) for commercial purposes, approved by

FCC in 2002, has raised interest in academic and industrial research on various UWB
devices [1]. Since the existing radio signals such as wireless local-area network (WLAN)
or WiMax may interfere with the UWB radio system within the range defined by the FCC,
the design of ultra-wide band-pass filters (UWB BPF) is required with single/multiple
notch-bands to reject these interfering signals.

So far, several studies have focused on single and multiple notch-bands filters realization
[2]-[16], however, they are limited to fixed notches. It is well known that the existing
parasitic signals change from place to place and from time to time. Therefore, the recent
investigations have attempted to design UWB filters with tunable notch-bands [17]-[21].

A single tunable notch-band UWB BPF has been reported in [17] based on harmonic
characteristics of a half wavelength transmission line integrated with varactor diodes.
Another tunable notch-band filter has been investigated using an open-stub microstrip
structure in combination of varactor diodes [18]. An electronically reconfigurable notch-
band UWB BPF on liquid crystal polymer (LCP) substrate has also been reported in the
literature [19]. The same technology has been employed to develop a tunable single notch-
band UWB BPF in [20].

However, these filters have been designed by incorporating varactor diodes and via holes
which require hybrid integration with associated complexity. Besides, they consume power
and show poor RF performance [21]. Active filters have also been employed in several
studies to meet these requirements but at the expense of increased CMOS chip area, cost
and power consumption [22]-[23].

The MEMS filter technology has been widely studied during the last decade due to the
superior characteristics including low DC power consumption and low RF loss [24]. To

capture such benefits, a miniaturized tunable notch-band UWB BPF has recently been
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investigated using the integration of transmission lines and MEMS capacitors [25]. This
filter provides a tunable notch-band on a silicon-based substrate; however, it is limited to
a single tunable notch-band.

In this Chapter, we propose a novel compact UWB filter with single/double tunable
notch-bands. The proposed filter is based on a compact UWB filter with two incorporated
MEMS capacitors. The integrated filter is designed in such a way that one of the notched
frequencies can be independently tuned by actuating the corresponding MEMS capacitor.
The basic idea behind the double-notch UWB BPF is previously shown in [26], here, the
design procedure and the fabrication process of the filter integrated with the MEMS
components are presented.

In the next section, the proposed tunable double-notch UWB BPF is initially introduced
where the main components of the filter including UWB BPF and the RF MEMS capacitors
are characterized. The UWB BPF will be initially explained with design, simulation and
fabrication details on a 635-um-thick alumina substrate with the dielectric constant of
£=9.8. Afterwards, a new concept of coupled transmission lines integrated with RF MEMS
capacitors is proposed and mathematically analyzed to introduce a notch-band in the pass-
band of the filter. Then, the transmission zero realized by the integration of MEMS
capacitors with coupled TLs is employed to tune the notch-band. Finally, two UWB BPFs

with the single/double tunable notch-band are experimentally demonstrated.

5.2 Principle operation of the proposed tunable UWB BPF
Figure 5.1(a) and (b) schematically show the proposed tunable double notch-band UWB

band-pass filter and the expected behavior, respectively. Here, a half-wavelength resonator
integrated with two quarter-wavelength lines is employed to demonstrate UWB filters [26]-
[29]. As schematically shown in Figure 5.1(a), the two MEMS capacitors with different
plate areas are integrated with the coupling parts of the CPW UWB BPF at I/O ports. The
capacitors are anchored to the one of the two coupled lines and extended over the resonator
and the other coupling line. These RF MEMS capacitors are then integrated with the
structure to design tunable notch-band UWB BPFs, as shown in Figure 5.1(b).

84



o
-}
So1 Parameter

Capacitor 1

L

Capacitor 2 I
5 |
g I
v
' Resonator g |
£ |
Substrate ~ | Changing CZ
2 |
|
PE= , . =
0 fL £ fno fU
Frequency
(a) (b)

Figure 5.1. (a) The proposed tunable DNB UWB BPF (b) the expected performance.

As will be explained in the next section, the integration of the MEMS capacitors and the
half-wavelength resonator adds an extra transmission zero which can be independently
tuned. The notched frequencies realized by these TZs can be continuously tuned by
changing the capacitor of the MEMS actuator.

The detailed analysis and design procedure of such structures are explained in this
Chapter. The UWB filter design without any notch-band will be explained in the next
section. Then, the theory and the proposed concept of adding transmission zero will be

elaborated to develop tunable single/double notch-bands.

5.3 Ultra-wide-band band-pass filter
The UWB BPFs have previously been designed by integration of half-wavelength

resonators and two quarter-wavelength lines [27]-[29]; however, the entire structure is
reported to be relatively large due to the A/2 resonator.

Here, we apply this technique to design the filter shown in Figure 5.1(a). In this filter,
we use distinctive characteristic impedances (the lower ones at the I/O ports and the higher
ones at the resonator) which results in the electrical length reduction of the main 4/2 length

resonator (Li). A size reduction of around 44% is reported in comparison to the
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conventional filters [27].

(a) (b)
Figure 5.2. (a) UWB BPF with: L=3.2mm, L1=2.4mm, S= 0.05mm, §1=0.275mm, #=0.1
mm, W1=0.2mm, #>=0.05mm and #3=0.65mm (b) the fabricated UWB BPF on an

alumina substrate with the thickness of 635um and the dielectric constant of 9.8.

According to the given specifications, an UWB BPF is designed with the optimized
parameters given in Figure 5.2. The UWB BPF is fabricated on an alumina 0.635-mm-
thick substrate with the dielectric constant of &= 9.8. The size of the entire layout is
reported to be around 2.5x10 mm? where Figure 5.2(b) shows the digital photograph of
the filter.

To verify the simulated performance of the filter, the S-parameter measurements are
performed using an Agilent network analyzer from DC to 24 GHz.

Figure 5.3 compares the simulated and measured performances of the UWB BPF. The
maximum insertion loss in the pass-band is measured to be around 1.8 dB which mainly
comes from dielectric and conductor losses. Moreover, the main discrepancy between the
simulated and measured insertion losses is due to the low conductivity of the sputtered gold
which is measured to be 1.8x10” S/m (as oppose to nominal 4x107 S/m). Besides,
confirmed by simulation, the increase of the gold thickness from 1 pm to around 3 pm can
significantly reduce the insertion loss of the filter.

In the next section, the notch-band realization in the UWB pass-band is discussed using
lumped-element analysis. To present the proposed model, the theoretical analysis is
initially explained including the transmission zero realization and then a novel tunable

single notch-band UWB BPF is designed and fabricated.
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Figure 5.3. The simulated and measured performances of the UWB BPF in Figure 5.2
(b).

5.4 Tunable notch-band realization
5.4.1 Realization of transmission zeros (TZs)

As discussed in the previous section, an UWB BPF can be designed by the integration
of a multiple mode resonator (MMR) and two coupled lines. In this section, the coupled
lines are further developed to realize a transmission zero (TZ) resulting in a notch-band
UWB BPF.

The Y21 parameter of the integrated structure is extracted to show that the extra TZ can
be realized by integrating the coupled lines with an L-C circuit. The simplest way to derive
the Y parameter and consequently the TZs of the proposed layout is using the ABCD matrix
[31]. Figure 5.4 shows the proposed coupled transmission lines to realize three TZs. It
should be noted that the coupled lines with three lines can be considered as two pairs of
coupled lines where the middle line is divided into two lines using even/odd-mode analysis
[29].

The developed structure consists of the two different paths from port 1 to port 2. Path1
includes a pair of coupled lines with electrical length 6 and even/odd-mode characteristic

impedances Z. and Z, while path2 consists of a pair of coupled lines integrated with a
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lumped element L-C circuit.

Path 1
— -
0. Ze. Zo
—t |
|
Zo ZO
Port 1 D_q:|_ Port 2
0.50, Zo 0.50, Zo
| T
— |

0.56, Zo 0.50. Zo

i~

Path 2
Figure 5.4. The proposed coupled lines integrated with L-C circuit.

The ABCD matrix for pathl can be determined as follows [31].

Zot+Z,  (Ze=Z)2=(Zo+Z,y)?cos?0
A B e [0} COSQ ](( e O) ( e O) )
1 1] _ |22 2(Ze—Z,)sind (5-1)
Ci Dilpgns jﬂ ZetZo 0 s0
ZE_ZO ZE_ZO

where its Y parameter can be calculated as (5-2):

-1
(Y21)path1 = 5~ (5-2)
1

To make a simple analysis for path2, the coupling between the transmission lines is

neglected; therefore, ABCD matrix is derived as given in (5-3).
Based on Richard’s Transformation [31], the L-C circuit is replaced by the two short-

and open-circuited stubs with the electrical length of 0.56 and the characteristic impedances

calculated from L and 1/C, respectively.

88



cot0.560 . .
(Cmtan 0.56 — ) [0.5sin 8(Y#tan?0.50 — 1) — Y tan 0.50co0s 8] + cos @ — Yytan 0.58sin 8
m
A . cot0.56 5 L, 5 . . L
BZ ][(Cm tan 0.56 — I ) (c0s?0.50 + sin*0.50tan*0.56 — Yytan 0.50sinf) + sinf — 2Z,tan0.50sin*0.50]
2 — m
C, - ) ) ) cot0.56 S
D j[2Yysin8 — 4YZsin?0.56(C,,tan0.50 — )]
2dpath2 m
cot0.56 .
(CmtanO.SG - ) [0.5sin0(YZtan?0.50 — 1) — Yytan0.50c0s0] + cosf — Yytan0.50sind
m
-3)
The Y parameter for this path can be calculated as follows:
= 5-4
(Y21)patnz = 5, (5-4)

Now, the Y>1 admittance of the entire structure in Figure 5.4 can be derived as follows

[31]:

(Y21)r1otat = Y21)Patn1 + (Y21) path2 (5-5)

To solve (5-5), there are several degrees of freedom. The characteristic impedances are
initially normalized to Zo = 50 Q and then they are arbitrarily chosen. Figure 5.5 shows the
solution of (Y21)1otat Where three TZs are realized.

To investigate the behavior of the structure in detail, the behavior of (¥21) pan1 and (Y21)
path2 parameters are discussed.

Figure 5.5 presents the graphical solution of Y21 parameter for the coupled lines
integrated with the L-C circuit in path2 and the coupled lines in pathl. Inspecting the given
graphs, we observe that (Y21)pam1 demonstrates two TZs as 6;,= 0 and z corresponding to
0 and 2f,, respectively [29], [31] and [32]. It can be seen that (¥21)pam2 follows the behavior
of that of the conventional coupled lines except at the resonance of the L-C circuit.

The third notch is realized at 6=6y,3 by integrating the MEMS capacitor with the coupled
lines. Inspecting the mathematical solution in Figure 5.5, we observe that the amplitudes
of Y21 pan1 and Y21 path2 parameters at =63 are equal with inverse sign. This leads to the
realization of an additional TZ where two signals with equal amplitudes and 180 phase
shift add up to zero [7]. Similarly, it can be shown that the signals coupled through pathl

and path2 could cancel out at a desired frequency by appropriately choosing the values for
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L and C components as well as coupled-line parameters.
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Figure 5.5. Solutions of (Y21)pat1, (Y21)pat2 and (Y21)Tor With normalized Z, = 1.1,Z, =

09,Cy = 11,L, = 1.

5.4.2 Transmission zero tuning

As discussed in the previous section, the coupled lines realize two TZs at two different

frequencies while the L-C circuit in path2 demonstrates the third TZ. We use the third TZ

for notch-band realization; therefore, its realization and tuning mechanism are explained in

more detail.

Figure 5.6 shows that the frequency of this TZ can be tuned by changing C,, and L,,,.

As given in Table 5.1, €, is normalized to L,, and the total admittance of the structure

where (Y21)1otal 1s calculated for the different values of these two components in Figure 5.5.

We observe that the third TZ is shifted towards the lower frequencies by increasing CuLn.

Table 5.1 Different values of Cy, capacitor.

(Y201 (202 (Y203 (Y20)re (Y2015 (Ya1)Te
C, 11 15 20 25 35 50
1 1 1 1 1 1
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Figure 5.6. Solution of (Y21)total for the different values of C, capacitor in Table 5-1.

5.4.3 Confirmatory simulation

As theoretically demonstrated in the previous sections, the third TZ is realized by the
integration of the L-C circuit and the coupled lines, therefore this technique is used to
suppress an un-wanted frequency band. The proposed model in Figure 5.4 is designed and
simulated to verify the theoretical results in Section 5.3. Figure 5.7(a) shows the simulated
results for the proposed model in Figure 5.4, designed using CPW transmission lines on a
substrate with the thickness of 635 um and the dielectric constant of 9.8. It should be noted
that the L-C circuit is replaced with a MEMS capacitor to realize a notch-band
corresponding to the third TZ. Additionally, Figure 5.7(b) represents the simulated results
for the circuit with the same parameters with variable C, capacitor. In this simulation, the
values of Lm and Cr, are chosen based on the normalized values in Figure 5.6. Having one
degree of freedom, Lm is chosen to be around 0.01 nH and Cn, is calculated using the ratios
in Table 5-1. It should be noted that the notch-band is tuned from 5.4 GHz to 4.7 GHz for
the values of C, in Figure 5.7(b).

Inspecting the theoretical and simulated results in Figure 5.6 and Figure 5.7,
respectively, we observe that the realized notch-band corresponding to the third TZ is

shifted towards the lower frequencies by increasing Cn.
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Figure 5.7. EM simulated results of the proposed structure in Figure 5.4 with (a) MEMS

capacitor (b) lumped element L-C circuit.

5.5 Tunable MEMS capacitor

The proposed UWB filter is fabricated through CMC Micro-system using the
UWMEMS process; a 7-mask gold based multiuser fabrication process (Details provided
in Appendix A). The summary of the process is as follows.

The process starts by sputtering 40 nm of Cr on a 25 mil thick Alumina wafer. The Cr
layer is patterned by the 1% mask using the lift-off technique to define the bottom plate of
the MEMS capacitors. A 0.3 um PECVD silicon oxide layer is deposited and patterned by
the 2" mask which protects the Cr layer from oxidation and provides electrical isolation
between the capacitor bottom plate and the top metallic layer. The process continues by
evaporating a thin layer of Cr/Au (40 nm/100 nm) as the seed layer for the electroplating
step. A photoresist mold is then formed using the 3™ mask to electroplate 1um um of gold.
The main resonator part and the CPW ports are defined by this layer. The mold and the
seed layer are removed at the end. A dielectric layer of 0.5um PECVD silicon oxides is

deposited to provide isolation between the main resonator and the top capacitor plate.
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Polyimide is then spin coated as the sacrificial layer (2.5pum) for the MEMS capacitors and
patterned to define the openings for the anchors. Finally, the top gold layer is sputtered and
electroplated to achieve 1.25um thicknesses and molded to define the main structural layer
(top plate of MEMS capacitors). The MEMS capacitors are finally released using an
oxygen plasma dry etching process.

Figure 5.8(b) shows a SEM picture of the released MEMS capacitor integrated with the
proposed filter.

2000m  EHT=2000kV Signal A = SE1 Date :14 Sep 2012 ered
WD= 56mm Photo No. = 4403 Time :13:12:11 144 X
(a) (b)

Figure 5.8. (a) MEMS capacitor integrated with the UWB BPF (b) filter SEM picture.

As discussed in the previous sections, the third TZ is realized by integrating the L-C
circuit with the UWB BPF where this TZ is tuned by changing the capacitor of the circuit.
Note that the TZ tuning is performed by applying an electrostatic voltage to the MEMS
capacitor.

Figure 5.9 shows the Zygo optical profile of the integrated MEMS capacitor in the UP
state. By applying the voltage to the capacitor, the capacitor gap decreases resulting in the
increase of capacitance in the circuit.

For this case, the voltage can be increased from 0 volt up to 60 volts where the snap
down (pull-in) happens and the capacitor cannot be further tuned. Thus, the capacitance
value is tuned between the Up and Down states of the MEMS capacitor. The capacitance

value of a curled-up capacitor can be calculated using the following equations:

_ EoA ﬁ -
¢= (dy-dq) Ln(d1 S 6)
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Figure 5.9. Zygo picture of the released MEMS capacitor.

Table 5.2 presents the calculated and simulated values of the capacitor for two UP and
DOWN states based on the measured profile of the MEMS structure.

The small discrepancy between the calculated (based on the measured capacitor
properties) and the simulated results is due to the curled-up plate of the fabricated capacitor

which is not considered in the simulation.

Table 5.2 Calculated and simulated capacitance values.

UP-state Down-State
Calculated (Eq.(5-6)) 0.09 pF 0.45 pF
Simulated 0.12 pF 0.54 pF

5.6 Ultra wide-band band-pass filter with tunable single notch-

band

To verify the theory, a tunable notch-band UWB BPF is designed based on the
integration of the MEMS capacitor and CPW-based filter.

According to the proposed structure in Figure 5.4, a notch-band is realized in the ultra-
wide-band pass-band of the coupled lines. In this Section, a tunable single notch-band
UWB BPF is designed and analyzed by replacing one of the coupled lines in the layout of
the UWB BPF in Figure 5.2 with the proposed model in Figure 5.4.
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An UWB BPF with tunable notch-band is realized by integrating the coupled lines and
MEMS capacitor of Cy, (420%x350 pm?) with 1.55 mm away from the input port.

The performance of the filter is simulated by an EM simulator tool (Agilent ADS
Momentum) on the same substrate with the parameters in Figure 5.2. Figure 5.10 shows
the performance of this filter considering PEC for the metals and ideal flat MEMS capacitor
plate.
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(a) (b)
Figure 5.10. (a) Simulated results of the tunable single notch-band UWB BPF (b) the

notch-band tuning.

Inspecting the simulated results of the tunable single notch-band UWB BPF in Figure
5.10, we observe that the simulated results confirm the theoretical ones in Figure 5.6 and
Figure 5.7. As shown, the notch frequency is tuned and shifted towards the lower
frequencies by increasing the tunable capacitor of Cn, in the structure.

According to the proposed technique, a new compact UWB filter with single tunable
notch-band is fabricated on a 0.635-mm-alumina substrate with the dielectric constant of
9.8. The size of the entire layout is reported to be an area of 2.5 x 10 mm?* To
experimentally verify the performance of the proposed filter, its S-parameter measurements
are performed using an Agilent’s network analyzer from DC to 25 GHz. Figure 5.11
provides the photo and the measured results of the filter. The maximum in-band insertion

loss is measured to be around 3.4 dB where we observe a 1.6 dB loss difference in
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comparison to that of the UWB BPF in Figure 5.3. This extra loss can be attributed to the
parasitic coupling of MEMS actuators with the CPW lines where its maximum loss occurs
at their resonance or notch-bands. We have modeled the MEMS actuators only at their
resonance using series Ln-Cn circuit in Figure 5.4. Based on the complete equivalent circuit
of open-circuited stub in Figure 2.8, if we include the other capacitor of the MEMS actuator
integrated with series Lm-Cm, this capacitor imposes extra loss by generating parasitic
coupling between the CPW signal lines.

The measurement shows that the notch-band can be tuned from 7.7 GHz to 6.3 GHz
with an actuation voltage of 0 to 60 volts. This notched frequency can be even further tuned
to the lower frequencies. At the notch frequency, the insertion loss is measured to be around
10 dB where it slightly decreases by increasing the actuation voltage.

Moreover, the quality factor and the equivalent resistance of the MEMS capacitor are
calculated to be 12.96 and 3.76 Q, respectively using the measured 3-dB bandwidth of the
notch-band, 6.23 GHz to 6.73 GHz and the resonance frequency of 6.48 GHz.

Inspecting the measured results, the suppression level or the notch depth becomes
limited in practice, around 10 dB. To improve the performance of the filter in terms of
suppression level in the notch-band, the performance of the filter is simulated again by
considering the main sources of the loss including conductor and substrate losses.
Moreover, the filter performance is improved by optimizing the MEMS capacitors where
the capacitor is anchored on one of the lines and extended only over the resonator. Figure
5.12 compares the simulated and measured results of the primary filter to the simulated
results of the modified filter.

In the modified filter, the physical dimensions of the two MEMS capacitors are
somehow chosen to resonate at the same frequency. As the results of these modifications,
a much deeper notch is demonstrated for the tunable single notch-band filter, as shown in
Figure 5.12. Note that the capacitor plate size is increased to 620x420 um? in the new
design. This could also compensate the warpage of the MEMS beam shown in Figure 5.9.
Note that there is a loss difference between the simulated and measured results of the filter
in Figure 5.12 (0.5 dB to 1.5 dB). The same loss difference is expected for the simulated

and measured results of the new design with improved notch suppression.
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Figure 5.11. (a) Fabricated UWB BPF with tunable single notch-band and the measured
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Figure 5.12. Simulated results of the modified filter (Agilent ADS Momentum).
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5.7 Ultra wide-band band-pass filter with tunable double notch-
bands

In this section, the structure of the filter is further developed to design an UWB BPF
with tunable double notch-band where the structure is integrated with another MEMS
capacitor. Similar to the theoretical results in Section 5.3, it can be shown that the location
of the second notch can be arbitrarily tuned by changing the distance of the MEMS actuator
from the output port (changing € in equations (5-3)-(5-5)).

The first notch-band is established by integrating the MEMS capacitor of C; (420%350
pum?) with the coupled lines of the structure, Figure 5.1(a), with 1.55 mm away from the
input port. Similarly, the second tunable notch-band can also be realized by integrating
another MEMS capacitor C, with the different capacitance value (350x320 pum?), with
1.2mm away from the output port, to operate at a different frequency from the first notch-
band.

Figure 5.13 shows the EM simulated results of the filter using ADS simulator where the
first notch-band is independently tuned by changing the first MEMS capacitor of Ci,

S21 (@B)

V1 Y
.

Second Notch Tuning

-30

0 4 8 12 16
Frequency (GHz)

Figure 5.13. Simulated frequency responses of the proposed tunable double notch-band
UWB BPF.
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Similarly, the second notch is also tuned by actuating the second capacitor of C>. It
should be noted that the tuning range of the notched frequencies of the filter is limited to
the MEMS capacitors tuning ratio which is equal to 1.5 for ideal standard parallel plate
MEMS capacitors. Eliminating this constraint, the notch frequencies can be further tuned
across a larger frequency band. The new compact UWB filter with dual tunable notch-
bands is designed and fabricated. Figure 5.14 shows the fabricated filter integrated with the
MEMS capacitors.

The size of the entire layout is reported to be an area of 2.5 x 10 mm?. To experimentally
verify the performance of the filter, its S-parameter measurements are performed using an

Agilent’s network analyzer from DC to 25 GHz.

Figure 5.14. Digital photograph of the fabricated tunable double notch-band UWB BPF.

5.7.1 The first notch-band tuning

To tune the first notch-band, an actuation voltage of 0 to 60 volts is applied to the first
capacitor (C,;) where Figure 5.15 shows the measured results of the filter. The results show
that the notch-band is continuously tuned as wide as 1 GHz from 7.5GHz to 6.5GHz.

The capacitor reaches to it pull-in state at 60 volts resulting in a sudden shift of the notch
from 6.45 GHz to 5.5 GHz.

Fabrication process and thin gold loss excluded, the main source of simulated and
measured insertion loss difference can be attributed to the parasitic coupling of MEMS
actuator with CPW signal lines out of its resonance frequency. The measured results are
performed on a gold layer of as thin as 1um whereas simulation is performed for PEC. The

maximum in-band insertion loss is measured to be around 3.4 dB.
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Figure 5.15. Measured frequency response of the proposed UWB BPF for the first notch
tuning.

5.7.2 The second notch-band tuning

Figure 5.16 shows the measured performance of the filter when the second capacitor
associated with the second notch-band (C>) is tuned. The measurement shows a tuning
range of 8.8GHz to 7.8GHz for the second notch-band while the first notch-band remains
unchanged at 5.5 GHz. This notch frequency can be even further tuned to the lower
frequencies; however, it overlaps with the first notch-band. The measured results indicate
that while the notch-bands are tuned, the filter performance remains unchanged across the
band. It is believed that the insertion loss can be considerably improved if thicker gold
layers are used. It should also be noted that the same insertion loss is reported for the
conventional tunable notch-band UWB filters [25].

Similarly, the depth of the notch-band can be further improved by considering all
sources of loss in the structure. Figure 5.17 shows the performance of the improved filter
in comparison to the previous design. In the new design, the capacitances’ dimensions are
increased to 720x200 um? and 780%350 um?, anchored to one of the coupled lines and

extended only over the central signal line.

100



S - Parameters (dB)
|

S 204

0 6 12 18 24 &0 6 12 18 24
Frequency (GHz)

Figure 5.16. Measured frequency response of the UWB BPF for the second notch-band
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Figure 5.17. The performance of the modified double notch-band BPF.

Comparing the simulated and measured results of the filter included all losses; there is still
a loss difference between them (0.7 dB to 1.5 dB). The same loss difference is expected
between the simulated and measured results of the modified UWB BPF with tunable double
notch-band.

Table 5.3 shows a summary of the existing UWB filters with tunable notch-bands in the

literature. As it is clear, the proposed structure is the first MEMS-based UWB filter with
the capability of demonstrating two tunable notch-bands.
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Table 5.3 Summary of the existing UWB filters with tunable notch bands.

BPF Size(mm?)  IL(dB) Technology Notch Band

[17] Not Given Not Varactor One
Given Diode

[18] 20x40 Not Varactor One
Given Diode

[20] 35%20 Not Varactor One
Given Diode

[21] 35x17 ~-5 Varactor One
Diode

[25] 4.8 x2.9 2.6 MEMS One

This Work 10x2.5 34 MEMS One/Two

5.8 Conclusion

A novel model of micro-strip coupled lines integrated with MEMS capacitors has been
developed and discussed to design UWB BPFs with tunable single and dual notch-bands.
The behavior of this model has been mathematically analyzed by considering the L-C
equivalent circuit of the MEMS capacitor to realize extra transmission zero (TZ). It has
been shown that the L-C circuit resonance adds an extra TZ to the structure. An UWB BPF
has been designed and fabricated using coplanar waveguide (CPW) integrated with MEMS
capacitors to realize tunable single/double notch-bands.

It has also been shown that the notch-band frequencies can be independently tuned
using MEMS capacitors while the filter performance across the ultra-wide pass-band
remains unchanged. The measured results indicate up to 1GHz independent tuning range
for each notched frequency. The proposed filter can be a good candidate for blocking

interference in ultra-wide-band communication.
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Chapter 6 Substrate integrated waveguide L-
shaped iris for realization of transmission zero and
evanescent-mode pole

6.1 Introduction
With the recent progress in wireless and satellite communication and the 5G requirements

for increased multi band structures, integrated platforms with simple configurations are in
need to offer flexibility in design, selective pass-band generation and/or unwanted
frequencies suppression. Discontinuities including irises, coupling aperture, or gaps are
very commonly used for this purpose [1]-[2].

In 3D waveguide structures, irises are specifically employed to realize either the
transmission poles and zeros (TZ) above the cut-off frequency of waveguide or the
transmission poles below this frequency, known as evanescent-mode pole. In both cases,
many studies have been reported in the literature. In connection to TZs realization with
irises in 3D structures [3]-[9], other techniques in the literature offer either cross coupling
between nonadjacent cavities or higher order excitation resulting in controllable TZ
realization at the expense of complicated and bulky 3D structures [10]-[19]. For example,
the technique proposed in [10]-[11] makes the cross section of the filter non-uniform and
increases the volume of the structure resulting in complexity in integration with other
components. Other designs based on this approach usually employ extra cavities in line or
in transverse direction to realize TZs [13], [15], [17] and [19].

On the other hand, evanescent-mode technique is an alternative for miniaturization,
categorized into two different classes: non-touching irises integrated with capacitive plates
[20]-[29] and composite right/left-handed transmission lines [30]-[34]. Although this
technique is effective in single band evanescent-mode BPFs realization, further research is
required to realize dual/multi-band evanescent-mode BPFs. Moreover, the upper stop-band

of these evanescent-mode filters is restricted by the cut-off frequency of waveguide [20]-

[34].
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It has been shown that the location of an iris inside a waveguide significantly impacts the
performance of the waveguide [6] and [9]. We will emphasize here that the shape of an iris
also plays a very important role. This study is aimed at advocating the L-shaped iris
integrated with 3D structures for filter realization. The application of similar iris has been
briefly suggested in [35]-[37] to realize TZ in 3D structures as continuous ridge; however,
this structure has not been previously detailed in filter design.

In this paper, the L-shaped iris is investigated in detail and characterized using lumped
element equivalent circuit. The structure is further developed for TZ realization and
evanescent-mode pole development. A lumped element-based prescribed filtering function
is discussed in terms of evanescent-mode pole and close-in TZ. The proposed concept
provides design flexibility and superior performance in a small footprint. It is also shown
that TZs and evanescent-mode transmission poles can be realized at the same time in one
structure. In addition, the upper stop band can be extended. As another indication of the
design flexibility, it is illustrated that compact dual-band evanescent-mode BPFs can be

designed with two independent bands.

6.2 Embedded L-shaped iris circuit model
Figure 6.1(a) shows the proposed embedded L-shaped iris (LSI) inside a slice of substrate

integrated waveguide (SIW). Assuming the simple transverse model of the SIW as an
inductor for the frequencies below its cut off frequency [1], the simple lumped element
equivalent circuit of the integrated structure can be modeled as illustrated in Figure 6.1(b).
C. stands for the coupling between the top layer of the SIW and that of the LSI, and L; and
L represent the inductive behavior of the SIW and the LSI below their cut-off frequencies,
respectively, seen from the reference plane T-T’ at the center [1].

The input impedance of the lumped element equivalent circuit of the LSI integrated with

the slice of SIW can be calculated as follows:

JjwLiLz(1-w?LyCc)
(L1+L3)=w?Ce(LyLy+LyL3+LyL3)

Zin =Zipn | Zinz = (6-1)

107



Inspecting the input impedance of the integrated structure, we calculate a TZ and a

transmission pOle at Wrz = 1/\/ CCLZ and Wp = \/Ll + L3/\/CC(L1L2 + L1L3 + L2L3)

frequencies, respectively. These frequencies can be controlled and manipulated by the

values of the lumped elements in the circuit. It is expected that the structure in Figure 6.1(c)

will have the same circuit model where the L-C model (L2 and C.) of the LSI is generated

by the wave propagation in the propagation direction.

H>=

038 mm (.13 mm

H,

Ho=

Hy
0.38 mm 0.13 mm

(c)
Figure 6.1 (2) Embedded L-shaped iris (LSI) inside a slice of SIW (b) the lumped

element equivalent circuit of the structure below the cut-off frequency of the SIW in the

transverse direction (c) the LSI oriented in the propagation direction.

To achieve a lumped element equivalent circuit that is able to accurately model the
behavior of a distributed-element structure in a wider frequency band, we expand the

conventional lumped element equivalent circuit for the integrated SIW and LSI in the

transverse direction.
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6.2.1 Waveguide transverse circuit model

In Chapter 2, Section 2.2, we illustrated how to model a short circuit for loaded TL. Now,
we emphasize on the aspect that a waveguide can be a parallel integration of two short-
circuited stubs in the transverse direction. This aspect is represented in Figure 6.2(a) around
the reference plane of T-T'. Consequently, the equivalent L-C circuit of Figure 6.2 (a) can
be represented by integrating the two L-C circuits (Figure 2.7(b), Chapter 2) to get the
circuit in Figure 6.2(b). Since the general L-C circuit in Figure 2.7 (b) is reduced to that in
Figure 2.8(a), the original m-network L-C circuit is reduced to a parallel L-C circuit. Thus,
their L-C components can be directly calculated from (2-6)-(2-7):

0=2atw, > L=22,¢=1/2Zw, (6-2)

where w. and Zj are the cut-off frequency and the characteristic impedance of the structure,
respectively. Moreover, Zj is calculated from the longitudinal length, the dielectric constant
and the height of the structure.

To evaluate the analysis, Figure 6.2(d) compares the results of the L-C and EM
simulations (©Agilent ADS) [38] accompanied by the measurement. SIW operating at
TE10 mode, Figure 6.2(d) shows the results of the first two modes realized at around 3 GHz
and 5.5 GHz, respectively. These results are compared for a slice of SIW with the
longitudinal length of W=20 mm, the width of {=40 mm on a 5880 substrate with the
dielectric constant of 2.2 and the height of 0.51 mm. Assuming that f.=2.53 GHz, we get
L1=0.755nH and C;= 5 pF for the L and C components, respectively. Inspecting the results,
we observe that the L-C circuit simulation follows the measurement and EM simulation
(Agilent ADS Software [38]) up to 3 GHz (up to the first mode of SIW; TEo) where a
discrepancy is observed for higher frequencies, since the equivalent L-C circuit of the

structure has not been taken into account in the propagation direction for this modeling.
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Figure 6.2. (a) Slice of SIW (b) and (c) equivalent n-network and parallel L-C circuit (d)

comparison between L-C, EM simulation (©OAgilent ADS [38]) and the measurement
with L=0.37 nH and C=10 pF and W= 20 mm, {=36 mm.

Inversely, the width and length of the SIW can be calculated given the bandwidth and the

resonance frequency of the corresponding parallel L-C circuit (details presented in Section
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6.2.2). Assuming a pass-band resonance at 3 GHz with the 3-dB bandwidth of 0.25 GHz,
L and C components are calculated to be equal to 0.36 nH and 7.8 pF, respectively, using
L=2RAw/wo)* and the resonance frequency [3]. Substituting these values in (6.2)
alongside the cut-off frequency of £.=2.5 GHz and Zy = 5.65 Q, we compute {=40 mm and

W=21.4 mm with the substrate characteristics of H=0.51mm and &=2.2.

6.2.2 Embedded LSI waveguide transverse circuit model

Shown in Figure 6.3(a), the lumped element L-C circuits of the integrated SIW and LSI
are derived by disassembling the entire structure into the four sub-sections around the
symmetric plane of T-T'. Each sub-section of the SIW is equivalent to a parallel L-C circuit,
while the embedded LSI is equivalent to a parallel L-C circuit series with the Cc capacitor
which stands for the capacitive coupling between the LSI and SIW’s top layers, as shown
in Figure 6.3(b).

To conceptually inspect the performance of the integrated structure for TZ or evanescent-
mode pole realization, the behavior of its corresponding equivalent L-C circuit is discussed
versus frequency. The L-C circuit in Figure 6.3(b) is more simplified to that in Figure 6.3(c)
where Leq and Ceq components represent the total equivalent inductor (L, L1 and L2) and
capacitor (C, C; and () of the structure, respectively.

Taking the length of the LSI smaller than that of the SIW in the transverse direction, the
cut-off frequency of the SIW is expected to be smaller than that of the LSI (fe-sow < fe-1s1).
Therefore, three distinguished states can be totally expected for the behavior of simplified
L-C circuit versus frequency as shown in Figure 6.3(c). For the frequencies below the cut-
off frequency of the SIW (f < f..siw), state 1 gives the equivalent L-C circuit of the integrated
structure representing the SIW and LSI with the two inductors of Leq and L3, respectively.
In state 2, the equivalent L-C circuit of the SIW becomes a capacitor (Ceq) While that of the
LSI remains as an inductor. In state 3, both structures operate above their cut-off
frequencies, therefore, they both are modeled with capacitors up to the second higher order
mode of the SIW.

In this section, the performance of this structure is evaluated in favor of TZ realization
above the SIW cut-off frequency and later the concept is discussed for evanescent-mode

pole realization.
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To compare the performance of the equivalent L-C circuit with its corresponding
distributed elements, the values of the L-C components, except Cc, are calculated using (2-
6)-(2-7) in Chapter 2, given Zy and f.. Taking the width and length of the SIW equal to
W=20 mm and £=36 mm on a 0.51-mm-substrate with the dielectric constant of 2.2, the
characteristic impedance (Zo) and the cut-off frequency (f:) are calculated to be 6 Q2 and 2.8
GHz, respectively. To compensate the error of the model and calculation, the values of the
L-C components are slightly optimized to match the frequency responses of the lumped
and the distributed elements. Table 6-1 gives the calculated and optimized values and
Figure 6.3(d) compares the EM (distributed elements) and the L-C (lumped elements)

simulated results.

Table 6.1 Calculated and optimized L-C values of the lumped element equivalent circuit

of the proposed structure in Figure 6.1.

L-C L (nH) C (pF) Li(nH) Ci(pF)
Calculated 0.682 4.735 1.38 2.33
Optimized 0.680 4.750 1.36 2.35

L-C L> (nH) C2 (pF) L3 (nH) Cs(pF)
Calculated 2.32 0.275 1.98 1.10
Optimized 3.20 0.200 1.64 1.25

It should be noted that as it was predicted using simplified model of the embedded LSI
in Section 6.2 equation (6-1), the structure illustrates an evanescent-mode pole at 2.6 GHz
below the cut off frequency of 2.8GHz where it can be further shifted toward lower
frequencies (Figure 6.7). The next two sections will focus on utilizing such structure to

create transmission zero (TZ) and evanescent-mode pole in filter design.
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Figure 6.3. (a) Disassembled integration of a slice of SIW integrated with LSI (b)
corresponding lumped element equivalent circuit (c) simplified L-C circuit and expected
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lumped element equivalent circuit simulations of the structure with =36 mm, £>=15.8
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We demonstrated how the rigorous equivalent L-C circuits of the integrated L-shaped
iris with SIW can be derived. For evanescent-mode BPFs, the prescribed filtering function
of the structure is used to calculate the L and C components in terms of given bandwidth,
transmission pole and zero. Since the operation frequency of interest is below the cut-off
frequency of the SIW (f < fe.siw), the equivalent L-C circuit of state 1 in Figure 6.3(c) is

used to realize evanescent-mode BPF delivering power to a standard 50 ohm load as shown

in Figure 6.4(a).
Ao,
. ‘Ym(m)‘ =
+ L }
|
Cc }
(:"\;; A% ch R |
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1
= R /
0 /Mo
Y (@) J !
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Figure 6.4. (a) Lumped element equivalent circuit of evanescent-mode BPF (b) input

admittance magnitude versus normalized frequency.

The prescribed filtering function of a simple parallel L-C circuit has been studied in [3];
however, it merely discusses the filter frequency response in terms of its pole or pass-band.
The candidate L-C circuit for the evanescent-mode BPF illustrated in Figure 6.4(a) includes
both the evanescent-mode pole and transmission zero. Similar to the procedure presented
in [3], the input admittance magnitude of the circuit is calculated and equated to the
corresponding admittance at 3-dB bandwidth frequency for half-power fractional

bandwidth, Figure 6.4(b), as follows:

WLeq(1-w2L3C¢) Rz~ 0.707R

1-w2Cc(Leg+L3) 2 1 1
Yinl3—ap = \/[# +—== (6-3)
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The given equation can be simplified as follows:

1-w?Cc(Legtls) 1 o 1—-(w/wp)? 1
WLeq(1-w2L3Cc) R wLeg(1—(w/wz)?) R

(6-4)

where wy and w: are the frequencies of the evanescent-mode pole and TZ, respectively.

1 1

Y, CC(Leq+L3) ’ Wz = (6-5)

Wy =

z ,/L3CC
Equation (6-4) can be further simplified using the same approximation made in [3] to:
w? — wi = (w— wy)(w+ wy) = Aow — Aw) = 2wAw (6-6)

Similarly, by defining the difference of the evanescent-mode pole and TZ’s frequencies

as Aw:, the prescribed filtering function in (6-4) is simplified as follows:

__ RfzAf
€4 T 2mf2Af,

(6-7)

Finally, the values of the other two unknown components of the circuit are calculated

using (6-5) as follows:

1-(5?
—er gt (6-8)

Cew?

2
Leqwg

Later in Section 6.5, it will be explained how to utilize these L and C components to find

the geometrical dimensions of the SIW and L-shaped Iris in the filter structure.
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6.3 EM analysis of TZ realization using L-shaped iris (LSI)
inside a SIW

Previously, lumped-element L-C-based analysis was performed for the embedded LSI
inside the SIW to realize TZ. Here, we will provide mathematical evaluation for EM
simulated performance of the structure as a double-layer transmission line, Figure 6.5(a).
To evaluate the imapct of the LSI on the SIW’s performance, the input impedance of Zin1,
seen from |A-B| points, is calculated and compared to that of a slice of the conventional
SIW without LSI.

Assuming the charactristic impedances of Z3 for the waveguide part, £1-£> and Z, and Z;
for the internal and the top parts, between the top layer of the structure and the top layer of

the internal stub, respectively, the input impedance of Ziy is calculated as follows:

Ktan(ky(£1—%2))+tan(ky?2)
1 1-Ktan(ky(£1—23))tan(ky?s)

Zinn =jlZ + Zytan(kyt,)] (6-9)
where K is the ratio of Z3/Z and £, is the propagation constant in the transverse direction.
To evaluate the accuracy of this estimation, the calculated input impedance in (6-9) is
mathematically drawn in Figure 6.5(b) and compared to that of the conventional one
without the embedded LSI. As illustrated, the proposed structure realizes an additional TZ.
The realized TZ can be also tuned for a large frequency range by changing the length of
the L-shaped iris. Additionally, Figure 6.5(b) graphically shows that the different lengths
of the internal short-circuited stub, £», or 0 for different values of z/15, #/8 and 7/5, realizes
the transmission zero at different frequencies.

To experimentally verify the theoretical results of the L-C and EM simulations, the
developed structure in Figure 6.1(a) is fabricated to realize two TZs at different
frequencies. The structure is examined for the two cases where the realized TZ is put at the
lower and upper sides of the pass-band of the structure. Figure 6.6 shows the simulated
and measured results of the two cases where the TZ is realized at the two different

frequencies of 2.5 GHz and 3.1 GHz.

116



1 TZ =—1

Im(Z;,)

Conventional S.C Stub

-2 Proposed S.C Stub
L )

0 0.57 ‘ : b1
0 (Rad)

(a) (b)
Figure 6.5. (a) Embedded LSI inside a short-circuited stub (b) comparison between the

conventional and the developed structure as well as TZ tuning for the different values of

0.
0 A
a0 =4 N TR
o z 20 ‘
8 g :
E] w830 0 4
= : =
i =
a | a
A0 b s o Y 20 @ A0 e ) 20 @
_Snlvd-hnuh (Measurement) ! | Solid-lines (Measurement)| :
i . : : . . I 504 A -
=0 1 2 3 4 5 6 30 0 I 2 3 4 5 6

Frequency (GHz) Frequency  (GHz)

(a) (b)
Figure 6.6. Measured and simulated results of the two TZs realized at two different

frequencies.

Inspecting the EM simulated and measured results in Figure 6.6, we observe a discrepancy
between the simulation and the measurement. In this structure, a slice of waveguide is
simulated using ADS. In this software, when assigning a port, coax structures are not
considered and a planar 50 ohm port is assigned. This port is optimized for the frequency
band of interest and therefore, larger error is observed out of band. Note that this

discrepancy can be obviated by using matching tapered lines at I/O ports (Figure 6.9).
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6.4 Evanescent-mode pole realization using LSI

Reviewing the recent studies reveals that metallic posts or irises can be employed to
realize either transmission zeros [3]-[9] or evanescent-mode pass-bands [20]-[29] in 3D
structures. In the previous section, it has been shown how a TZ can be realized by
integrating an LSI with a slice of SIW. Here, the proposed integration of the SIW and LSI
is more conceptually studied to employ this structure in favor of an evanescent-mode pole
below the cut-off frequency of the SIW accompanied by a TZ above the evanescent-mode
pole for stop-band extension.

Considering the fact that the operation frequency of interest is below the SIW cut-off
frequency (f < fesiw), we calculate the Z»1 impedance parameter of the circuit in Figure

6.5(c), state 1, as follows:

_ jwLeg(1-w?L3C.) )
In = 1-w2Co(L3+Leg) (6-10)

Equating the numerator and the denominator of the Z>; impedance to zero, we observe

that the proposed integration of the SIW and the LSI realizes a TZ and an evanescent-mode

le below the cut-off fi f the SIW =1 dwp =
pole below the cut-o requency o e as wry /m and wp

1 / , respectively. The frequencies of the TZ and evanescent-mode pole can
Cc (L3 + Leq)

be controlled by tuning L3 or C. components. To examine this concept, an integration of a
SIW and two LSIs is designed, simulated and fabricated.

Figure 6.7 compares the simulated and measured results of the developed structure. The
results show that the integrated structure realizes an evanescent-mode pole at 2.4 GHz as
well as a TZ at 2.7 GHz. Note that these evanescent-mode pole and TZ are located below
the SIW cut-off frequency with the transverse length of {=33 mm where the cut-off occurs

at 3 GHz. The insertion loss is measured to be 1 dB with the fractional BW of 4.5%.
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Figure 6.7. Comparison between simulated (dashed-lines) and measured results (solid-
lines) with the optimized parameters for the two resonators as follows: £=33 mm and
W=20 mm for the SIW structure, the first LSI: £1=9 mm, £>=5.3 mm, /;=1.4 mm and
W>=3.8 mm, the second L-shaped iris: £1=7 mm, £>=4.8 mm, W1=1.4 mm and #>=3.8

mim.

6.5 Higher-order filter design using multiple embedded L-
shaped iris

6.5.1 Lumped element-based analysis of higher-order evanescent-mode
BPFs including TZ

Higher-order filters are designed by cascading the same resonators in series to improve
the performance of filters. Here, a higher-order evanescent-mode BPF can be designed by
cascading the two integrated structures (shown in Figure 6.3(a)) that are coupled by means
of a p-strip transmission line. As shown in Figure 6.8, we develop the lumped element
equivalent circuit of the entire structure by integrating those of the evanescent-mode

resonators and the p-strip TL (Figure 6.3(c), state 1, and Figure 2.7(b), respectively).
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Figure 6.8. Lumped element equivalent circuit of a two-pole evanescent-mode BPF.

It should be noted that the lumped element equivalent circuit of the structure in Figure
6.8 is composed of the two circuits presented in the image parameter and insertion loss
methods in higher-order filters design [3]. The series L3-Cc and the parallel C-Leg
components of the circuit in Figure 6.8 represent these two methods that are focused on
higher-order transmission zero and transmission pole, respectively [3].

Not only can the order of the filter be increased, but the order of the TZs can also be
increased using the configuration of the L-shaped iris. As shown in Figure 6.9(a), the L-
shaped iris is further developed integrating two short- and open-circuited stubs in parallel.
Figure 6.9(b) shows the lumped element equivalent circuit of this developed LSI extracted
from the structures in Figure 2.8. Note that the Lo.c and Co.c components stand for the
inductor and the capacitor of the open-circuited stub and the Ls.c and Csc components for
those of the short-circuited stub in the developed LSI. Figure 6.9(c) shows the simplified
lumped element equivalent circuit of the developed L-shaped iris.

As previously discussed in the previous section, the short-circuited LSI is able to realize
TZ. Here, the lumped element equivalent circuit of the developed LSI, composed of the
open- and short-circuited stubs, integrated with a 3D structure (e.g., Figure 6.11(c), the
LSI4 in the propagation direction) is mathematically discussed to explain the higher-order

transmission zero.
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Figure 6.9. (a) Developed LSI (b) its corresponding lumped element equivalent circuits

of open-circuited (O.C) and short-circuited (S.C) stubs (c) simplified circuit.

Since the frequency of interest for TZ’s realization is above the cut-off frequency of the
SIW (f> fe-stw), the SIW is modeled with its corresponding lumped element equivalent
circuit (capacitor Ceq, Figure 6.3(c), state 2). Figure 6.10 shows the integration of the Ceq
capacitor and the lumped element equivalent circuit of the developed LSI accompanied

with the coupling capacitor of Cc.

A J—cC A
1

Pl Ceq :: CO.C :: CO.C P2
+ —_—

— Lsc
Csc %

Figure 6.10. Lumped element equivalent circuit of 3D SIW integrated with the
developed LSI in Figure 6.9 to design BPFs with higher-order TZs.
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The total shunt admittance of the circuit is calculated to extract the higher-order TZs of
the circuit. Equating the denominator of the shunt admittance of the circuit to zero gives

the following fourth-order polynomial to calculate the TZs of the structure.

Arzw* — Brzw? +1=0 (18)
where the two coefficients of Atz and Btz are calculated as follows:

Arz = LscLocCoc(Co+ Csc + Coc) (19)
Brz = Lsc(Cc+ Csc + Coc) + CocLsc + Loc) (20)

To evaluate the analysis of the higher-order TZ, the structure in Figure 6.11(c) is
simulated twice with the short-circuited and the developed LSIs (LSI1 to LSI4). Figure
6.11(e) shows the EM simulated results (Agilent ADS Momentum) where the structure
with the developed LSIs demonstrates the higher-order TZs. Intuitively, these TZs are
realized by the two series L-C paths between the top and the bottom layers of the structure

(the series Cc-Ls.c and Cc-Co.c-Lo.c circuits).

6.5.2 Evanescent-mode filter with enhanced stop-band

According to the aforementioned analysis, two different types of filters are designed and
explained as follows: 1-An evanescent-mode filter with enhanced stop-band 2- A dual-
band filter.

Inspecting the results in Figure 6.7, we can realize an evanescent-mode filter by
integrating a slice of SIW with two LSIs; however, the upper stop-band of the filter is
restricted by the cut-off frequency of the SIW. Note that this problem has been addressed
in some research studies on evanescent-mode filters [20]-[34].

As shown conceptually in Figure 6.11(a) and (b), we can attenuate the signal propagated
above the cut-off frequency of the SIW using some TZs. As shown schematically in Figure
6.11(c), we develop the integration of the LSIs and the SIW in Figure 6.7 to realize some
extra TZs at the upper stop-band of the filter. These extra TZs are realized by embedding
some additional LSIs with different resonance frequencies, oriented in the propagation

direction. As shown in Figure 6.11(d), the entire structure is modeled using the lumped
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element equivalent circuit in the transverse direction. The slice of SIW is modeled with the
two parallel L-C circuits standing for its cut-off frequency (f:), and each LSI is modeled
with the parallel L-C circuit capacitively-coupled to the top layer of the SIW. While these
L-shaped irises all are the same in shape and configuration; however, their different
electrical lengths and widths (characteristic impedance) result in the corresponding L-C

components with different values and subsequently different resonance frequencies.
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0.13 mm

Cut-Off

H|=0.38 mm H>

(a) (b)

(l_j,nz(ﬁ_

L - = TZ(fa2)  Evanescent( fu)
Fvanescent ( fun) 1Z(fa) i
=

[ P2
—T j F L J; \
Cur-Off( fe.) [ l Cut-Off ( fe )
b 123 - = 6
['s.cLsI
y ‘ S.Cand O.C LSIs
“ + 1 B S T B

Frequency (GHz)
(d) ()
Figure 6.11. (a) and (b) conceptually development of the proposed single/dual-band

i

1

[S21] (dB)

evanescent-mode BPFs (c¢) the proposed slice of SIW integrated with some LSIs to
realize attenuation poles in the upper stop-band of the filter (d) the lumped element
equivalent circuit of the developed structure (e) EM simulated results (Agilent ADS
Momentum) for the structure in Figure 6.11 (c¢) with the short-circuited and developed
LSIs in Figure 6.9.
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Given fy, f- and FBW for evanescent-mode BPF, L-C initial values of corresponding

circuit are calculated using (6-7) and (6-8). The transverse and longitudinal lengths of the

SIW are then computed using (6-2) and calculated L-C values.
Here in the following example with given fy=1.5 GHz, .= 2 GHz and FBW=3%,

respectively, the design procedure can be summarized as follows:

Taking L-C circuit illustrated in Figure 6.4(a), Leq 1s initially calculated to be 0.64 nH
((6-7)).

Since, the evanescent-mode pole and TZ are supposed to be located below the cut-
off frequency of the SIW, f is chosen to be 2.5 GHz. Therefore, the required Zp of
the SIW is computed to be 5 Q given Ly, w. and §=4/4 at the cut-off frequency ((6-
2)).

Next, the initial value of the transverse length of the SIW is calculated to be £ =

(o}

2Verfe
Next, the value of the longitudinal length of the SIW is computed to be W=24 mm

= 40 mm on a substrate with &= 2.2.

using THE calculated Zy on a 0.51-mm-substrate with &=2.2 [38].

Next, THE other two unknown C¢ and L3 components of L-C circuit in Figure 6.4 (a)
are computed to be 7.7 pF and 0.82 nH, respectively ((6-8)).

[Nustrated in state 2, Figure 6.3(c), the cut-off frequency of LSI is chosen to be greater
than that of THE SIW. Given fc.zsi= 3.5 GHz, THE transverse length of LSI (LSIS or
6 in Figure 6.8(c)) is computed to be 14.4 mm using the condition of f{=n/2 at the
cut-off frequency of fc_zs.

Next, the longitudinal length of LSI (W) is computed having L3=0.82 nH and f.-
1sr=3.5 GHz to be 9.6 mm on a 0.38-mm-substrate with &= 2.2 ((6-2)).

Next step is to calculate the values of L-C components of the other LSIs in the
structure to realize TZs at the higher spurious resonance frequencies of the filter.
Similarly, L-C initial values of each LSI can be calculated by equating the resonance

frequency to that of the higher spurious resonance frequency.

To experimentally evaluate the theoretical results, a two-pole evanescent-mode BPF with

the developed LSIs is designed and fabricated on a two-layer RT/Doroid 5880 substrate
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with the dielectric constant of 2.2 and the different heights of 0.38 mm and 0.13 mm.
Figure 6.12(a) compares the measured and simulated results as well as the digital
photographs of the two top and middle layers of the structure. An evanescent-mode BPF
is realized with the measured insertion loss of around 3.4 dB, the fractional BW of 2.5%,
the quality factor of 123 at 1.42 GHz and the suppression level of 30 dB at the frequencies
up to 4 GHz. Note that the discrepancy between the simulated and measured insertion

losses can be attributed to the misalignment between the two layers of the structure. Figure

6.12(b) shows the measured and simulated group delays of the filter.

0 g =
LN 8
-10 = \
\ A
—_ ‘\‘ /c-n\
g 0 = =/, g
5 -30 | ° - . T 4 \
51 ] S-
= i = o
! ! ' 1 Simulation
g : BT Mecasurement
& -40 e ; .|
7] ) y (M1 ¥/ |
J
-50 L !
s 0 . . L L
' 1.37 1.39 1.41 1.43 1.45 1.47
-60 : . ‘ -
1 2 3 4 5 6 Frequency (GHz)
Frequency (GHz)
(a) (b)

Figure 6.12. (a) Comparison between simulated and measured results for the proposed 2-
pole evanescent-mode BPF with optimized W=20 mm, {=37.5 mm, L-shaped iris (LSI) 1:
W1=17.5 mm, {1=3.4 mm, LSI2: W>=14.2 mm, £>=9.6 mm, LSI3: W3=12.5 mm, {3=12
mm, LSI4: W4=16.9 mm, £4=4 mm, LSI5: £15=8.4 mm, {25=6.2 mm, W15=1.5 mm,
W>5=3.9, LS16:€16=8.2, {26=6.2, W16=1.5 mm, W26=3.9 mm, the line between two

resonators with length of 9 mm and width of 1.2 mm (b) measured and simulated group

delays.

Table 6-2 compares the developed two-pole evanescent-mode BPF to the conventional
counterparts in terms of size, insertion loss, FBW and the ratio of spurious and main

resonance frequencies. This clearly indicates that the L-shaped iris can be used to enhance
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the performance of SIW filters. This technique offers a wider stop-band for evanescent-
mode filters. In comparison to the evanescent-mode BPF developed by semi-lumped
technology in [39], it provides a higher upper stop-band but at the expense of a higher FBW

and a 6-order complicated waveguide structure.

Table 6.2 Comparison between the proposed evanescent BPF and the conventional ones.

BPF Technology Size (A%) IL (dB) FBW% fslfo
[26] 3D waveguide 0.12x0.06 5.36 0.94 1.60
Multi-Layer
[28] LTCC 0.5%0.40 1.23 8.72 1.70
[30] 5-stage CSRR 1.6x0.30 5.45 3.42 1.64
[31] 3D waveguide 2.8%0.38 0.91 0.91 2.50
[39] Semi-lumped N-Given 1.67 11.0 9.00
New 3D SIW 0.42x0.30 3.42 2.51 3.50

6.5.3 Dual-band filter design

As illustrated in Figure 6.11(b), another option is to partially suppress the signal above
the cut-off frequency of the SIW. Allowing the signal to be partially transmitted above the
cut-off frequency, we can design a dual-band evanescent-mode BPF by appropriately
choosing the TZ’s frequencies of the LSI1-LSI4. Figure 6.13 compares the EM simulated
and measured results of the dual-band BPF as well as the fabricated filter under the
experimental setup. A good agreement is observed between the simulated and measured
results except at the frequency region of 3 GHz to 4 GHz (between the first two modes of
the SIW). The dual-band BPF is realized with the measured insertion losses of around 1
dB and 4.6 dB and the fraction BWs of 6.6% and 3.3% at 1.55 GHz and 3.05 GHz,
respectively. Figure 6.13(c) and (d) show the filter measured and simulated group delays

of the first and second pass-bands, respectively.
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Figure 6.13. (a) Comparison between simulated and measured results of the dual-band
evanescent-mode BPF with optimized W=22 mm, =50 mm, L-shaped iris (LSI) 1:
W1=18 mm, £1=13.5 mm, LSI2: W>=17.6 mm, £>=5.2 mm, LSI3: #3=16.8 mm, {3=6.7
mm, LSI4: W4=18.4 mm, £4=14.3 mm, LSI5: £15=9.8 mm, £25=7.5 mm, W15=1.5 mm,
W15=3.8, LS16:€16=9.8, €26=7.5, W16=1.5 mm, W26=3.8 mm with 0.05 mm air between the
two layers (b) two-pole filter under the experimental setup and measured and simulated

group delays (c) first pass-band (d) second pass-band.
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Table 6-3 compares the proposed dual-band evanescent-mode BPF with the conventional

ones in terms of size, FBW, insertion loss and the ratio of the spurious and main resonance

frequencies.

Table 6.3 Comparison between the proposed dual-band BPF and the conventional

counterparts.
FBW IL (dB) Independenc
BPF Size (Jgxlg) (%)1%,2° 15027 £/, Tech. Type of y of two
Bands Bands Operation bands
[40] 0.67x0.3 8.6,6.1 0.81,1.12 144 SIW TE1o N-Given
[41] 0.70%0.3 16,8.6 1.78,2.53 1.43 Planar TEM N-Given
4-layer
[42] 0.17x0.07  6.2,52  1.40,1.61 139 SIW TE10-TE30 No
10-layer
[43] 0.93x0.88 4.54.1 481,481 1.53 LTCC  TE0-TE20 No
[44] 2.10x1.30  3.0,29 1.37,1.11 1.21 SIW TE1o No
[45] 0.15x0.16 5.8,6.45 3.60,3.12 2.03 SIW  Evanescent No
[46] 2.70x1.27 28,557 292,271 1.14 SIW TE10-TE20 Yes
[47] 0.64x0.18  8.0,5.0 2.82,4.51 1.35 Planar TEM Yes
[48] 0.20x0.19 4.6,3.58 2.252.25 1.37 CSRR Evanescent Yes
[49] 0.42x0.12 19.3,13 1.12,1.32 1.41 CSRR Evanescent Yes
New 0.36x0.33 6.6,3.3 1.12,4.61 142 SIW Evanescent Yes

Comparing the proposed filter to those reported in the literature in Table 6-3, we observe

that the size of the proposed structure is very small and comparable to [44] and [47] while

it offers the smallest fractional bandwidth and low insertion loss.
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6.6 Conclusion

In this Chapter, an L-shaped iris embedded in substrate integrated waveguide has been
proposed and a complete lumped element equivalent circuit analysis for wide frequency
band has been developed. It has been illustrated that the proposed iris demonstrates an extra
degree of freedom; therefore, it offers design flexibility to realize transmission zeros and
evanescent-mode poles. Based on the developed lumped element equivalent circuit, a
prescribed filtering function has been demonstrated to realize evanescent-mode PBFs with
adjacent transmission zero. The concept has been also employed to realize evanescent-
mode filter with extended stop-band and dual-band filter utilizing evanescent and ordinary
modes excitation. It has been shown that the L-shaped iris integrated with SIW structures
provides flexibility of design, size reduction and performance enhancement. This structure

promises to substitute the conventional irises in substrate integrated waveguide structures.
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Chapter 7 Single/dual-band BPFs using inductively
coupled SIW stepped impedance resonator

7.1 Introduction

Stepped impedance resonators (SIRs) have been substantially studied for the design of
single and dual-band band-pass filters (BPFs). SIR-based filters offer compact sizes and
the ability to independently control and tune the resonance frequencies of the structure by
changing the length and characteristic impedance of the resonator [1]-[8]. A variety of SIR
designs including stub-loaded [1]-[2] and tri-section geometries [3] have also been
proposed to improve the filter’s stop-band. On the other hand, SIW filters are dominantly
considered for low loss and high power applications. In this line of research, evanescent
SIW filters have been studied to introduce significant size reduction and higher quality
factor in comparison to the conventional bulky SIW filters operating in the ordinary modes
[9]-[11]. However, the upper stop-band of the evanescent SIW filters are limited to the first
spurious resonance frequency of the filter which is reported to be a ratio of around two [9]-
[10].

In this Chapter, a new integration of SIW structures and planar SIRs is developed to
design full/half-mode BPFs. In the proposed technique, the main filtering response is
achieved through the SIR while the SIW sections, operating in evanescent-mode, are
incorporated to provide inductive evanescent-mode coupling.

The integration results in a significant size reduction, a wide spurious-free stop-band,
and a low loss operation especially for the case of dual-band filters. The wide stop-band is
achieved by means of transmission zeros (TZs) that are realized through stepped open side-
walls in the SIW coupling sections. It will be demonstrated that additional TZ realization
is also possible by embedding open- and short-circuited stubs in the SIR structure.

In Section 7.2, the operation principal of the proposed SIW-based SIR filter is initially
presented. It is shown that the developed structure provides a low-loss single-band BPF;
however, it suffers from the limited upper stop-band due to the cut-off frequency of
input/output SIW sections. Moreover, some additional TZs are realized to suppress the first
spurious resonance frequency and increase the upper stop-band of the filter using stepped

open side-walls in the SIW coupling sections. It is also shown that the developed structure
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provides a BPF with an ultra-wide upper stop-band in both half-mode and full-mode
configurations.

In Section 7.3, the proposed technique is further investigated to realize dual-band BPFs
by cascading another SIR to the structure. Here, the isolation between two bands is further
improved by adding additional TZs which are accommodated in the SIR structure. The
performances of all the filters are verified by measurements.

The proposed design technique offers flexibility in terms of the number of pass-bands
and transmission zeros and provides a trade-off between the evanescent-mode SIW and
SIR structures to achieve required design criteria such as the size, the quality factor, and

the upper stop-band of the integrated structure.

7.2 3D structure integrated with planar resonator

As shown schematically in Figure 7.1, the integration of 3D coupling structures with a

planar p-strip stepped-impedance resonator is studied.

3-D Coupling 3-D Coupling
Structure Planar Resonator Structure

Figure 7.1. The integration of 3D coupling structures and a planar resonator.

The EM behavior of the integrated distributed-element structure is analyzed using the
lumped element equivalent circuit presented in Chapter 2.

As provided in Chapter 2, Figure 2.8, each 3-D coupling structure, as a slice of 3D SIW,
can be modeled by a parallel L-C circuit with a cut-off frequency corresponding to the
resonance frequency of the circuit.

To realize inductive coupling in the proposed integration, the resonance frequency of the
planar resonator is chosen to be below the cut-off frequency of 3D structure (or below the
resonance of corresponding parallel L-C circuit).

As shown in Figure 7.2(a), a slice of 3D structure is modeled by a parallel L-C circuit with

a resonance frequency of around 5.6 GHz.
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Similarly, the p-strip planar resonator with electrical length of 7 (1/2) corresponding to
its resonance frequency is modeled by two cascaded n-network C>-L»-C> circuits where
each m-network represents the half length of the resonator corresponding to the electrical
length of /2 (1/4).

Figure 7.2(b) shows the EM and L-C simulations of the integrated structure. Note that the
values of the capacitors and the inductors are calculated using (2-6)-(2-7) and (2-11)-(2-
12) for the 3D and planar structures, respectively.

The discrepancy between the EM and L-C simulated results comes from the fact that the

calculated lumped element values are simulated without optimization.
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Figure 7.2. EM and L-C simulations: (a) a slice of 3D structure (b) integrated structure
with C1=1.8 pF, C>=1.1 pF, L1=0.45 nH and L>=1.1 nH for the lumped-element circuit
and £1=10 mm, £>=10.1 mm, W1=4.4 mm and #>=1.6 mm for the distributed-element

structure.

Inspecting the results in Figure 7.2, we observe that the planar p-strip resonator realizes a
transmission pole at around 3.1 GHz which is located below the cut-off frequency of the
3D structure.

Moreover, the performance of the lumped-element circuit models that of the distributed-

element structure which can be effective for understanding the EM behavior of the
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structure. The integrated structure is further developed to enhance the performance in the

next sections.

7.3 Single-band SIW-coupled SIR filter

In Section 7.2, we discussed the integration of the 3D-structure coupling and planar
resonator based on the corresponding lumped element equivalent circuit. Here, we further
develop the resonator integrated with some open-circuited stubs to enhance its
performance. We also mathematically discuss the realization of transmission pole and
transmission zero using this integration. Moreover, we further study the proposed structure

to design half-mode BPFs with extra transmission zero in its stop-band.

7.3.1The primary structure of the proposed BPF

Figure 7.3(a) shows the structure of the developed filter where the preliminary structure
in Figure 7.2 is loaded with two open-circuited stubs in the transverse direction. Note that
the entire planar resonator can be considered as a stepped-impedance resonator.

The lumped element equivalent circuit of the structure provides a clear insight on how
to manipulate and control the behavior of the filter in suppressing unwanted harmonics,
realizing another band and/or adding a transmission zero.

Disassembling the planar resonator and 3D structures for simplicity, we analyze the EM
behavior of the integrated structure using the lumped element equivalent circuits. As shown
in Figure 7.3(b) and (c), the lumped element equivalent circuit of the SIR is extracted using
the discussion in Chapter 2, Section 2.2.1.

Note that we use an approximation for simplicity where the effect of the Cs capacitors

is evenly added to the four C capacitors (C,). To calculate the resonance frequencies of the

resonator, ABCD matrix analysis is employed [23].

A B _ Al Bl] 1 0 [Al Bl]
[C DT_[Cl D, [Y 1] C; D (7-1)
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(b) (©)
Figure 7.3. (a) The proposed structure to realize evanescent-mode filters (W= 10.1 mm,

W1=4.3 mm, W>=1.6 mm, W3=5.4 mm, {=2.1 mm, £;=1.8 mm, £,= 1.75 mm, £3=1.84

mm, H; =50 mil), and (b) and (c) the lumped element equivalent circuit of the SIR.

Next, the impedance of Z>; is calculated from the C parameter of the ABCD matrix as (7-
2):

1 (1—(1.)2L3C3)

Z —_— — — — — —
21 = ¢ J2w(1-w2LyCy)[Co(2=w2LyCh ) (1-w2L3C3)+C3(1—w2 L, Cy)]

(7-2)

As observed from the impedance of Z>1, the series combination of L3-Cs circuit realizes a

transmission zero at the following frequency:

Wrz = N (7-3)
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Similarly, the transmission poles of the resonator can be calculated by equating the

denominator of Z;; to zero:

Wy = ==, C2(2 = 2L,C;)(1 — w2L3C3) + C5(1 — w2L,Cp) =0 (7-4)
In the same way, the EM behavior of 3D-structure sections can be analyzed using
lumped element equivalent circuit. Since these I/O transitions are realized based on 3D
SIW structures, they are modeled with two parallel L-C circuits in the transverse direction
(Chapter 2, Section 2.2.1)
Designating two parallel L-C circuits for I/O sections (Figure 7.2(a)), the impedance

of each section is calculated in the transverse direction as follows:

_ JjwLq
1—(1)2L1C1

(7-5)

For the frequencies below the 3D structure cut-off frequency or w < — the two I/O

N
transition sections provide inductive coupling [12] for the SIR as the resonator of the
integrated structure.

The primary structure of the filter is simulated using Advanced Design Software
(Agilent ADS Momentum) and fabricated on a 50 mil substrate with the dielectric constant
of &, = 10.2. Figure 7.4 shows the digital photograph and the performance of the filter.

As shown in Figure 7.4, the proposed structure realizes a transmission pole at 2 GHz
where the cut-off frequency of the SIW is calculated to be 4.57 GHz with the width of asiw
=10.1 mm, via holes diameter d=0.2 mm and via pitch p=0.3 mm [24]. Note that the upper

stop-band of the filter is limited by the first spurious resonance frequency of the inductors

é~2 ; a common problem in the design of evanescent-mode waveguide filters in the
P p g g

T

literature [9]-[11]. In the next part, the proposed structure is further developed using the
lumped element equivalent circuit of the filter to suppress the first spurious resonance

frequency of the structure.
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Figure 7.4. EM simulated and measured results of the proposed filter in Figure 7.3 (a) Sz

(b) Si1.

7.3.2 Full-mode BPF with ultra-wide stop-band

Inspecting the simulated and measured results shown in Figure 7.4, we observe that the
upper stop-band of the filter is limited by the first spurious resonance frequency of the
structure. Here, to increase the upper stop-band, the primary structure is further developed
where a transmission zero 1s added to suppress the spurious resonance frequency. To show
how the spurious resonance frequency is suppressed, the integration of the SIW with a
vertically stepped-impedance open-circuited stub is analyzed using the input impedance.
Figure 7.5 shows the integration where K and « are the impedance and length ratios of the
vertically stepped-impedance and normal-height open-circuited stubs, respectively.

The total impedance relative to the ground can be found using the two parallel Za (SIW)

and Zg (open-circuited stub) impedances as shown in Figure 7.5, calculated by (7-6).

Z_A ZE

—

Figure 7.5. Integration of the short- and reduced-height open-circuited stubs with the

corresponding impedance circuit.
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Zo tan O[tan(af) tan((1-a)0)—K] (7-6)

Zin - Zotan O[tan((1-a)0)+Ktan(af)]+[tan(ab) tan((1-a)8)—K]

Inspecting the impedance presented in (7-6), there are two primary parameters to
manipulate the TZ including K and a. Figure 7.6 shows the results of changing the
impedance ratio from K;=1 (the conventional case) to K3=0.1 resulting in the TZ tuning to

suppress the first spurious resonance frequency of the structure.
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Figure 7.6. Plotted imaginary part of the input impedance of the structure in Figure 7.5.

Moreover, these results can be explained based on the lumped element equivalent
circuit. As given in Figure 7.4, the structure demonstrates a TZ at the frequency of 6 GHz.
To bring this TZ to the frequency of the first spurious resonance frequency located at
around 4.5 GHz, the (s capacitance in the L-C circuit is increased ((7-3)). To do this, the
capacitance is increased by decreasing the gap between the top and bottom layers of the
structure as shown in Figure 7.5. This is achieved by adding an extra connected metal layer
using via holes to the top layer as indicated in the structure in Figure 7.7(a). Moreover,
Figure 7.7(b) provides the current distribution at the resonance frequency showing the
resonance of the SIR at this frequency.

To experimentally evaluate the performance of the modified BPF with wider stop-band,
the filter is fabricated on a 50 mil substrate with the dielectric constant of €, = 10.2. Figure
7.8 shows the simulated and measured results accompanied by the digital photograph of
the filter.

Inspecting the measured performance of the filter, the structure provides an evanescent-
mode BPF with the 25 dB rejection level at a wider stop-band ( ? =4.8).
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Figure 7.7. (a) Proposed single-band BPF to suppress the higher spurious resonance
frequency with W= 10.1 mm, W1=3.5 mm, W>=1.6 mm, W3=3.5 mm, W4=2.43 mm,
Ws=2.8 mm, {=2.1 mm, ¢{;=1.8 mm, £>= 1.75 mm, £3= 1.84 mm, and Hi=H>= 25 mil (b)

current distribution at the resonance frequency.
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Figure 7.8. Simulated and measured performances of the single-band full-mode

evanescent-mode BPF with improved stop-band rejection (a) S21 (b) Si1.

To analyze the EM behavior of the integrated structure in Figure 7.7(a), its performance is
discussed using lumped element equivalent circuit.
As discussed in Chapter 2, Section 2.2, an open-circuited stub is capable of TZ realization

due to the series L-C circuit in its corresponding lumped element equivalent circuit.
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Therefore, to improve the performance of the structure in Figure 7.2, it is loaded with some
reduced-height open-circuited stubs in the transverse direction.

Given in Figure 7.7(a), the entire planar resonator can be considered as a stepped-
impedance resonator. Similarly, the short- and open-circuited stubs in the structure are
replaced with their corresponding lumped element equivalent circuits in Figure 2.8.
Figure 7.9(a) provides the lumped element equivalent circuit of the integrated structure
where the parallel L1-C1 and the m-network C>-L»-C; circuits stand for the 3D and the planar
SIR structures, respectively. Moreover, the Cs4/L4-Cs and C33/L3-C3 circuits model the
open-circuited stubs in the structure. The capacitors and inductors values of the short- and
open-circuited stubs are calculated using (2-6)-(2-7) and (2-11)-(2-12), respectively.

Note that each open-circuited stub consists of two sections one with normal height and the
other with reduced height. We have approximately merged their lumped element equivalent
circuits with distinguished capacitors (C3/Cs3 or C4/Cs4, C3 and Cs3 represent the capacitors
of the normal and the reduced-height sections, respectively).

Figure 7.9(b) shows the L-C performance of the structure in Figure 7.7(a) with the EM
simulated and measured performances in Figure 7.8. Note that the L-C circuit models the
behavior of the distributed-element structure both in the pass-band and the stop-band
including the transmission zero at 4.15 GHz.

Table 7.1 compares the performance of the developed single-pole evanescent-mode
BPF with the conventional counterparts in terms of the size, insertion loss, FBW and the
ratio of spurious resonance frequency.

Based on the results in Table 7.1, the highlights of the proposed single-pole filter in
comparison to the previous works can be listed as follows:

e We are flexible in the design and targeting different parameter

improvements.

e The upper stop-band (%) is wider compared to all the conventional

evanescent-mode BPFs.
e The insertion loss is the same as the conventional SIW presented in [11],

but the stop-band is highly improved.
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(a)
Figure 7.9. L-C simulation of the proposed single-band BPF in Figure 7.7(a) with

L1=0.55 nH, Ci=1.1 pF, L,=1.1 nH, C>=1.1 pF, L3=0.3 nH, C3=5 pF, C33=2 pF, L4=0.05
nH, C4=0.5 pF and C44=0.5 pF.
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Table 7.1 Comparison between the proposed BPF and the conventional counterparts.

Technology ~ fo (GHz)  IL(dB) filfo BW% (xSixzf )
2 2
[1] SIR 2.40 2.1 33 50 220 %181
3] SIR 2.10 13 3.8 24 0.17%0.17
[4] SIR 1.08 3.5 5.5 12 021x0.22
6] SIW-SIR 2.40 2.4 8.8 Not ) 13%0.08
given
[7] SIR 12.0 0.8  Not given 28 0.10% 0.09
8] SIW-SIR 1.50 2.0 6.5 10 0.80 x0.70
3D waveguide 4.0-6.0
9] ) waveguide  4.0-0.9 5.4 1.6 0.94  0.12x0.06
Multi-layer
[10] LTCC 3.50 1.2 2.4 8.7 0.52x 0.41
evanescent
[11] SIW 3.78 3.1 25 30 0.23%0.14
evanescent
This work, g1y o1p 1.50 35 438 25 032020
full-mode
This work,
SIW-SIR 2.00 2.8 4.6 36 031x0.12
half-mode
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7.3.3 Half-mode BPF with ultra-wide stop-band

For some applications, the bandwidth is sacrificed in favor of more size reduction.
Therefore, to further reduce the size, the half-mode evanescent BPF is designed and
developed using the structure in Figure 7.7(a). Considering the lumped element equivalent
circuit of this structure, the inductor and capacitor values are twice and half of those of the
full-mode filters, respectively. Therefore, the resonance frequency is expected to be the
same but the bandwidth will be increased. Figure 7.10 compares the simulated and the
measured results as well as the digital photograph of the half-mode evanescent BPF. The
half-mode BPF demonstrates a fractional bandwidth of FBW=3.6 with an insertion loss of

2.8 dB while the upper stop-band ratio of 4.8 is maintained ( ]% =4.8).

0

Sloid Lines (Measurement)

T Dashed Lines (Simulation)

-20

-30

S - Parameters  (dB)

-40

-50

Frequency (GHz)
Figure 7.10. Single-band half-mode evanescent-mode BPF with improved stop-band and
the digital photograph of the filter.
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7.4 Dual-band SIW-coupled SIR filter
7.4.1 Full-mode dual-band filters

So far, a variety of dual-band filters have been developed using either planar or 3D
structures operating in TEM or ordinary TE1o modes. In the first case, the resonance
frequencies can be arbitrarily controlled and tuned; however, loss and quality factor are
mainly sacrificed. On the other hand, the developed dual-band 3D structure BPFs are
reported to provide a higher quality factor but at the expense of large size and lack of any
possibility to arbitrarily tune and control the two bands. Here, the proposed structure in the
previous section is further developed to design a dual-band evanescent-mode BPF. Figure
7.11(a) shows the developed structure to realize another resonance frequency where two
parallel open-circuited stubs are added to the structure.

In reference to the structures given in Figure 7.7(a), two additional vertically stepped-
impedance open-circuited stubs (shown by gray color) are added to realize the second band
in Figure 7.11(a). These two open-circuited stubs add an extra L-C circuit to the initial
lumped element equivalent circuit of the primary filter (Figure 7.5(b)) resulting in another
resonance. Figure 7.11(a) shows the EM simulated performance of the dual-band filter
where the second band can be tuned by changing the width of the lower open-circuited stub
in the structure, s, from 1.7 mm to 0.9 mm. Tuning this parameter changes the inductor
and capacitor values of the open-circuited stub. As shown in Figure 7.11(a), the second
pass-band can be arbitrarily tuned by changing the parameter ¢ in the structure. Moreover,
the proposed structure is further developed to design a two-pole dual-band evanescent-
mode BPF (both resonance frequencies below the cut-off frequency of 3D-structure). A
two-pole dual-band evanescent-mode BPF is designed by cascading the two resonators in
Figure 7.11(a) where Figure 7.11(b) and (c) show the EM simulated performance and the

layout of the filter, respectively.
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Figure 7.11. (a) The dual-band full-mode evanescent-mode BPF and the simulated
results with W= 10.1 mm, W1=3.5 mm, W>=1.6 mm, W3=3.5 mm, W4=2.43 mm, Ws=2.8
mm, We=2.9 mm, W-;=2.5 mm, {=2.1 mm, £1=1.8 mm, £>=1.75 mm, {3= 1.84 mm,
£4=0.6 mm, {5= 4.4 mm, {s changing from 1.7 mm to 0.9 mm and H=H>= 25 mil (b) the
EM simulated performance of the two-pole dual-band evanescent-mode BPF (c) the
layout of the filter with the same dimensions except: £{6=1.64 mm, {7=1.57 mm, {3=8.2

mm, W3=2 mm and #7=0.25 mm.

To experimentally verify the EM simulated results, the single-pole full-mode
evanescent-mode filter in Figure 7.11(a) is designed and fabricated on a double-layer (25-
mil-thickness for each layer) RT/Duriod 6010 with dielectric constant of &, =10.2. Figure

7.12 compares the simulated and measured results as well as the digital photograph of the
filter.

148



-10

S - Parameters (dB)
po
(]

-30

[ 2 3 4 5 6 7
Frequency (GHz)
Figure 7.12. Measured (black color lines) and simulated (grey color lines) performances

of the dual-band full-mode evanescent-mode BPF.

7.4.2 Half-mode dual-band filters

Similar to the previous case, for the purpose of size reduction, the half-mode counterpart
of the dual-band BPF is designed and fabricated with the same parameters. Figure 7.13
compares the simulated and measured results as well as the digital photograph of the filter.

Table 7-2 summarizes the performances of the two fabricated full- and half-mode BPFs

in terms of the center frequencies, insertion loss and BW.

Table 7.2 Comparison between the measured results of the half- and full-mode
evanescent-mode BPFs.

First band, Second band Full-mode Half-mode
fo1, foz (GHz) 1.76, 3.54 1.72,3.32

IL (dB) 2.09, 1.93 1.81,2.10
BW(GHz) 0.06, 0.12 0.25,0.18
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Figure 7.13. Measured (solid lines) and simulated (dashed lines) performances of the

dual-band half-mode evanescent-mode BPF.

7.5 Additional transmission zero

Inspecting the performance of the half-mode dual-band filters in Figure 7.13, we are
aimed to increase the attenuation level between the two bands by adding an extra TZ to the
filter. To realize the TZ, a series L-C circuit is required to connect the top and bottom layers
of the structure. This is shown in Figure 7.14 where the integration of the two vertically
stacked open- and short-circuited stubs is embedded in the structure. Here, the open-
circuited stub is vertically placed on the top of the short-circuited stub in the middle layer
of the structure corresponding to the capacitor and inductor C and L in Figure 7.14,
respectively.

Up to the frequency corresponding to A/4, the short-circuited stub acts as an inductor
where it realizes the series L-C. circuit in integration with the open-circuited stub.

Figure 7.14 shows the EM simulated results for this integration where a TZ is realized
at the frequency of 2.68 GHz due to the resonance of the series L-C. circuit. As
demonstrated in Figure 7.15, the proposed dual-band half-mode evanescent-mode filter in

Figure 7.13 is further developed by adding the extra TZ to the structure. The length of the
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open- (£g) and short-circuited (£9) stubs are equal to 7 mm with the widths of Wg=3 mm

and Wy =2.3 mm, respectively.

S-Parameters

I 15 2 25 3 35 4
Frequency (GHz)
Figure 7.14. The proposed vertically integration of open- and short-circuited stubs for

TZ realization and its EM simulated results.

To experimentally verify the structure, a half-mode filter with extra TZ is designed and
fabricated on a double-layer 25-mil-thick substrate with the same properties as the filter
without the TZ. Figure 7.15 compares the EM simulated and measured results of the filter.

Table 7-3 compares the performance of the developed single-pole dual-band full-mode
evanescent BPF in Figure 7.12 with the conventional counterparts in terms of size, insertion
loss, FBW and the ratio of the main and spurious resonance frequencies.

Based on the results in Table 7.3, the highlights of the proposed dual-band filter in

comparison to the previous works can be listed as follows:

e The upper stop-band (fs/fr) is wider compared to all the conventional BPFs
except those in [21] and [19] where the proposed structure shows better

performance (IL and stop-band rejection).

e In comparison to the planar ones, the size has been reduced with similar IL

and less FBW.
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Figure 7.15. The simulated and measured results of the dual-band half-mode evanescent-

mode BPF with £3=fo=7 mm, Ws=3 mm and Wo= 2.3 mm.

It should be noted that the complete lumped element equivalent circuit of the short-
circuited stub in the proposed vertically stacked open- and short-circuited stubs is a parallel
L-C circuit (Figure 2.8, Chapter 2); therefore, this integration realizes a transmission zero
accompanied by a transmission pole. Inspecting the performance of the filter in Figure
7.15, we observe that the structure realizes a TZ and a transmission pole at around 2.9 GHz
and 2.5 GHz, respectively. To improve the performance of the filter, we attenuate the

transmission pole.

7.6 Two-pole single/dual band SIW inductively coupled SIR
filters

The performance of the proposed SIW-SIR BPF can be further improved in terms of
sharper skirts of the band-pass and the harmonic suppression in the upper stop-band by
increasing the number of the transmission poles of the structure. A two-pole BPF is
designed and simulated by cascading the structure and small optimization. Figure 7.16
shows the cascaded two resonators and their EM simulated performance. The BPF

theoretically demonstrates a pass-band with the fractional bandwidth of FBW=1.7%at 1.18
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GHz and the insertion loss of 3.8 dB as well as the upper stop-band ratio of 6.5 (Suppression
level of 30 dB).

Table 7.3 Comparison between the proposed single-pole full-mode dual-band
evanescent-mode BPF and the conventional counterparts.

Fofor DL IL2 FBWL, Size
Technology (Gliz) (dB) folforr EBW2%  (hexie)
[13]
2 1.632.91 80.3.1  28x204
BPF SIR 2437 515001 1.6 58.38  (mmd)
S
[14] SIR 2541 162131 1.8 39,44 0.18x0.18
[15] SIR 2442 2.903.07 13 60,60  0.5x0.27
[16] SIR 1534 130,150 13 95,82 028022
[17] SIR 24,36  1.10,3.16 1.5 58,36, Not given
[18] SIR 2456  1.16,2.00 12 g1,58 120792
(mm?®)
[19] SIR 2452 130,240 2.7 60,40 220x128
(mm°©)
[20] SIW evanescent 41,58  2.72.1.98 1.4 38,34 021x0.19
[21] SIW evanescent 2452  3.60,3.10 2.0 5865  0.15%0.16
[22] SIW evanescent 62,10  1.00,1.00 1.4 193,13 042x0.12
ggi SIW evan-SIR 17,35  2.09,1.93 2.0 3433 0.30x0.20

Moreover, the proposed structure can be further developed to design dual-pole dual-
band BPFs. A two-pole dual-band evanescent-mode BPF is designed and simulated by
cascading two resonators given in Figure 7.11(a) where Figure 7.17 shows the layout and
EM simulated performance of this filter. The dual-band BPF theoretically demonstrates
two pass-bands with the fractional bandwidths of FBW=2.1% and 0.75% at 1.41 GHz and
2.65 GHz with the insertion losses of 2.8 dB and 3.3 dB, respectively.
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Figure 7.16. The EM simulated performance of the two-pole single-band BPF with the

same dimensions as before except £s=6 mm and Ws=0.63 mm.
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Figure 7.17. (a) the layout and (b) the EM simulated performance of the two-pole dual-

band BPF with the same dimensions as before except: {¢=1.64 mm, £7=1.57 mm, {3=8.2

mm, W4=2 mm and #7=0.25 mm.
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7.7 Conclusion

A new design technique based on the integration of evanescent-mode coupling and SIR
resonators has been introduced. It has been shown that evanescent-mode coupling can be
used to create inductively coupled single/dual-band BPFs with ultra-wide upper stop-band.
It has also been shown that the proposed configuration provides the design flexibility in
performance enhancement and size reduction. Moreover, the vertical integration of the
short- and open-circuited stubs has been incorporated into the structure to realize a TZ
between the bands resulting in further attenuation. The simulated performances of the
filters have been verified by measurements for both half-mode and full-mode structures.
The proposed technique offers a trade-off between the evanescent-mode SIW BPF and SIR

filters to achieve required design criteria such as size, quality factor, and upper stop-band.
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Chapter 8 Conclusions

8.1 Contributions

The main objective of this thesis was to develop and propose new techniques for
transmission zeros and poles’ realization in both planar and 3D structures. The main

contributions of this study can be summarized as follows:

8.1.1. TZs realization in planar structures

In the first part of this study, two different configurations have been developed to
demonstrate transmission zeros (TZs) in the pass-band of UWB BPFs known as notch-
band frequencies. The first proposed technique has been reported to be based on the cross
coupling between higher spurious harmonics to cancel out the signal at specific
frequencies. Based on this technique, a new configuration has been proposed to design an
ultra-wideband band-pass filter that demonstrates double/single notch-bands using micro-
strip transmission lines without via-holes. The proposed approach has been developed
using two parallel stepped-impedance resonators (SIR) providing two paths with different
electrical lengths between I/O ports. In this approach, the mechanism notch-band
realization has been developed based on the waves’ cancellation theory.

To realize single and/or double notch-bands within the pass-band of an UWB BPF, the
conventional tri-section SIR has been used where its fundamental and first spurious
resonance frequencies have been determined to be either suppressed or supported. New
parallel dual-section T-shaped and tri-section SIRs have been proposed, optimized and
fabricated to provide single and double notch-bands, respectively. A size reduction of
around 75% has been reported in comparison to the conventional BPFs with a single notch-
band accompanied by two TZs at the lower and upper pass-band of the filter. Moreover,
the proposed double notch-band UWB BPF has been reported to demonstrate a comparable
performance to that of the latest UWB BPF designed using complicated and multilayer
LCP technology with a size reduction of 12.6%.

Moreover, a systematic approach has been developed to realize UWB BPFs with one to

four notch-bands on a single-layer substrate using p-strip technology with no via-holes.
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8.1.2. Tunable TZs in planar structures

Novel ultra-wide-band band-pass filters (UWB BPF) with tunable single/double notch-
bands have been developed based on the integration of MEMS actuators with CPW
structures. To our knowledge, this is the first MEMS based UWB filter reported with
double tunable notch-bands. Each notched frequency has been shown to be independently

tuned up to 1 GHz using the MEMS actuators.

8.1.3. TZs and evanescent-mode poles realization in substrate integrated

waveguide structures

An L-shaped iris embedded in substrate integrated waveguide has been proposed and a
complete lumped element equivalent circuit analysis has been developed for wide
frequency band. It has been illustrated that the proposed iris demonstrates an extra degree
of freedom; therefore, it offers design flexibility to realize transmission zeros and
evanescent-mode poles. Based on the developed lumped element equivalent circuit, a
prescribed filtering function has been demonstrated to realize evanescent-mode PBFs with
adjacent transmission zero. The concept has been also employed to realize evanescent-
mode filter with extended stop-band and dual-band filter utilizing evanescent and ordinary
modes excitation. It has been shown that the L-shaped iris integrated with SIW structures
provides flexibility of design, size reduction and performance enhancement. This structure

promises to substitute the conventional irises in substrate integrated waveguide structures.

8.2 Future work

In this study, some new techniques have been investigated to realize TZs in both planar
and 3D structures. The applications of these techniques have been studied on different
structures presented in Chapters 3 to 7; however, these techniques can be further studied to
enhance the performance of the structures. Following some extra works are recommended.

e In connection with the developed single/dual notch-band UWB BPFs in Chapter 3,
the main resonators in the integrated structure have been designed based on SIRs
where the second notch-band has been realized using the first spurious resonance

of the first SIR. This idea can be more developed by using the second spurious
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resonance frequency of the first SIR in such a way that it will be located within the
pass-band of the second wide-band BPF. Therefore, an UWB BPF can be designed
with triple notch-bands utilizing the first and the second spurious resonance
frequencies of the first SIR.

In connection with the proposed triple and quadruple notch-band UWB BPFs in
Chapter 4, the gap coupled p-strip lines contribute to notch-bands; however, they
dramatically impact the insertion loss of the filter. Further studies are necessary to
improve the performance of the filter integrated with gap coupled TLs. The gap
coupled lines are high impedance lines with the same impedance; the use of stepped
impedance transmission lines integrated with double notch-band filters can be
studied to enhance the performance and also reduce the size of the structure.

In connection with the proposed filter with tunable single/double notch-band in
Chapter 5, the bandwidth of two notches is reported to be wide. Inspecting the
stepped-impedance L-shaped irises in Chapter 6 with different widths for their
horizontal arms, the bandwidth and quality factor can be controlled by changing the
widths of these arms. This technique can be applied to the capacitors of the structure
in Chapter 5 for notch-bands realization. Based on this technique the bandwidth of
the notch-bands can be further controlled.

In connection with the developed structure in Chapter 7, the vertical reduced-height
open-circuited stubs act as stepped-impedance resonators in the transverse
direction, the performance of these stubs can be further improved by changing their
widths and manipulating their inductors and capacitors. Additionally, the arbitrary
tuning range of the two bands can be studied. Moreover, the number of bands can
be increased by adding more stubs in transverse direction.

Another main future work can be the development of the proposed integration of
L-shaped iris and 3D waveguide to design band-pass filters with arbitrary multi
evanescent-mode poles under the SIW cut-off frequency.

In connection to the developed structure for evanescent-mode pole realization in
Chapter 7, transmission pole realization in 3D structures has been analytically
studied based on lumped element equivalent circuit. It has been shown that this

transmission pole can be realized at any frequency either above or below the cut-
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off frequency of waveguide known as evanescent-mode in the literature. Inspecting
the proposed technique in the study, evanescent-mode resonance frequency has
been realized using a structure oriented in the transverse direction. The question
arises here is whether this type of resonance frequency, known as evanescent-mode
pole, can be realized using an embedded structure in a 3D waveguide oriented in
the propagation direction or not?
In connection to this question, one of the main topics for the future work can be the
development of the lumped element equivalent circuit of the 3D structure in
Chapter 6 to enhance the performance of 3D waveguides using the new techniques
of transmission zero and evanescent-mode pole realization in the propagation
direction.

Due to the importance of the subject, a novel integration of gap-coupled
discontinuity and 3D waveguide cavity is proposed in which the coupling is realized
by means of gap-coupled discontinuity instead of aperture coupling. The proposed
structure is left for the future work with the following questions:

What type of operation might this integration have? Operating below or above the
cut-off frequency of 3D structure or capable of operating in both below and above
cut-off frequency.

Suffering from high attenuation is one of the problems in the reduced-height 3D
structures with aperture coupling [1] with sacrificing quality factor in favor of
insertion loss [2]-[4], the question arises here is whether this integration can obviate
this problem to some extent or not?

Signal distortion is still one of the challenging problems in the literature, especially
in 3D structures due to waveguide modes [5], the question arises here is that this
integration with new coupling structure can be effective to reduce signal distortion

or not?
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Appendix A

This document has been taken from “UW-MEMS DESIGN HANDBOOK?”, version 5.0,
the University of Waterloo, Ontario, Canada, 2010.

UW-MEMS Fabrication process.

The UW-MEMS microfabrication process uses a 7-mask gold-based process. The process
starts by a 0.025” thick Alumina substrate with a relative permittivity of 9.9 and loss
tangent of 0.0001.

Layer 1: Titanium tungsten bias lines.

As shown in Figure A.1, a 50 nm TiW layer is sputtered and patterned.

Tiw

Substrate

Figure A.1. Sputtering the first layer of 50 nm TiW [A.1].

Layers 2 and 3: First dielectric
As shown in Figure A.2, a 0.7 um silicon dioxide (SiOy) is deposited using plasma
enhanced chemical vapor deposition (PECVD). The deposited layer is then patterned using
reactive ion etching (RIE).

D1: Si0,
N

N

Substrate

Figure A.2. Deposition of the first dielectric layer [A.1].

Layer 4: First gold layer.
As shown in Figure A.3, a seed layer is deposited using a bilayer 40nm Cr/70nm Au. A
negative photoresist (PR) mold is patterned by photolithography using layer “G1”. The

both mold and the seed layers are then removed.
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G1: Au

\ [ \ [

Substrate

Figure A.3. First gold layer [A.1].

Layer S: Second dielectric layer.
As shown in Figure A.4, a 30nm layer of TiW is sputtered as an adhesion layer followed
by the deposition of 0.7um silicon dioxide. The SiO, and TiW layers are then patterned

using “D2” layer.
D2: SO,

H/_

Substrate

D1: SiO,

Figure A.4. Second dielectric layer [A.1].

Layer 6: Anchor opening.

As shown in Figure A.5, the sacrificial layer is deposited using spin coated polyimide for
the Au structural layer in UWMEMS. The layer is coated to a thickness of 2.5um and
then patterned by “A” layer in RIE. in the polyimide is then etched to realize the anchor

holes.
Anchor

& Polyimide

Substrate

Figure A.5. Anchor opening [A.1].

Layer7: Dimple openings.
As shown in Figure A.6, the dimple openings are similarly performed in polyimide using

an RIE etching step. The “D” layer is used to pattern the layer with a depth of 1 pm.
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Dimple

Substrate

Figure A.6. Dimple openings [A.1].

Layers 8 and 9: The second gold layer.

As shown in Figure A.7, the second 70nm gold layer is sputtered as the seed layer. Then
the seed layer is electroplated to be 2um. This layer is used as the structural layer of all
the MEMS devices. The layer is patterned using “G2” layer with a negative PR mold.

G2: Au

Substrate

Figure A.7. The second gold layer [A.1].

As shown in Figure A.8, the sacrificial layer is removed using Oz plasma dry etching in

RIE.

P — =N —

Substrate

Figure A.8. Release step [A.1].

[A.1] “UW-MEMS DESIGN HANDBOOK?”, version 5.0, the Center for Integrated RF
Engineering (CIRFE), University of Waterloo, 2010.
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