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ABSTRACT

Abdelfattah, Mahmoud Ph.D., Purdue University, December 2019. Reconfigurable
Cavity Filters with Contactless Tuners. Major Professor: Dimitrios Peroulis.

The recent development of tunable microwave filters has shown their great poten-
tial for being an integral component in future wireless systems across a wide range of
applications. In the last decade, filters based on tunable evanescent-mode (EVA) cav-
ity resonators have demonstrated high performance with high quality factor (Q), wide
tuning range and high power handling. However, the implementation of these filters
suffers from practical limitations and reliability issues which restricted the practical
utilization of these filters in different real-system applications. This dissertation will
present and evaluate several practical and novel solutions to overcome these practical
challenges without compromising the filter performance.

The first part of the dissertation focuses on the design of microwave and mm-
wave quasi-absorptive bandstop filters with passive absolute bandwidth compensation
utilizing micromachined cavity filters. The second part of the dissertation presents
a novel method to tune substrate-integrated-waveguide (SIW) cavity filters using
contactless tuners. In this work, a new tuning mechanism is proposed to overcome the
mechanical reliability issues and the sensitive assembly of conventional tunable cavity
filters. Furthermore, a new utilization of dual-mode SIW resonators is introduced in
order to improve response selectivity and realize constant absolute bandwidth filters

without compromising filter size and performance.



1. INTRODUCTION

1.1 Potential for Reconfigurable Filters

Recent developments in communications systems have been heading towards more
efficient utilization of the available frequency spectrum. As a result, modern com-
munication standards are relying more on multi-band and multi-carrier approaches.
In order for wireless systems to enable these capabilities, the Radio Frequency (RF)
front-end is required to demonstrate higher performance and satisfy more stringent
specifications.

The conventional approach to accommodate these requirements is to further in-
crease the size of the filter banks and the number of switches in the front-end. How-
ever, utilizing more switches will negatively affect the front-end performance and
restrict the frequency and RF power it can handle. Alternatively, converting to a re-
configurable system approach that utilizes high performance tunable filters will have
the potential to overcome these limitations [1].

Tunable filters could potentially replace filter banks in adaptable systems which
react to different environmental requirements. Also, high power tunable filters can
play an important role in the suppression of harmonics generated from power am-
plifiers used in high power transmitters [2]. Furthermore, as new systems are being
continuously deployed and expected to coexist geographically, tunable filters could
save operational and installing costs for network operators and allow them to effi-
ciently manage hardware resources [1].

To enable wider implementation of tunable filters in real-systems, the filters are
expected to demonstrate certain features: high unloaded quality factor @Q,, wide tun-
ing range (TR), high power handling, small size, low cost, high manufacturability,

simple integration, operation reliability, and filter response stability. In the past



decades, several works demonstrated tunable filters using different technologies, the
majority of works were demonstrated based on planar microstrip technology. How-
ever, microstrip filters have limited @), values, less than 200, which doesn’t meet the
stringent specifications of modern systems. To achieve higher ), values, 3D filters
such as combline, dielectric resonator, waveguide filters are needed. Previous works
have reported @, up to few thousands [1]. However, these demonstrations suffered
from low TR to less than 5%, and large form factor. Also, expensive CNC machining
of metal substrates is usually used to fabricate these filters and sensitive assembly of

the filters is required to maintain the high performance.

1.2 Evanescent-mode Cavity Filters

In the past decade, filters based on tunable evanescent (EVA)-mode cavity res-
onators have demonstrated high performance while avoiding many of the aforemen-
tioned disadvantages. Several works reported wide TR (larger than octave), high
power handling and a small form factor while maintaining a high @, (300-800).
These works have also demonstrated the flexibility of cavity-based resonators to re-
alize various filter and diplexer functions with a large degree of reconfigurability.
In addition, EVA-mode cavity filters have been implemented using different tech-
nologies such as CNC machining, substrate-integrated-waveguide (SIW) and silicon
micro-machining [3-10].

The structure of tunable EVA-mode resonators is shown in Fig. 1.1. In general, a
flexible tuner is utilized as a ceiling of the cavity creating an air gap with the center
post. The cavity can be considered as coaxial transmission line (TL) that is shorted
from one end and capacitively-loaded from the other end. The resonant frequency
of the resonator can be tuned as the air gap is varied. The flexible tuner has been
realized using different technologies such as piezoelectric actuators on top of a thin

conductive membrane and electro-statically actuated MEMS membranes.
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Fig. 1.1.: Tunable EVA-mode cavity resonator structure (a) 3D view (b) cross

section.

1.3 Problem Statement

Despite the numerous high performance filter implementations based on EVA-
mode cavity resonators, there exists some practical challenges limiting the deployment
of these filters in real-systems. In this dissertation, two types of challenges will be
investigated. The first type is relating to the filter response variation over the TR.
The second type is pertaining to the reliability of the mechanical tuning scheme
and the integration complexity /sensitivity. The specific challenges, addressed in this

dissertation, are introduced and discussed in the following subsections.

1.3.1 Large ABW Variation of Tunable BSFs

Bandstop filters (BSF) have critical roles specifically in wide-band front-end sys-
tems. They are needed to suppress jamming and interference signal within or close to
the band of interest. Quasi-Absorptive Bandstop (QABS) filters have been of great
interest recently as they are capable of providing high rejection without requiring high
() resonators or higher order filters. One of the most popular topologies to realize a
QABS response is show in Fig. 1.2. One of the practical challenges when utilizing this
topology is the absolute bandwidth (ABW) variation across the TR. This is caused
by the increase in the external coupling (kg) over the TR as demonstrated in Fig.

1.3. Tt is shown that the 3-dB ABW variation is 732% over an octave TR given that



kg doubles over the TR. As shown in Fig. 1.3, the large notch BW at the high end

of the band is not acceptable which limits the useful TR of the filter.
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Fig. 1.3.: ABW variation across TR for conventional QABS filter.

1.3.2 Monitoring and Control of MEMS Tunable Cavity Filters

One of the main advantages of EVA-mode cavity resonators and filters is their scal-

ability to high frequencies. Recent works have demonstrated such filters up to 110

GHz. These implementations are enabled through precise silicon micro-machining

manufacturing and electrostatic MEMS tuning. An example of the filter assembly

is shown in Fig. 1.4 [15]. Although previous works demonstrated high performance



using these filters, none have demonstrated a monitoring and control system to re-
liably control the MEMS diaphragms. Such control system is essential to guarantee

the reliable operation of these filters in the field.

Fig. 1.4.: 3D Si micro-machined cavity filters, from top to bottom: MEMS tuner

substrate, cavity substrate, signal substrate.

1.3.3 Reliable Tuning and Sensitive Integration of SIW Cavity Filters

Low cost and mass production are important aspects that need to be investigated
in order to enable the transition of tunable filters to the commercial phase. Substrate-
integrated-waveguide (SIW) technology is one of the main candidates to implement
low cost cavity filters using only printed circuit board (PCB) conventional manufac-
turing. Most of the high performance filters that utilized this technology relied on
piezo disk tuning of the resonators. However, this tuning scheme proved to result
in operation reliability issues due to the mechanical variations in the piezo actuation
such as hysteresis, creep, etc. Also, the manufacturing of these filter requires sensitive

assembly process as the initial tuning gap is required to be very small (5um) in order



to have sufficient TR. Therefore, it is crucial to modify the current tuning scheme
to have simpler manufacturing and more reliable operation while maintain the high

performance of the filters.

1.3.4 Independent Tuning for Dual-Mode SIW Cavity Resonators

Tunable dual-mode (DM) resonators are among the most desirable components
for microwave filters as they enable the realization of a wide variety of reconfigurable
filter responses while maintaining a compact size. Several works utilized DM cavity
resonators using mechanical tuning and presented high ), and wide TR. However, in
all these works the two resonant modes were tuned simultaneously without controlled
separation between the modes. Other works used varactors to enable independent
mode tuning which compromised the filter performance specifically ), and TR. To
maintain filter performance, a novel tuning scheme is required to independently tune
DM resonators. With independent mode tuning, one DM resonator could be utilized
to realize a compact bandpass filter with center frequency and transmission zero

reconfigurability as illustrated in Fig. 1.5.
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Fig. 1.5.: BPF filter with reconfigurable center frequency and transmission zero

using one independently-tuned DM resonator.



1.3.5 Improved Selectivity and ABW Variation for BPF's

Recent research efforts for future SIW-based tunable filters focus on achieving
two major goals. The first is producing a tunable response with a constant absolute
bandwidth (CABW) over the TR. The second is improving the response selectivity
by added transmission zeros (TZs) while maintaining the size compactness. An illus-
tration of the desired response, for a second-order case, compared to a conventional
response is shown in Fig. 1.6. Most conventional approaches used to achieve any or
both goals suffer from one or more of these drawbacks; increased filter size, higher
number of tuning elements or compromised filter performance due to using varactor
tuned coupling structures. Successful solutions are expected to achieve the desired
response in a single design of satisfactory filter RF performance such as low insertion
loss, wide TR and high power handling. In addition, the proposed implementation is
required to maintain the same size and number of tuning elements as the conventional

filter.
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Fig. 1.6.: Desired response (CABW with improved selectivity) versus conventional

BPF response for a second-order case.

This dissertation focuses on addressing the above mentioned challenges of tunable

cavity resonators. The organization of the dissertation is as follows:



. Chapter 2 presents two frequency-tunable QABS filters. One of the filters covers
the 12-20 GHz range while the other covers the range 23-45 GHz. The designs
employ, for the first time above 10 GHz, a dual-coupling slot scheme that limits
the filter’'s ABW variation. In addition to wide TR, both filters demonstrate
low 3-dB ABW variation and high rejection up to 60 dB.

. Chapter 3 demonstrates a monitoring and control system for MEMS tunable
EVA-mode filters. Inductive proximity sensing is utilized to detect the deflection
of the tuning MEMS membrane. The sensed deflection is used as a feedback for
a closed loop control of the MEMS bias voltage to deliver the desired deflection,

and hence, desired RF response, based on an input from the user.

. Chapter 4 presents a novel method to widely tune high Q EVA-mode cavity
resonators and filters using contactless tuners. The proposed method resolves
multiple challenges facing reliable manufacturing and operation of these filters
by avoiding the attachment of the flexible tuner to the cavity and replacing it
with capacitive contactless tuners. This work discusses the design consideration
and trade-offs as well as demonstrates the performance of the proposed concept

using SIW technology.

. Chapter 5 presents a novel, widely-tunable, SIW, DM resonator with mode-
independent frequency tuning. Two contactless tuners are used to enable the
independent tuning. The DM resonator is utilized to realize a second-order
reconfigurable bandpass filter based on a doublet-configuration. The filter mea-
surements shows a tunable center frequency with a reconfigurable TZ that can

be located on either the upper or the lower side of the passband.

. Chapter 6 presents a new utilization of SIW-based DM resonators in an L-
shaped coupling scheme to effectively realize a CABW tunable filter response
with additional TZs. The presented solution achieves both goals without in-

creasing the size or the number of tuning elements compared to a conventional



filter implementation. Using the proposed scheme, the even- and the odd- reso-
nant modes are employed to produce the reflection zeros and TZs, respectively.
Each resonator is designed to have one contactless tuner which tunes both modes
simultaneously producing a controllable separation between the reflection zeros

and TZs over the entire TR.

. Chapter 7 summarizes the presented research efforts and provides recommen-

dations for future work.
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2. MICROWAVE AND MM-WAVE
PASSIVELY-COMPENSATED TUNABLE QABS FILTERS

2.1 Introduction

Over the last decade tunable QABS filters have been of great interest as they offer
effective solutions to interference problems in wide-band RF front-ends. Lumped-
element-, microstrip- and substrate-integrated-waveguide-resonators have been em-
ployed in implementing such filters [11-13]. In recent works, MEMS-tunable silicon
micro-machined EVA-mode cavity filters have demonstrated state-of-the-art perfor-
mance in the Ka and W bands [14, 15].

One weakness of the presented designs is the large ABW variation over the TR.
Specifically, none of the demonstrations at X-band or above have presented an effec-
tive solution to this problem. For instance, the 10-dB ABW in [16] varies by about
88% over its 27% TR (8.9-11.34 GHz). Similarly, the filter presented in [17] experi-
ences a 400% variation in its 20-dB ABW over its 22% TR (9.6-11.7 GHz). Moreover,
none of the high-frequency demonstrations have presented a practical solution for
connectorizing the filters.

In this chapter, we present the design and implementation of two connectorized,
high rejection QABS filters with ABW passive compensation. Filter A covers the
range 12-20 GHz and Filter B covers the range 25.5-40 GHz with better than 40
dB notch rejection level. To limit bandwidth variation, the filters include a unique
passive bandwidth compensation coupling scheme that is implemented for the first
time at frequencies above than 10 GHz. Compared with state-of-the-art, the filters’
performance represents at least 4x reduction in ABW variation.

Some of the text and figures presented in this chapter are based on the following

paper: M. Abdelfattah, M. Hickle, M. D. Sinanis, Y. Wu and D. Peroulis, "A 12 —
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20 GHz Passively-compensated Tunable Bandstop Filter with 40-dB Notch Level,”
IEEE/MTT-S International Microwave Symposium — IMS, Philadelphia, PA, 2018,
pp- 571-574. The author’s contribution in this chapter include the analysis, design,

fabrication, assembly and measurements of Filter B.

2.2 Filter Design

Both filters are implemented using silicon micro-machined cavity resonators with
electro-statically actuated MEMS membranes. The exploded 3-D views of both filters
are shown in Fig.2.1. Each filter is comprised of four main parts: the MEMS tuner,
the EVA-mode cavity substrate, the RF signal substrate and the launch board for
the coaxial connectors. Although both filters has similar structures, the dimensions
were scaled and optimized for the specific frequency range of each filter. As a result,
different substrate thicknesses and dimensions were used. The filters were simulated

using ANSYS High Frequency Structure Simulator (HFSS).

2.2.1 Constant ABW QABS Filter Topology

The topology of the passively-compensated QABS filter is shown in Fig. 2.2. It is
based on a two-resonator hybrid-coupler topology, as in Fig. 1.2, with two external
coupling elements per resonator instead of one. As shown in the figure, there are two
solutions that yield a theoretically-infinite notch level (absorptive notch, AN). The
first solution requires a 90° through line and can yield nearly CABW over an octave
TR [13]. While this solution is ideal for low frequencies, it becomes challenging
beyond 10 GHz as a 90° through line becomes impractically short in this range.
Consequently, in this work, we opt for the second possible solution that requires a
270° through line. The sections below outline how the challenges associated with this

choice are addressed.
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Fig. 2.1.: Exploded view of connectorized silicon micro-machined cavity filter, A

denotes Filter A and B denotes Filter B.
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Fig. 2.2.: Coupling topology for constant BW QABS filter.

Constant ABW

The external coupling dominates the filter’s BW variation. The purpose, there-
fore, of the doubly-coupled resonator scheme is to manipulate the external coupling
frequency dependence over the needed TR [13]. As shown in (2.1), the equivalent

external coupling to the resonator, k},, depends on the coupling ratio, r, the trans-
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mission line length, 6y, and the main coupling element value, kg. Hence, we have
several degrees of freedom to control the external coupling and bandwidth variations.
It should be noted that this coupling scheme also modifies the through line electrical
length as shown in (2.2) where 6. is the effective through-line electrical length. This
modification potentially results with a positive impact on the AN frequency range as

will be shown later.

ks = kp/1+ 12+ 2r cos(6y) (2.1)
. 1+ re~d%
p=tr+ (- ang (T o)) (22)

The effects of the coupling parameters (r and 6y) are studied in Fig. 2.3 to
illustrate the available control over the external coupling variation and the through
line electrical length. In this study, the single-element external coupling kg is assumed
to double over an octave TR. To validate the effectiveness of the proposed topology,
both parameters r and 6y are optimized to minimize the 3-dB ABW over an octave
TR. As a result, the 3-dB ABW variation is reduced from 732% to 32% as shown in
Fig. 2.4.

AN Frequency Range

An additional important advantage of the presented topology is that it achieves
an AN over a wide range by slightly detuning the resonant frequency of the two

resonators. In order to achieve an AN, the condition on k} shown in (2.3) must

*
E,min>

be satisfied [18]. The minimum required external coupling, depends on the
resonator unloaded @), the inter-resonator coupling, ki3, and 675. As a result, the

parameters r and 6, should be carefully selected to guarantee in a wide AN frequency

| Q.2 + Ky
ke > k% o= 2.3
E — “Emin k12 Sln(e;) ( )

range.
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Considering the condition in (2.3), it can be shown that achieving a wide AN

frequency range is more challenging when 67 is centered around 270° as opposed to
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Fig. 2.5.: Achievable AN frequency range with » = 0 for two cases of 6.

90°. To illustrate, Fig. 2.5 shows an example of the achievable AN frequency range
with linearly increasing kg when » = 0 and 6y = 0°. Therefore, the AN frequency
range is an added challenge specifically facing the high-frequency implementations of
these filters.

As previously mentioned the proposed coupling topology could potentially improve
the AN frequency range. This is mainly due to the fact that this topology results in
0. which is not linearly dependent on frequency as shown in Fig. 2.3. As a result, the
coupling parameter values could either decrease or increase the AN frequency range.
This is demonstrated in Fig. 2.6 for different cases of the coupling parameters. It is
shown in Fig. 2.6(c) that only with optimized coupling parameters the AN frequency
range is larger than an octave which is not theoretically possible without the double-

coupling scheme .

2.2.2 Silicon Micro-machined EVA Mode Cavity Design

The topology in Fig. 2.2 is realized using silicon micro-machined EVA-mode cav-

ities. The cavities are tuned using electro-statically actuated micro-corrugated di-
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Fig. 2.7.: Dimensions of designed silicon cavity filter in millimeters.

aphragms on top of their posts. The inter-resonator coupling (kis) is realized by the
coupling iris which achieves the negative polarity required by this topology. The exter-
nal couplings (kg, rkg) are realized via the large and small coupling apertures etched
at the bottom of each cavity. The through transmission line is placed on a second
high-resistivity silicon substrate at the bottom of the cavity substrate. Fig. 2.7 shows
all important dimensions of the top side of the cavities as well as the transmission

line on the back for both designed filters.
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E min

Fig. 2.8 shows the simulated frequency dependence of the individual and total
external couplings for both filters. While kg grows linearly with frequency, £}, exhibits
a sinusoid-like variation. In addition, Fig. 2.8 shows the curves for £}, and k%, for
both cases; with and without bandwidth compensation. It can be seen that for both
filters, the AN frequency range is increased when using the bandwidth compensation

topology due to the non-linear frequency dependence exhibited by 67..

2.2.3 Connectorized Design

Both filters are designed to have a 2.4 mm coaxial interface. A printed circuit
board (PCB) is designed to be attached to a Southwest end-launch connector as
shown in Fig. 2.1. The board is constructed of two layers; a thin top layer for signal
propagation and a thick bottom layer for physical support. The structure contains
two transitions for the RF feed. First, from the end-launch connector to a grounded
coplanar waveguide (GCPW) on the board. Second, a flip chip transition from the
board to the silicon signal substrate on the filter. Finally, on the silicon substrate

from GCPW to microstip line which couples to the cavity resonators.
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Filter A Filter B

Fig. 2.9.: Pictures of the manufactured filters (a) Filter A after attachment to the
connectorized launch board before the attachment of the MEMS tuners (b) Filter B

in a full packaged housing after full assembly.

2.3 Measured Results

The filters have been fabricated at the Birck Nanotechnology Center, Purdue
University. Pictures of the manufactured filters are shown in Fig. 2.9. The filters
were measured using an Agilent Tech E8261A network analyzer. Filter A is tuned
from 9-20 GHz and the measured response is shown in Fig. 2.10(a). The notch
rejection is better than 20 dB over the full TR, and better than 40 dB from 12-20
GHz. The out-of-band IL is 1.3-2.5 dB. The measured response for Filter B is shown
in Fig. 2.10(b). The notch is tunable from 23-45 GHz with a notch depth between
30-50 dB. The required DC bias voltage to tune the MEMS diaphragms is less than
100 V.

The measured and simulated filter BW are shown in Fig. 2.11. For Filter A, the
measured 3-dB and 10-dB ABW variation are 48% (402-595 MHz) and 71.6% (155-
266 MHz), respectively, over the range 12-20 GHz. Compared to the uncompensated
BW variation, the 3-dB and 10-dB BW variations are reduced by about 4x. Over a
25.2% TR, the measured 3-dB ABW variation is 12.5% (432-486 MHz) and the 10-dB
ABW variation is 21.5% (219-266 MHz). For Filter B, the measured 3-dB and 10-dB
ABW variation are 40% (1.41-1.97 GHz) and 129% (0.44-1.01 GHz), respectively over
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Fig. 2.10.: Measurements of filter response at different tuning states (a) Filter A (b)
Filter B.

the full range 25-45 GHz. Compared to the uncompensated BW variation, the 3-dB

BW variations is reduced by about 9.5x.

2.4 Conclusion

This work presented the design and implementation of connectorized, high rejec-
tion, passively-compensated, bandstop filters. The filters are fabricated with silicon
micro-machined EVA-mode cavity resonators. The filters demonstrate low ABW

variation and high rejection that exceeds 40 dB.
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3. MONITORING AND CONTROL OF MEMS TUNABLE
FILTERS USING INDUCTIVE PROXIMITY SENSING

3.1 Introduction

Tunable cavity-based RF and microwave filters are essential for adaptive wireless
systems due to their superior performance in terms of loss, tuning range, and linearity
compared to alternative technologies [19-22]. In addition, recent advances in silicon-
based evanescent-mode cavity filters cover frequencies in the 10-100 GHz range [15,
22, 23|, allowing efficient use of those bands. Since evanescent-mode cavity filters
are mechanically tuned by bending a flexible membrane, they might be vulnerable
to non-ideal effects such as long-term deformation (creep) and hysteresis, in addition
to fabrication nonidealities. As a result, achieving long-term, reliable and repeatable
tuning with such filters has been a focus in the literature.

Various types of electric motors have been used as tuning actuators to resolve such
filter tuning issues [22,24,25]. The motor feedback system can provide a repeatable
sub-micron resolution. The size, cost, and power consumption of such devices, how-
ever, make them impractical for the majority of in-the-field adaptive applications.
Alternative electronic approaches to monitor the resonators in a filter rely on sensing
secondary modes of oscillation in the cavity [26], measuring the capacitance between
the electrostatic actuator and the tuning membrane [27], or measuring reflected sig-
nals from the filter [28]. While these sensing methods are successful in monitoring the
filters, the complexity of such methods require laboratory scale test equipment. The
same applies to optical sensing techniques. The monitoring and control techniques
presented by the authors in [29,30] rely on a stacked dual-cavity structure, where one
cavity is in the RF filter and the other is used for monitoring. This allows monitoring

and controlling the filter electronically and in real-time, without disturbing the RF
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signal. As a result, this technique resolves the issues above faced by the alterna-
tive techniques. The employed dual-cavity structure, however, is primarily suitable
for PCB fabricated cavities, which normally operate below 10 GHz. This monitoring
structure is not easily implemented in miniature micro-machined silicon-based MEMS
filters, used in frequencies above 10 GHz.

In this chapter we present a fully electronic monitoring and control system for
electro-statically tunable MEMS cavity filters. The monitoring of the MEMS mem-
brane is based on inductive proximity sensing for each cavity membrane in the filter,
as a feedback. The sensing inductor doubles as the bias electrode, minimizing the
presence of metallic objects in the vicinity of the magnetic field. The sensing method
measures the absolute deflection of the MEMS membrane and, based on that, adjusts
the MEMS dc bias voltage until the membrane is at the desired deflection, providing
the required frequency response of the monitored resonator. The system is concep-
tually shown in Fig. 3.1. This chapter also provides the detailed analyses for the
sensitivity, control loop, and the RF filter as well as the trade-offs in choosing the
optimal inductance and the operating frequency, supported with measurements. In
addition, repeatability and long-term performances are measured and analyzed. This
system is demonstrated on a second order bandstop filter (BSF) operating in the 30-42
GHz mm-Wave range. Long-term measurements show that the filter notch frequency
is maintained within the original 20 dB bandwidth throughout the test period, which
was not possible with open-loop tuning (constant voltage). Tuning repeatability is
also tested, and the presented control system can tune the filter with less than 1%
error over 100 repetitions. The presented system consumes 0.88 W /resonator from a
single 5 V source, of which 0.07 W /resonator are in the de-dc converters, and 0.325
W /resonator are in the FPGA development board.

The text and figures presented in this chapter are based on the following paper: M.
Abu Khater, M. Abdelfattah, M. D. Sinanis and D. Peroulis, " Monitoring and Control
of MEMS Tunable Filters Using Inductive Proximity Sensing,” in IEEE Transactions
on Microwave Theory and Techniques, vol. 66, no. 12, pp. 5605-5613, Dec. 2018.
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Fig. 3.1.: Inductive proximity sensing is used to monitor MEMS tunable filters. The

Control

monitoring is the feedback in a control loop, which tunes the filter to a desired

frequency response based on an input from the user.

The author’s contribution in this chapter include the analysis, design, fabrication,

assembly and measurements of the demonstrated bandstop filter.

3.2 Monitoring Concepts and Optimizations

A schematic of the presented system is shown in Fig. 3.2(a). When a dc bias
voltage (Vpras) is applied to the sensing inductor (Lsprrar), the MEMS membrane
bends towards Lsprrar, which increases the resonant frequency of the RF cavity
(due to a decrease in the loading capacitance). Also, this results in reducing the
effective value of Lgprrar, (due to the counteracting eddy currents in the membrane),
which in turn increases the resonant frequency of the series LC circuit, where the
capacitors C1 and C2 are fixed external components. The shift in the LC resonance
frequency changes the amplitude response of the monitoring circuit, as discussed in
Sec. 3.2.2. As aresult, by measuring Vsgysg and relating it to the resonant frequency
of the corresponding RF cavity, the filter response can be monitored. This monitoring
information is used as feedback in a control system that can adjust the bias voltage

VBras until the desired RF response is achieved.
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A spiral inductor is chosen due to its easily manufacturable planar structure.
Additionally, because the spiral inductor covers most of the area above the membrane,
it is operated as the MEMS bias electrode. The electric field due to dc biasing exerts
sufficient electrostatic force on the membrane for actuation.

The circuit is driven by an ac source, referenced to a crystal oscillator. This aids
in achieving a stable excitation, which is necessary in detecting the motion of thin

membranes (typically 1 pm) with small deflection range (typically 10 pm).

3.2.1 Inductive Proximity Sensing

A circuit model for the monitoring structure is shown in Fig. 3.2(b). Fig. 3.2(c)
shows the ac equivalent circuit. Rg is the output impedance of the ac source, and
Ry, is the effective resistance of the spiral inductor. Lgy and Rgpy are the effective
sheet inductance and resistance of the membrane, discussed in more detail later in
this section.

The value of Lgprrar is calculated using [32]

fioN?
LSpiral = mx
/7r /R"“‘ Rout cos(0)ryradrdrodf
0 JRin JRin \/T% + 72— 2r 1y cos(H)7

(3.1)

where g is the free space permeability, /V is the number of turns, R;, and R, are
the inner and outer radii of the spiral structure, respectively.

Since the eddy currents in the membrane run in a circular fashion, and since the
metal of the membrane has a finite resistance, the membrane can be modeled as
an RL circuit as shown in Fig. 3.2(b) [33]. The effective inductance of the sheet
membrane (Lgy) can be also calculated using (3.1), while multiplying it by 0.5 to

accommodate for the absence of gaps between the tracks, and setting N = 1.
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Fig. 3.2.: (a) A schematic structure of the inductive sensing method where a spiral
inductor also functions as the biasing electrode, and the readout from the spiral is
used as feedback to bias the MEMS membrane to a desired location [31]. (b) A
circuit model for the inductive sensing in (a). (c¢) Equivalent ac circuit model of the

circuit in (b).

When the spiral inductor is in close proximity to the metallic membrane, the
mutual inductance between them can be calculated by [32]
poN
M = VL Lsy = X
K(9) SPIRALLSH (Rowt — Ron) Rout

/7r /Rout Rout Cos(g)rl’rzd’l“ld’l“gde
o Jrn S0 VT 2nmcos®)

(3.2)
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where k(g) is the coupling coefficient as a functions of the gap between the spiral
inductor and the membrane, shown in Fig. 3.2(a).

To evaluate the resultant effective inductance of Z1 (at the terminals of the spiral),
shown in Fig. 3.2(c), as a function of the gap g, the circuit is analyzed with (3.1)
and (3.2) evaluated numerically. The details of the circuit analysis are discussed in
Section 3.2.2. The spiral inductor and the membrane structure is simulated using
High Frequency Structure Simulator (HFSS) finite element solver. Fig. 3.3 shows the
calculated and simulated sensed inductance (L at Z1) as a function of g. It is worth
mentioning here that the practical range indicated in Fig. 3.3 is due to the fact that
the the gap ¢ is small (typically < 50 pum) compared to the bias electrodes (spiral
inductor in this case, typically > 1000 pm).

3.2.2 Circuit Optimization

A change in the gap g (whether intentional due to a dc bias, or unintentional due
to imperfections such as long-term creep) changes the effective value of the sensed
inductance at Z1, which in turn affects the frequency response of the sensing node
(Vsensge). The circuit model in Fig. 3.2(c) is analyzed and each parameter in the

circuit is optimized to improve the sensitivity of the circuit to changes in g.
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The sensitivity of the circuit primarily depends on how much Z1 changes per unit

change in g. To simplify the analysis, an impedance sensitivity is defined as

071
I'mpedanceSensitivity = '8_
9

3.3
_|om oz (3.3)
lag T oM |
In order to maximize the sensitivity, each term in (3.3) is maximized separately.

To optimize the contribution of the first term in (3.3), 88—]\94 is evaluated from (3.2)

oM . ,LL()N %
Rout - Rin)Rout

dg  (
/“ /R"“f /R —g cos(8)riredridradf
o Jr, Jo (g2 + 12 + 13— 2ry1ry cos(@))% .

As can be seen from (3.4), the sensitivity of the mutual inductance to the gap can

(3.4)

be improved by decreasing g. Decreasing g arbitrarily, however, can limit the tuning
range, and can complicate the fabrication process. Also, increasing the number of
turns N, and decreasing (Ry — Ri,) can further increase 88—]\94. On the other hand,
these changes may require small feature dimensions that complicate the fabrication
of the spiral inductor.

To optimize the contribution of the second term in (3.3), Z1 is found by analyzing
the circuit shown in Fig. 3.2(c) as

W2 M2
Rsy + jwLsy’

Z1 =Ry + jwLsprrar + (3.5)

where w is the operating angular frequency of the ac excitation. From (3.5), we get

821 2w2M . QWQK\/LSPIRALLSH

oM Rsy + jwLsy  Rsy + jwLsy

(3.6)

From (3.6), it can be seen that the sensitivity can be improved by increasing the
mutual inductance. This can be achieved by increasing the coupling coefficient and
by increasing Lsprrar, which is consistent with the conclusions drawn from (3.4).
Increasing the operating frequency is also an efficient way to increase the sensitivity,

as long as the frequency is below the self-resonant frequency of the spiral inductor.
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While reducing sheet resistance and inductance of the membrane, Rsy and Lgy,
by increasing the metal thickness improves the sensitivity, it might result in a much
higher actuation voltage to bend the membrane. As a result, Rsy and Lgy are
typically dictated by the MEMS design and fabrication process.

For further circuit optimizations, the sensing voltage Vsgnysg is evaluated. Vsepnse
is found by analyzing the circuit in Fig. 3.2(c), resulting in
B JjwCRg )

1+ jwCRs + jwCZ1) "’

Vsense = Vin (1 (3.7)

Due to the complexity of the expressions in (3.7) and (3.5), the effect of each design
parameter might not be obvious. As a result, the amplitude of Vsgngg is evaluated
numerically and verified with SPICE simulations. Fig. 3.4 shows the effect of each
design parameter on |Vspnsg|-

As shown in Fig. 3.4(a), when driving the circuit at a frequency where Vggnsg has

the highest slope (|3V55%

), the voltage sensitivity to a change in ¢ is maximized. In
other words, if the circuit is operating at the maximum slope frequency, and the gap
g changes, the resonant frequency shifts, causing the maximum change in Vgpnsg.
The evaluation of (3.7) shows that the maximum slope occurs just below the resonant
frequency as shown in the figure. It is important here to realize that, since a MEMS
membrane deflection is typically very small (10-20 pum) compared to the size of the
actuating inductor, the deviation in the frequency of maximum slope is also small.
As a result, a linear approximation of the maximum slope region is used across the
tuning range.

It should also be noted here that choosing the frequency of the highest slope in
Vsense does not contradict the requirement of choosing high frequency as concluded
from (3.6). To satisfy both conditions, the frequency of highest slope should be placed
as high as possible by reducing C. The effect of reducing C, or increasing Lsprrar,
which improves the sensitivity, is shown in Fig. 3.4(b).

The effect of the spiral resistance (Rr) is shown in Fig. 3.4(c). Lower inductor

resistance causes a sharper frequency response, resulting in a better voltage sensitivity.
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Fig. 3.4.: The amplitude of Vggnsg versus frequency and how it is affected by: (a)
The coupling coefficient (or the gap), (b) the spiral inductance and the external

capacitance, (c) the inductor resistance Ry, and (d) the source resistance Rg.

In order to reduce Ry, the spiral inductor should be fabricated with thick metal on a

high-quality substrate.
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Fig. 3.6.: The tradeoff between the number of turns in the spiral inductor and its

effect on the sensitivity of the inductive monitoring.

If the design process enables controlling the source impedance (Rg), its value can
further optimize the sensitivity, as plotted in Fig. 3.4(d). When Rg <R or Rg¢ >Ry,
the output shows no significant slope near the resonant frequency. As a result, for
each Ry, there is an optimal value for Rg that produces the highest sensitivity. The
optimal value of Rg can be found numerically by sweeping its value and calculating
the maximum slopes of the curves in Fig. 3.4(d) for a given value of and Ry. An

example of the relationship between R and optimal Rg is shown in Fig. 3.5.



31

3.2.3 Spiral Inductor

The analysis in Section 3.2.2 assumes the general case where Lgprrar, and Ry,
can vary independently. In realistic implementations, however, a higher inductance
typically results in a higher R;. The increase in Lgprraz, and the increase in Ry, have
opposite effects on the sensitivity. As a result, a tradeoff exists when using a spiral
inductor.

Fig. 3.6 shows the normalized highest slope on the amplitude of Vggnsg, versus
the number of turns in the spiral inductor. Since R;, and R,,; are kept constants
(1700 pgm and 2000 pm, respectively, which fits the MEMS design), the tracks are
fitted to the same area by reducing the track width and the spacing between the
tracks. As shown in Fig. 3.6, our design results in highest voltage sensitivity when

the spiral inductor has six or seven turns.

3.3 Control System Design

The control loop utilizes the monitoring system from Section 3.2 for feedback to
ensure that the MEMS membrane sheet is at the desired deflection, which results in
the desired filter frequency response. A separate independent control loop is applied
to each resonator in the filter.

The control loop, shown in Fig. 3.7(a), takes a digital input from the user, and
compares it to a digitized version of Vpgrgcor, which is the measure of the amplitude
of Vsense. The digitization is done using an Analog to Digital Converter (ADC).
The user input is based on a pre-calibrated look-up table. This comparison deter-
mines whether the deflection of the membrane is too high or too low. Then, using an
integrator and a Digital to Analog Converter (DAC), a low voltage replica of Vpras
is increased or decreased to correct the position of the membrane. A dc-dc converter
boosts this voltage to generate Vpgrag, which is sufficiently high for MEMS actua-
tion. The change in the deflection is detected using the inductive monitoring system,

resulting in a change in Vsgysg, and thus closing the control loop.
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Fig. 3.7.: (a) A block diagram of the presented monitoring and control system, and

(b) a linearized and simplified block diagram of the control loop in (a).

Fig. 3.7(b) shows a linearized and simplified model of the control loop, which can
be analyzed for stability. The describing function method is used for the linearization

[30,34]. The transfer function of this control loop is given by

«

H(s) = (3.8)

s+af’
where a and f are positive scalars resembling the forward and feedback path gains,

respectively. H(s) has a single pole in the left hand plane (at —a(3), which denotes

that the system is unconditionally stable for bounded inputs.

3.4 Testbed Filter Design
3.4.1 Filter Topology

A quasi-absorptive BSF, covering the frequency range 30-42 GHz, is used to

demonstrate the functionality of the control loop. The filter is designed based on
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the control system.

the quasi-absorptive topology shown in Fig. 3.8. Unlike conventional reflective band-
stop filter topology, this topology employs additional inter-resonator coupling (k;2)
between the resonators, creating two signal paths which can result in destructive in-
terference [18]. This interference enables the filter to achieve a high-rejection notch
regardless of the unloaded quality factor (Qu) of the resonators. An absorptive notch
is achieved by satisfying the condition [18§]
1 .

0 + B? + ki, — kiok3 sin(6;) = 0, (3.9)
where kg is the external coupling to the cavities, 6, is the electrical length of the
transmission line, and B represents the detuning between the two resonators required

to satisfy the condition.

3.4.2 Evanescent-Mode Filter Structure

The filter topology is implemented using silicon micro-machined cavity resonators.
These cavity resonators have high-Q) which increases the absorptive tuning range while
reducing the notch bandwidth [18].

In this work, the through transmission line is realized using a microstrip line on a
high-resistivity silicon, bonded to the bottom of the substrate of the cavities as shown

in Fig. 3.2(a). The coupling between the microstrip line and the resonators is realized
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using coupling slots etched on the bottom of the cavities. The electrical length of the
transmission line between the two slots is designed to be 270° at the center frequency
of the tuning range. Inter-resonator coupling is realized using a coupling iris between
the two cavities. Coupling through the iris results in negative polarity coupling, which
is required to satisfy the absorptive notch condition in (3.9). The resonant frequency
of each cavity resonator depends on the capacitive gap between the loading post and

the cavity membrane, which is complimentary to the sensed gap ¢ [Fig. 3.2(a)].

3.5 Implementation and Measurements
3.5.1 Fabrication

The spiral inductors are fabricated using a PCB fabrication process on a 4-mil
thick 370HR substrate, with 8.9 pum thick copper. The spiral inductor has seven
turns, and the measured Lgprrar is 42 nH compared to the simulated 51 nH, with
discrepancy due to fabrication and simulation modeling errors.

The MEMS membrane and the filter cavities are fabricated on silicon substrate
in a process similar to the one in [15], with the exception that each biasing electrode
is replaced with a spiral inductor as shown in Fig. 3.9(a). The spiral inductors are
glued to the MEMS substrate. The gold membrane is 1 pgm thick, and has 5 pm deep
corrugations to improve the stability and reduce the required actuation voltage. The
membrane is released using XeF, dry etching. Small holes (5 pm in radius) are etched
in the gold membrane to provide access for the etchant to remove the silicon layer
beneath it. The MEMS membrane substrate is then attached on the cavity substrate
to form the BSF.

The BSF is placed on a connectorized PCB board to simplify testing. The con-
nectors are 2.4 mm end launch from Southwest. The connectorized filter structure is
shown in Fig. 3.9(b).

The connectorized filter is then attached to the inductive sensing and control

board as shown in Fig. 3.9(c). The inductive sensing and control PCB is fabricated
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on a 4-layer, 62 mil thick Rogers 4350B substrate. The spiral inductors’ terminals
are attached to the monitoring circuits and are driven by the ac signal and the bias
signal. The ac signal is generated by an FPGA and an operational amplifier, which
is used for conditioning and harmonics filtering. The components used to realize the
control system in Fig. 3.7 are summarized in Table 3.1.

The system runs from a single 5 V power supply and consumes a total of 350 mA
for the control of both resonators. Of which, 130 mA is consumed in the FPGA devel-
opment board, and 28 mA in the dc-dc converters. Since most of the monitoring and
control components are electronic, embedding the system in an on-chip solution with

high efficiency charge-pumps [35], can significantly reduce the power consumption.

Table 3.1.: List of components used in the monitoring and control
DAC DACS8565 ADC ADS8353
FPGA | Altera Cyclone IV RF power sensor LTC5507
DC-DC UMHV0505 Conditioning Opamp | MAX4203
C1, C2 47 pF RF choke 1.5 uH

3.5.2 Sensing Feedback

The inductive sensing blocks are measured separately to verify their operation.
When the filter is attached to the PCB substrate, as shown in Fig. 3.9(b), the spiral
inductor leads are connected to a Network Analyzer (NA) to measure the inductance
versus the membrane bias voltage Vgras. This is the inductance of Z1 discussed in
Section 3.2.1. Since increasing the bias voltage decreases the gap g, the inductance is
expected to decrease, which is observed in the measurements in Fig. 3.10. The value
of the inductance is then used to extract the value of the gap g from HFSS simulation
results. The corresponding values of g are also plotted in Fig. 3.10.

With the filter connected to the sensing circuit as shown in Fig. 3.9(c), the output

of the power detector Vpprepcr measured across a range of excitation frequencies.
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This measurement, shown in Fig. 3.11(a), is used to find the frequency of the highest
sensitivity as discussed in Section 3.2.2. The fabricated inductive monitoring system
shows highest sensitivity at 142 MHz, which is chosen as the ac monitoring frequency.
While increasing this frequency, by decreasing C1 and C2, can improve the sensitivity,
the values of the capacitors are chosen such that the operating frequency is well below

the resonance of the spiral.

= =
(6] (o)}
L

Ul (o))
o o

~
o
(wirl) 6 uonoayap pxyoenxy

-
w

VA 4

(O8]
o

50 100
Electrode Bias Vgns (V)
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membrane gap ¢ is extracted from the simulated inductance values shown in Fig.

3.3.

Fig. 3.11(b) shows the change in Vpgrgor versus the bias voltage. As shown
in the figure, the majority of the sensing occurs when the bias voltage is above 50
V, which is consistent with the inductance measurement shown in Fig. 3.10. This
measured range of Vprreor dictates the operating sensing range. In other words, the
user input should be the digital code for the voltage levels in this range. It should be
noted that the measurement in Fig. 3.11(b) shows a monotonic relationship, which

is necessary to sustain stable control.
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Fig. 3.11.: (a) The measured frequency response of Vpprepcer and its derivative,
which dictates the operating frequency. (b) The measured Vpgrpcr versus the bias
voltage Vpgras, with the system operating at the highest sensitivity frequency. This

relationship is the readout of the inductive sensing.

3.5.3 Filter Monitoring and Control

With the filter assembled on the monitoring and control board, the user input is
changed to get various RF responses. Fig. 3.12 shows the response of the RF filter,
where the rejection frequency is tuned using the control loop. The filter is tuned
within 30-42 GHz to maintain a rejection of 25-51 dB.

In order to test the repeatability of the monitoring and control system, the filter
is tuned back and forth between two different frequencies one hundred times. The
center frequencies are recorded for each tuning event. The results, shown in Fig. 3.13,
show that the system can tune the filter with a maximum error of 1% (spread of 2%),

which mostly falls within the 20 dB bandwidth of the target filter response.
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Fig. 3.13.: The filter is tuned between two different frequencies one hundred times,

and maintains the center frequency within the 20 dB bandwidth of the filter.

The long-term performance of the presented work is also measured. First, the
performance of the inductive monitoring is measured without the MEMS actuation.
The sensing spiral and a 1 pum gold membrane are placed on opposite sides of a
micrometer screw gauge as shown in Fig. 3.14. A ceramic insulating layer is used on

the micrometer spindles to avoid the effect of its metal on the readings. The output
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Fig. 3.14.: Schematic drawing for the long-term measurement setup of the inductive
proximity sensing using a micrometer screw gauge (left), and the measured

Vperecr over 180 minutes showing no significant drift over time.

Vperecr is recorded over 180 minutes (3 hours), also shown in Fig. 3.14, and shows
no significant drift over time.

The fluctuations in the measured voltage, shown in Fig. 3.14, are primarily due to
ambient temperature variations and mechanical vibrations. From the peak-to-peak
fluctuation on Vprreer (Vpereer peak—to—peak), the average resolution of the system

can be calculated by

VDETECT peak—to—peak

~ +1.1%, (3.10)

Resolution gy =
g AV
DETECT

where A Vperecr is the change in Vpgreor across the whole tuning range.

The long-term performance is also measured with the BSF, a measure that is
essential for using the filter reliably in the field. The filter is connected to a network
analyzer, and the notch frequency is recorded over time. The filter is first tested
under open loop condition using a constant Vgyas for each of the two resonators. As
shown in Fig. 3.15(a), the open loop measurements can sustain the 20 dB rejection for
less than 10 minutes before the two resonators are split in frequency. The measured
S-parameters of the filter at this point show that the two resonators are significantly
separated in frequency.

The closed loop long-term performance of the filter, using the inductive sensing

control loop, is also measured. As shown in Fig. 3.15(b) and (c), the two resonators
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Fig. 3.15.: Measured notch frequency versus time (left) and the filter response at
the end of the measurement (right) for (a) open loop (constant Vpgrag) where the
filter tuning is not sustainable, (b) at 32 GHz and (c) at 41 GHz, where the filter
maintains the resonators tuning and the rejection center frequency for the 3-hour

test period.

remain properly tuned in frequency, and the 20 dB rejection of the filter response is
sustained over the 180-minute test period. The 20 dB bandwidths of the filter are 1%
and 1.6% at 32 GHz and 41 GHz, respectively. The filter response at the end of the
test period is also shown in Fig. 3.15, where the resonators are still properly tuned.
The long-term resolution results are within reasonable agreement with the resolution

values calculated from (3.10).
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3.6 Conclusion

A monitoring and control method for silicon-based MEMS tunable filters is pre-
sented in this chapter. The inductive proximity sensing method, used as feedback in
the closed loop control, is capable of accurately sensing the deflection of a 1 pum thick
membrane. The control loop is implemented and applied to a tunable evanescent-
mode BSF in the 30-42 GHz range. The measured results show that the control loop
successfully tunes the filter based on an input from the user, with good repeatabil-
ity and long-term performance. The presented work facilitates taking advantage of

high-performance mm-Wave evanescent-mode cavity filters in real-life applications.
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4. HIGH-(Q TUNABLE EVANESCENT-MODE CAVITY
SIW RESONATORS AND FILTERS WITH
CONTACTLESS TUNERS

4.1 Introduction

The recent development of tunable microwave filters has shown their great poten-
tial for being an integral component in future microwave and millimeter-wave wireless
systems across a wide range of applications. In the last decade, filters based on tun-
able evanescent-mode (EVA) cavity resonators have demonstrated high performance
with high quality factor (@), wide tuning range, high power handling and a small
form factor. Several research efforts have demonstrated the flexibility of cavity-based
resonators to realize various filter and diplexer functions with a large degree of re-
configurability. In addition, various technologies have been utilized to implement
EVA-cavity filters such as CNC machining, substrate-integrated-waveguide (SIW)
and silicon micro-machining [3-10].

In all of these implementations, the main concept of the resonator is to have a
conductive flexible membrane creating the ceiling of a post-loaded cavity as shown
in Fig. 4.1 (a). The resonant frequency of the cavity can be tuned by actuating the
membrane vertically to change the air gap between the post patch and the ceiling.
This tuning mechanism was realized using various technologies, the most popular are
piezoelectric actuators on top of a conductive ceiling and electro-statically actuated
MEMS diaphragms.

These different tuning mechanisms present many challenges to the advancement
of EVA-mode cavity based filters to the mass production phase and reliable system
integration. First, the achievable displacement by these methods is generally about

(15— 50) pm. Achieving wide tuning range with this range of displacement requires
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the design to have initially small gaps usually less than 5 pgm. This requirement
increases the sensitivity and complexity of the filter assembly and manufacturing.
A more practical challenge to this scheme is the mechanical reliability of the tuner.
Since the tuner has a fixed anchor point, the repeated bending of the tuner results in
mechanical creep and fatigue which changes the performance of the membrane over
time. In addition, the actuation does not have a constant mode of bending. Other
uncontrollable and undesired bending modes can occur during tuning.

One approach to overcome the mechanical reliability drawbacks of the tuner is to
develop a closed-loop monitoring and control system to control each individual cavity.
Since the cavity is completely closed, it was proposed to monitor the tuner displace-
ment externally. This has been accomplished using capacitive monitoring [27,36] and
resonant monitoring [29,30]. However, these implementations still require small gap
values due to the limited available deflection of the membrane. This significantly
limits the tuning range where the monitoring and control resolution is acceptable. In
addition, these approaches require sensitive assemblies between the filter, the tuning
membrane and the monitoring device which increases the overall complexity of the
manufacturing process. Also, the external monitoring of the tuner movement will
always be limited and does not necessary capture the non-ideal bending effects that
occur inside the cavity.

The second approach to avoid both the mechanical issues and the sensitive assem-
bly is to modify the cavity to have ring capacitance around the post patch instead of
the vertical gap and tune it electronically using varactors. Based on this approach, a
wide range of filter applications have been demonstrated [37-39]. Although using the
varactors presents a simple solution to the mentioned challenges, it negatively affects
the filter performance by dramatically reducing () and tuning range. In addition, this
approach significantly limits the power handling capability of the resonator due to
the non-linearities in the varactors.

To overcome the aforementioned challenges without significantly compromising

the performance of EVA-mode cavities, we present a new class of tunable, EVA-mode
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Fig. 4.1.: Tunable EVA-mode cavity resonator tuning concept (a) conventional (b)

proposed.

cavity resonators with contactless tuners. The concept of the proposed resonator is
shown in Fig.4.1 (b). In this approach, the ring loaded SIW cavity is tuned using a
floating tuner which creates a capacitance to both the post patch and the cavity top
wall. The resonant frequency of the proposed cavity depends on the equivalent ca-
pacitance which can be controlled by the vertical movement of the tuner. By avoiding
the attachment of the tuner to the cavity, the assembly process becomes significantly
simpler which improves the tuning reliability. The proposed tuning scheme is com-
patible with any actuator that provides sufficient vertical displacement. Using this
approach, we present resonators with a measured unloaded quality factor, @, in the
range 200 — 650, for a larger than octave tuning range and an initial gap of 40 — 50
Jom.

The text and figures presented in this chapter are based on the following paper: M.
Abdelfattah and D. Peroulis, ”"High-Q Tunable Evanescent-Mode Cavity SIW Res-
onators and Filters With Contactless Tuners,” in IEFEE Transactions on Microwave

Theory and Techniques.
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Fig. 4.2.: Proposed contactless tuner resonator 3D view with main physical

dimensions and simplified lumped element model.

4.2 Resonator Design

A 3-D view of the proposed tunable cavity resonator structure with a contactless
tuner is shown in Fig. 4.2 highlighting the main physical dimensions and basic lumped
element model. Without the tuner, the resonator is a ring-gap loaded cavity resonator
such as the presented in [40]. Tt is realized by isolating a central circular patch on
the top wall and shorting it to the bottom wall of the cavity through the central
post. The resultant cavity has a fundamental TEM resonant mode which results from
the inductance of the shorted coaxial transmission line (L.,,) and the annular gap
capacitance (Ciny) between the patch and the top wall of the cavity. The inductance
(Leay), of the TEM mode, can be approximated as

Lows = w(j;)a tan (”h;/a ) n(b/a) (4.1)

where h is the cavity height, b is the cavity radius, a is the post radius, €, the dielectric
constant of the substrate, and ¢ is the speed of light [8,37].
In addition, the annular capacitance C,;,4, when neglecting the copper thickness,

is given by
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_ 2mreg(1+¢) [ o W Ji(¢r)
w0 =iy [ ) e w2

where r is the patch radius, w, is ring width and J, is the nth-order Bessel function

of the first kind [41,42].

C,

Thus, the static resonant frequency of the resonator without the tuner is given by

1

vV Cm'ng Lcav .

Introducing the contactless tuner on top of the cavity modifies the total capaci-

(4.3)

Wy —

tance between the center patch and the top wall. Since the tuner is floating, it creates
a parallel plate capacitance with both the center patch, (Cy;), and the top wall, (Cys),
as shown in Fig. 4.2. These capacitances create a parallel path for the signal. Using
this simplified lumped element model, the equivalent capacitance between the patch

and the top wall can be expressed as

Ceq(9) = Cring + Cnal(g) (4.4)

where (15 is the series equivalence of Cy; and Cjs. When only considering the parallel
plate capacitance and assuming a gap (g) between the tuner and cavity, Cy2 can be

found as

Cthtg . 607T7“2
Ci+Cp  gb?

The resonant frequency of the resonator, in the presence of the tuner, becomes

Oﬂg = <b2 — (T’ + wr)2) (45)

dependent on the total capacitance C, as shown in

1
wo(g) = m (4.6)

Since C, and wy are dependent on the gap (g), the tuning of the resonator can

be enabled by varying g through the vertical displacement of the tuner.
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4.2.1 Frequency Tuning Range

After establishing the tuning concept, this section will discuss how the cavity
parameters affect the frequency tuning range (TR). As shown in (4.4), C,, has a fixed
part Cying and a tunable part Cy2. Both of these capacitances strongly depend on r
as shown in (4.2) and (4.5). The variation of C., with tuner displacement depends on
the ratio Cy19/Ching. For a constant w,., this ratio is dominated by the value of r/b.
Based on the previous analysis, the capacitance ratio is expected to have an optimum
value with respect to the value of r/b. The optimum value can be found by solving

the formula

% (gtf) —0 (4.7)

To simplify the analysis, it is assumed that (w, << r) and the expression in (4.2) is
simplified to (Cing = 27r€g(1 4 €,)). Solving (4.7), under these assumptions, results
in a maximum when r = b/\/§ ~ 0.57b.

To verify the expected relations, we used the quasi-static solver ANSYS Q3D [43]
to simulate the structure compromised of the center patch, the cavity top wall and the
tuner to extract C¢, versus g for different values of r while b = 10 mm. The dielectric
substrate is Rogers TMM3 (¢, = 3.27, tan(d) = 0.002). The simulation along with
the theoretical model results are shown in Fig. 4.3 (a) where r is between 1 mm and
7 mm, and g is swept from 10 pym to 3 mm. C,, is defined as the total capacitance
between the signal net (center patch) and the ground net (cavity top wall) while the
tuner is assigned as a floating net.

The difference between the simulated and the theoretical capacitance values is
less than 10% for the cases with (r = 2 — 7) mm with smaller error for small gap
values. For the case r = 1 mm, the error reaches 18%, when ¢ is maximum, due
to the contribution of the copper thickness which is not considered in the theoretical

model. A more accurate analytical description of this capacitance can be found in [41].
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Fig. 4.3.: (a) Equivalent capacitance and (b) Resonant frequency versus g for

different r with b = 10 mm, A = 5.08 mm, w, = 0.2 mm, ¢ = 1 mm.

Furthermore, it can be observed that the capacitance tuning increases with r/b and
reaches a maximum around r = 5 ~ 6 mm as expected from analytical derivation.
To demonstrate the frequency tuning of the cavity using this capacitance tuning
structure. A full cavity is designed and simulated using ANSYS High Frequency
Structure Simulator (HFSS) [44]. The value of a is fixed at 1 mm to only observe
how the capacitance tuning affects the frequency tuning range. The simulated as well

as the calculated frequency tuning curves are shown Fig. 4.3 (b). The difference error
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Table 4.1.: Required displacement (Ag) in pm to achieve given TR.

go = 20 pm go = 40 pm go = 60 pm

TR

Jor

el o 3 612 3 6]2 3 6

r (mm) r (mm) r (mm)

15036 33 | 33 | 99 | 76 | 66 | 196|123 | 103
2 |116| 88 | 86 |1060| 260 {208 | - [950| 592
251|518 260 | 213 | - 2070|847 - - 12950
3| - | 657|397 | - - - - - -
3.5 - 2880|1055 - - - - - -

(-) indicates that TR is unachievable with the corresponding r, gy values.

in frequency is less than 8% for the cases r = 2 — 7 mm. However, it reaches 35%
for r = 1 mm due to two reasons; the copper thickness effect mentioned previously
and the capacitance between the top wall and the post through the substrate shown
as Cyyp in Fig. 4.3 (b). This capacitance is only significant when the patch’s size is
the same as the post’s size (r = a) and has negligible effects when the patch becomes
larger than the post. Moreover, the maximum frequency TR is achieved at r =5 ~ 6
mm as previously predicted.

Another critical parameter that has a great effect on the tuning range is the initial
gap value, go. It can be seen in Fig. 4.3 (b) that the curve slope is much larger for
smaller gaps as expected by the parallel plate capacitance dependence. Therefore,
with larger go, the tuning range will be reduced. This is illustrated in Table 4.1 where
it shows the required tuner displacement, Ag, to achieve different values of TR. It
is noted that in order to achieve a larger tuning range with smaller displacement, a
smaller gy and/or a larger r/b have to be used.

In this section, we have demonstrated the significant impact of the ratio r/b on
the frequency TR. In fact, it will be later shown that this ratio has a large impact

on the cavity performance in all aspects. In many cases, for the resonator to meet
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Fig. 4.4.: Constant C,, contours covering different values for the ratio r/b with a

fixed gap g = 40 pm.

certain specifications, the ratio /b needs to be modified while maintaining constant
fo or constant C¢, for the same air gap. Fortunately, this can be achieved since C¢,
is dominantly the result of the series connection of two capacitances as shown in
(4.4) (4.5). This gives us the opportunity to change the values of both Cy; and Ciy
while keeping the equivalent value Cy5 constant. This additional degree-of-freedom
is demonstrated in Fig. 4.4 where constant C,, contours are plotted spanning a
wide range of r/b values with a constant gap of 40 ym. Moreover, these contours
also represent constant fy curves given that L., is kept constant by keeping fixed
values for h and b/a. This technique will prove useful in the resonator design and

optimization as shown in Section 4.3.

4.2.2 Quality Factor

Compared to traditional EVA-mode cavity resonator, the contactless resonator has
more loss mechanisms that need to be analyzed individually in order to successfully
optimize the resonator quality factor, (). Fig. 4.5 shows a modified lumped element
model that includes the main losses in the resonator. The added lossy elements are

Grads Gaie and R, which represent the radiation losses, the dielectric losses and the
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Fig. 4.5.: Lossy lumped element model for the proposed resonator showing ¢

breakdown.

conductive losses, respectively. All of these elements are dependent on the resonator
physical dimensions and the resonant frequency. In order to study these losses, we
define individual ) values, each represents one type of losses. These are (,qq, Qaie

and Qconq defined as

wWCeq wCeq WL eaw
rad — 5 ie — y Weond — . 4.8
Q ! Grad Qd Gdie Q I Rcav ( )
Using these definitions, the total ) factor of the resonator, @, is given by
1 1 1 \?
Qu=(5—+5—+5—) 4.9
o Qrad Qdie Qcond ( )

Similar to the tuning range, the main dimensions for () optimization are r and g.
Therefore, the following discussion presents the effect of these parameters on each
type of loss, while the other dimensions are fixed (b = 10 mm, a = 1 mm, h = 5.08

mm, w, = 0.2 mm).

Radiation Loss

The proposed design suffers from radiation losses due to the open ring around

the patch. The radiated power from the slot mainly depends on the slot dimensions
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and the resonant frequency. @Q,.q is extracted from HFSS simulations at different

r and g values as shown in Fig. 4.6 (a).

To remove the other losses, the cavity is

simulated with perfect conductor walls and a lossless dielectric substrate. By studying

the curves individually, it is observed that as ¢ is increased, (),.q is reduced. This

is due to two factors; the reduction of C, in addition to the increase of G,.q with

higher frequency. Also, increasing r significantly reduces (),.q. This is explained by

the increase of the ring length (27r). However, the ) reduction is less severe when

g is smaller because of the increase of C,, due to the larger patch area which has an

opposite effect.
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Dielectric Loss

Dielectric losses are the result from the non-zero loss tangent, tan(d), of the cavity
substrate. These losses, represented by Gy, emerge due the fringing electric field,
associated with C,;,4, passing through the dielectric substrate. The minimum value
for Qgie, occurs when C,, = Clyny and it depends on €, and tan(d). When neglecting

the copper thickness, and assuming r > a this value can be approximated as

1+ 1/e,
dee,mm ~ W

A larger copper thickness improves this value, because a larger fraction of the fields

(4.10)

will pass through air rather than the substrate. As g is reduced, C¢, is increased, with
negligible effect on Gy;e, which results in increasing Q4. To illustrate these relations,
the resonator is simulated with ideal conductors and no radiation losses. The resulting
Quaie curves are shown in Fig. 4.6 (b). For the case (r = a = 1 mm), Qg is
smaller than the other cases. This is because of the larger C,,;, capacitance mentioned
previously. Nonetheless, this capacitance and the losses it adds can be reduced if
the center post is formed using multiple smaller vias as in the SIW implementation

discussed later.

Conductive Loss

The conductive losses are due to the finite conductivity of the cavity walls and
are represented using R.,, which is in series with the cavity inductance. As shown
n (4.8), Qcona is proportional to wl.q,, which by looking at (4.1) is proportional to
frequency. Therefore, unlike the previous @) values, ()..,.q increases proportionally as
the gap increases, as shown in Fig. 4.6(c). It is also shown that increasing r shifts
Qcong down due to the larger loading of the cavity. Based on reported studies of the

conductive losses, Q.onqg can be analytically expressed as



95

377 tan (%) In(b/a)
Roy/€(h/a+ h/b+21n(b/a))

where Ry is the surface resistance [7,8,37]. It was also shown that Qconq is optimum

Qcond = (411)

when a = a,,r = b/3.6. In addition, increasing the cavity size by increasing b and h
will improve Qcong as Legy 18 increased and more energy will be stored in the cavity.

An illustration of the effects of h will be presented later in Table 4.3.

Combined Loss

Since the proposed concept can be implemented using different dielectric sub-
strates which vary in their loss tangent, It is beneficial to study the combined effect
of the conductive and radiation losses first. To capture these losses, we define a new

quality factor, Q,., as

Qe = ( Qiad + chm)_l. (4.12)

The simulation results for @,. are shown in Fig. 4.6(d). It is shown that @Q,. is
inversely proportional to r. Also, it is shown that ). has regions that are proportional
to g when Q.ong is dominant, and other regions with the opposite dependence when
(rqq is dominant.

Finally, by simulating the resonator with all the losses included, the total quality
factor, Q given by (4.9) is extracted. The results of the simulations are shown in
Fig. 4.7 (a-b). It is observed that for small g values, Q) is increasing with frequency
as (Qcong 18 dominant. It reaches a maximum value when g is between 80 ym and 160
pm, then starts declining due to the negative slope of Qg and Q,.q. As for large g,
smaller r results in better s, because Qg is similar for most r values but Q,. is
inversely dependent on 7. This is not observed for » = 1 mm because of the worse
Qaie as mentioned previously, therefore it is recommended to always choose r > a.

Finally, the effects of ¢ and w, on @, are shown in Fig. 4.8. As discussed

previously, Qcong 18 optimum with a = /3.6 which improves Q, specifically when
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Qcona 18 dominant (small gap), with a very small compromise in the tuning range.
Moreover, increasing w, increases the tuning range as Cy;pg is reduced, however, this
compromises (J;; as more power is radiated. Therefore, a smaller w, is recommended,

and the tuning range should be increased only using r.
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4.2.3 SIW Implementation

The previous discussion of the resonator design and optimization was based on
the model shown in Fig. 4.2. However, when implementing this resonator using SIW
technology, the cavity walls and the post have to be realized through plated vias as
shown in Fig. 4.9 (a-b). Replacing the side walls with vias has a small effect on the
resonator performance. On the other hand, the post vias are expected to reduce Qo
specifically for small g values and small r values. This is due to the reduction of the
patch area which effectively reduces Cy;. This was shown to reduce both Qg and
Qract

Fig. 4.9 also shows the external coupling structure to be used with the SIW res-
onator. External coupling is realized through grounded coplanar waveguide (GCPW)
feed, at the bottom of the cavity, with signal line width (we,) and gap (gepw). For
the case of weak external coupling, which is used to extract the unloaded quality
factor, @,, from S5; measurements, the signal line is shorted with the bottom wall
of the cavity as shown in Fig. 4.9 (a). For larger values of external coupling, which
are required for practical filter design, the signal line is shorted with the top wall
using a coupling via. The strength of the coupling is controlled by the distance of the
coupling via to the cavity center, (df).

After demonstrating the design trade offs in the previous sections, we designed
two cavities with different dimensions as shown in Fig. 4.9 which are Resonators A
and B. The dimensions of these resonators are shown in Table 4.2. Resonator A is
designed to have higher @, specifically for g more than 200 pgm, compromising tuning
range as result. On the other hand, resonator B is designed to have an octave tuning

range with ) > 270 given that go = 50 um .

4.2.4 Power Handling

There are three main limitations that affect the power handling capability (PHC)

of tunable EVA-mode cavities; tuning non-linearities, self-heating and gas breakdown
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(a) (b)

Fig. 4.9.: SIW implementation of the proposed cavity resonator (a) Resonator A
with weak external coupling (b) Resonator B with via external coupling. df is the
spacing between the cavity center and the end of the GCPW feed. wepy, gepw are the
GCPW dimensions. &, &, & f, indicate the diameter of the cavity side wall vias,

the post vias and the feeding vias, respectively.

Table 4.2.: Designed resonators dimensions.

Dimension | Res. A | Res. B | Dimension | Res. A&B
a 0.9 2.7 b 10
r 1 3.5 h 5.08
W,y 0.2 0.25 & e 0.7
df (weak) 8 8 Wepw 1.94
df (via) 6.5 7 Gepw 0.2
P 0.5 0.8 2 0.7

*All dimensions are in (mm).
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[45,46]. The non-linear behavior results from the tuner’s self-actuation due to the
induced RF force between the tuner and the post patch. This results in distorting
the filter response with increasing input power [45]. This type of PHC limitation is
strongly dependent on the actuator type and the gap between the post and the tuner.
In [47], EVA-mode cavities, actuated using piezoelectric actuator with tuning gap
smaller than 20 pum, have demonstrated very small distortion for input power up to
10 W. As the proposed contactless resonator enables larger gap values, it is expected
that it will improve this type of limitation on the PHC.

Applying continuous-wave (CW) high input power to SIW filters results in heating
the substrate due to both conductive and dielectric losses. The self-heating mecha-
nism is studied and analyzed in [46] on static SIW resonators. Since, this mechanism
is independent of the tuning scheme, the same analysis can be directly applicable to
the proposed resonator with the contactless tuner.

EVA-mode resonators produce the majority of the electric field density in the air
gap between the post patch and the tuner. With larger input power, the electric field
density increases, and, at a certain power level, it results in gas breakdown in the air
gap. When the breakdown occurs, the resonator is shorted. This defines the peak
PHC of the resonator, P,,,,. The authors in [48] presented the following formula to

predict P,,.. of EVA-mode cavity resonators based on EM and circuit simulations,

E wn \ 2 1
Pmax _ < breakdo ) > (413)

Emam—norm Wstm"ed—mar

where Ejpreakdown 18 the air breakdown electric field 7.9 V/um, E,,00—norm 1S the nor-
malized maximum electric field on top of the post found using HF'SS eigen-mode sim-
ulations with the stored energy in the resonator normalized to 1 nJ and Wored—maz
is the maximum stored energy in the resonator in (nJ) which depends on the filter
group delay and losses [48,49].

When considering a single resonator with a fixed external quality factor (Q.) and
fixed resonant frequency (fy), the stored energy Wiored—mas at resonance is expressed

as,
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1
Wtored—maz = §Ceqv2 (414)

where V' is the nodal voltage across Ce,. Since, Cg, is mainly compromised of the
series connected Cy; and Cyo, voltage across Cy; is usually larger because it has smaller
capacitance. Therefore, air breakdown occurs when this voltage induces electric field
close to Epreqkdown inside Cy. For a fixed L, and C¢,, there are two approaches to
reduce Epuz—norm and improve P,,... The first is having a larger value for gy, which
results in smaller induced electric field for the same voltage value. This is shown in
Fig. 4.10, where the prediction method is used to evaluate P,,,, at different gy values.
To maintain the frequency fy, Ce, is kept the same by increasing the value of r. It is
observed that P,,,, improves dramatically when a larger g, is used.

The other approach to improve P, if go is fixed, is by modifying the ratio /b
to result in a larger value for Cy;. This reduces the voltage across Cy and E,uz—norm
as a result. This is demonstrated in Fig. 4.10, where g, is fixed at 60 pm and the
dimensions r, a, b are modified to maintain fixed C,, and L. It is shown that P,
has a linear increase as r/b is increased. Finally, the effect of the dimensions a, b, h
on the power handling can be intuitively predicted by observing their effect on L.,,.
Any modifications of these dimensions that increases L..,, at a certain fy, will result
in a smaller value for C¢, and larger value for V' which reduces P,,q;. The effect of h
on the cavity performance is illustrated in Table 4.3. It is shown that P,,,, is reduced

with larger h.

Table 4.3.: Illustration of the effect of h on cavity performance.
for =1.65 GHz | h (mm) | /b | TR | Ppaz (W) | Qumin
go = 50 pm 2504 | 0.56 | 2.6 396 209
b= 10 mm 5.08 0.35 | 2.22 111 408
a = 2.7 mm 6.1 0.31 | 2.02 85 445
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Fig. 4.10.: Power handling versus g and /b for fixed frequency fy = 2 GHz and
h =5.08 mm.

The prediction method was utilized to predict the power handling for the designs
of Resonator A and Resonator B when excited using the via coupling with dimensions
shown in Table 4.2. The results of the normalized electric field using HF'SS simulations
are shown in Fig. 4.11 with corresponding power handling calculations for each case.
Resonator A is studied for the case g = 70 um (fo = 3.25 GHz), while Resonator B
is simulated with g = 49 pum (fy = 1.75 GHz). The expected power handling is found
to be about 30 W for Resonator A and 149 W for Resonator B. These predictions will
be compared to measurements in section 4.5.2. It should be noted that Wored—maz 18
proportional to Cey. Also, Epaz—norm 1s reduced with a larger gap. These two factors

ensure that P,,,, increases when we tune the resonator to higher frequencies.

4.2.5 Stability and Repeatability

The proposed tuning scheme is compatible with any actuator that could create
sufficient vertical displacement. The reliability of the tuning will depend on the ability
of the actuator to maintain, or travel to, a certain position with minimal error. The

displacement uncertainty, g.,., results in a frequency error defined as
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Fig. 4.11.: Electric field distribution on the post patch along with P,,,, calculations
for both resonator designs A and B.

fmax - fmzn
ferr =
fa’ug

ferr 1s maximum at the lowest frequency (for) of the tuning range when g = go.

x 100% (4.15)

Therefore, for the expected g., of a certain actuator, a larger value for g is required
to reduce f.,... However, it was shown that, for fixed cavity dimensions, larger g, will
result in a smaller TR. Hence, the cavity design needs to be modified to satisfy TR
when starting with a specific go. This is illustrated in Fig. 4.12. In this example,
the required frequency range is 2 — 4 GHz with available displacement Ag = 2 mm.
The frequency error is calculated at different gy values given that g... = 1 um. For
each g, the ratio r/b is varied in order to maintain the required frequency range. As
expected from Section 4.2.1 larger r/b is required to satisfy the TR when starting
with a larger gq.

In this paper, we have chosen two main metrics to evaluate the tuning reliability,
long term stability and repeatability. Stability is defined as the frequency error over
time with the resonator fixed at the lowest (most sensitive) frequency in the tuning
range. Repeatability is defined as the worst case frequency error for a certain tuning

state as the resonator is tuned to cycle different states across the tuning range.
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Fig. 4.12.: Frequency error caused by 1 um at different gq values for a specific

frequency range and actuator displacement.

4.3 Resonator Design Procedure

In this section, we propose an iterative design procedure to optimize the cavity
based on certain specifications. The procedure assumes required values for tuning
range, power handling and frequency error based on given size and maximum actuator
displacement. The following procedure will guide the designer through the right
sequence of decisions to get the optimal cavity dimensions that achieve the best @)

given the required specifications.

1. Start with largest b and h based on size limitations. For a fixed value of fyr,
larger values of h will improve () but will reduce both TR and P, as illustrated
in Table 4.3.

2. Choose the smallest practical values for r and w, that are achievable by the

manufacturing method. Keep a smaller than r.

3. Start with the smallest practical gg. This is based on the accuracy of the

assembly and the actuator resolution.

4. Check TR given the available Ag. If not satisfied, increase r and modify a to

make it closer to optimum value a,,:. Repeat this step until TR is achieved.
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5. Use power handling prediction method (Section 4.2.4), and the frequency error
simulation (Section 4.2.5) to predict P, and f... at go given the expected
actuator displacement error. If higher P,,,, or lower error are needed, increase

go and redo step 4.

6. At this point, the frequency range could be different from the desired range. To
shift the frequency range while satisfying the other specifications, all the cavity
dimensions should be scaled with the same ratio. In many cases, h is limited
to the available PCB substrates thicknesses. Thus, it is more practical to only

scale a, b, r to shift fy;, to desired frequency.

7. Check if TR, P4, and f.,, are still satisfied after scaling. If not, increase /b,
while maintaining constant fy; as previously illustrated in Fig. 4.4. Stop when

specifications are met.

8. Find the minimum () which occurs at the maximum frequency fogy. If Q) needs
improvement, relax P, and/or f... specifications and restart from step 4, or

relax size limits (b, h) and restart from step 1.

To illustrate the proposed design procedure, Table 4.4 shows the process of de-
signing a tunable resonator with the following specifications: fy =2 —4 GHz, b < 10
mm, w, > 0.25 mm, gy > 40 pum, P,. > 100 W, fo.. < 0.5%/pm and the chosen
substrate is Rogers TMM3 with A = 5.08 mm. The first step starts with largest
b = 10 mm, smallest w, = 0.25 mm, r = 1 mm and ¢ = 0.9 mm. After completing

the procedure, the final design meets all the specifications with ) between 428 - 805.



Table 4.4.: Demonstration of the Contactless Cavity Resonator Iterative Design Procedure

step b a T 90 Jor Jon TR Jerr Prozx Comments
(mm) (mm) (mm) (um) (GHz) (GHz) (7o/pm) (W)
1 10 09 1 40 291 416 143 _ _ TFails TR, r,a t
2 10 1.42 2 40 1.95 3.86  1.98 1.09 - Fails for, mya T
3 10 2.7 3 40 1.72 3.73 217 0.99 - Fails fer, go T
4 10 27 3 49 186 373 2 0.88 - Fails for, 7T, @ = Gop
5 10 2.7 3.25 60 1.79 3.7  2.06 0.49 155 Shift for, scale a,b,r w\same ratio
6 92 246 299 60 203 39 192 072 135 Fails fu,, /b1 w\fixed for
7 7.82 208  3.08 60 2.04 412  2.02 0.54 144 Final design, 428 < @ < 805

99
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Fig. 4.13.: 3-D view of a second order BPF based on Resonator B design.

4.4 Filter Design

The literature is rich in filter designs employing tunable EVA-mode cavities, most
of these designs will be compatible with the proposed contactless resonator. There-
fore, we will briefly discuss the filter design concepts in this section. In general, to
obtain a filter response using the proposed resonator, external coupling and inter-
resonator coupling between the cavity resonators need to be realized. The response
type and the fractional bandwidth (FBW) depend on the strength of these coupling
values [50]. A 3D view of a second order filter based on Resonator B design is shown
in Fig. 4.13. External coupling to the GCPW feed is realized using the coupling via
that shorts the signal line in the bottom with the top wall of the cavity. The strength
of the external coupling is dependent on df. Furthermore, inter-resonator coupling is
realized through the coupling iris between the two cavities. The strength of the inter-
resonator coupling is increased by reducing the spacing between the cavity posts, s,
and/or increasing the iris opening, dc. Further details about the modeling and opti-
mization of external and inter-resonators coupling can be found in [8]. In addition,
two separate tuners, with two individual actuators, are used to independently tune

each resonator.
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Fig. 4.14.: HFSS simulation results for Filters A and B highlighting frequency
tuning, FBW and IL.

To demonstrate filter performance, based on the proposed concept, we designed
two second-order filters. Filter A is based on Resonator A to maintain high-Q) at
large gaps and Filter B is based on Resonator B to offer wider tuning range. For both
filters, s is 17.8 mm and dc is 11.05 mm, while df is 6 mm and 6.1 mm for filters A
and B, respectively. HFSS simulation results for both filters with expected FBW and
insertion loss (IL) are shown in Fig. 4.14. Filter A covers the range 2.9 GHz — 4.2
GHz with FBW (3.8% — 5.7%) and a starting gy of 40 um while Filter B covers the
range 1.3 GHz — 3.6 GHz, with FBW (4.6% — 6.4%) and go of 35 pm.

4.5 Experimental Validation

To demonstrate the proposed resonator performance and trade-offs, multiple res-
onators and filters were manufactured and measured. The devices were manufactured
using conventional 2D printed circuit board (PCB) machining in Birck Nanotechnol-
ogy Center, Purdue University. All the devices were fabricated on a 5.08 mm-thick
Rogers TMM3 substrate. The tuners were realized using routed PCB pieces out of a
1.5mm-thick Rogers 4350 substrate and attached to M3-L linear actuators provided

by New Scale Technologies. This actuator has a 6 mm travel range with 0.5 ym step
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Fig. 4.15.: Picture of full assembly for single resonators and second order filters.

size. The reported actuation speed is 5 mm/sec and the displacement repeatability
error is 2 um [51]. Since the contactless tuner does not add any significant loading to
the actuator, the actuator parameters are the limiting factors on the tuning speed,
resolution and repeatability performance. Low cost 3D printed plastic fixtures were
used to hold the actuators on top of the PCB substrates. A picture of a manufactured
single resonator and a filter with the full assembly are shown in Fig. 4.15 with all the

main parts highlighted.

4.5.1 (@, measurements

Two weakly-coupled resonators were manufactured to evaluate @), of the res-
onators. Both resonators were tuned to different gaps and their ), was extracted
from the Sy; measurements. Resonator A was tuned from 1.7 GHz to 4.1 GHz with
g from 10 gm to 1 mm. The measured @), is between 370 — 510. Resonator B was
tuned with g starting from 40 pm up to 1.5 mm, which covered the 1.5 — 3.6 GHz
frequency range with ), between 200 — 650. The measured @), values with compari-

son to simulations are shown in Fig. 4.16. In the implementation of Resonator A, a
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Fig. 4.16.: Extracted @), from weakly-coupled measurements compared to

simulations.

layer of Parylene N was deposited on the tuner to enable tuning to small g without
shorting the tuner and cavity. This resulted in lower (), than simulated specifically

for small gaps.

4.5.2 Power Handling

To examine the power handling of the resonators, via-coupled resonators were
manufactured and measured using the high power measurement setup shown in Fig.
4.17. The setup can provide up to 50 W of power for the band 1 — 2 GHz and
100 W for the band 2 — 4 GHz, which are the circulator’s power ratings. Only the
transmission path (S2;) was measured using input power sweep at a single frequency
equal to the resonant frequency in each case. The IL of the resonator as well as a
through calibration standard were measured and plotted versus the input power to
the device.

Fig. 4.18(a-c) show the high power measurements for both resonators at different
frequencies. Resonator A was measured at a frequency of 3.25 GHz with g equal to 70
pm, the results show that the gas breakdown occurred at 44.1 dBm (25.7 W) which

lies within 13% of the predicted power from Section 4.2.4. Resonator B was measured
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Fig. 4.17.: High power measurement setup with identified equipment models.
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Fig. 4.18.: (a-c)High power measurements for Resonator A at 3.25 GHz and
Resonator B at 1.75 GHz and 2 GHz, each case has different vertical axis scaling
(d-g) Pictures of manufactured via coupled single cavity resonators for power

handling test.

at 1.75 GHz up to 50 W and at 2 GHz up to 100 W. For both cases, the resonator
does not experience breakdown which was expected as the predicted power handling
for the resonator is around 150 W. Pictures of the via-coupled resonators used for the

power measurements are shown in Fig. 4.18(d-g).
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Fig. 4.19.: (a-b) Measured S-parameter of second order Filters A and B (c-d)

pictures of manufactured Filters A and B.

4.5.3 Bandpass Filters

The two second order filters, designed in section 4.4, were fabricated and measured.
Pictures of the manufactured filters and the measured S parameters are shown in Fig.
4.19. Filter A demonstrates a 1.46 TR from 2.9 — 4.22 GHz when the gap changes
from 40 pm to 2 mm. The IL of the filter ranges from (0.64 — 0.94) dB and the RL
is better than 10 dB over the full range. The FBW of the filter changes from 4% to
6.5%. Filter B shows TR equal to 2.77 from 1.3 — 3.6 GHz when the gap changes
from 30 pm to 2 mm. The IL of the filter ranges from (0.571 — 1.3) dB and the RL
is better than 10 dB over the full range. The FBW of the filter changes from 4.7% to
7.1%. These measured results are compared with state-of-the-art tunable resonators
in Table 4.5. The used M3-L actuators cover the full range for Filter B within 0.4

seconds and cover the range from 1.3 GHz to 2.7 GHz within 13.6 milliseconds.
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4.5.4 Stability and Repeatability

The via-coupled version of Resonator B as well as Filter B were the subject of
long-term tests, namely stability and repeatability, as defined in section 4.2.5. Since
there are two individual actuators for the filter case, different error is expected from
each actuator. Thus it is critical to observe the transfer function parameters, such as
BW and in-band RL, to assure that they are maintained within the acceptable range.
In this study, the tuning range, for both Resonator B and Filter B, is limited to an
octave (2:1) TR from 1.8 GHz to 3.6 GHz, which is achievable if tuning starts from
go equal to 52 pm.

For the stability test, we ran the test at a center frequency of 1.75 GHz which is
lower than the start of the octave tuning range. This guarantees that the stability er-
ror of this experiment provides the high bound on the stability error for any frequency
in the range. The duration of the experiment is 15 hours and the S-parameters were
recorded every 1 minute. All the recorded S-parameters are plotted in the same curve
in Fig. 4.20 (a-b). The variation of the center frequency versus time is plotted in Fig.
4.20 (c-d). The stability fe,. is 1.02% for the single resonator test and 1.17% for the
filter case. Also, the worst-case in-band RL for the filter is 12 dB and the 3-dB BW
error is 1.33%.

The first repeatability test was performed with the single resonator at three fre-
quency points (fy =1.8, 2.7 and 3.6 GHz), which corresponds to g = 52 pm, 120 um
and 1077 pm. In this test, the actuator is programmed to circulate the three points
for 300 iterations with 1 minute wait at each point. The measured f,,, is 1.53%, 0.3%
and 0.11% at 1.8 GHz, 2.7 GHz and 3.6 GHz, respectively. For the filter repeatability
test, the actuator is programmed to circulate four points covering the same tuning
range. The extra point is at 2 GHz and the test was run for 450 cycles with 30 second
wait time at each point. The measured f,,, is 1.47% at for and 0.28% at fom, and
the worst-case 3-dB BW error is 1.88%.



Table 4.5.: Comparison with state-of-the-are tunable Resonators

f() (GHZ) . 3
Ref. Technology Q. Praz (W)  Res. Size (mm?)
(TR)
Combline -  6.93-7.15
[52] 2,320-3,850 - 18,886
RF MEMS (1.03)
Cavity - 2.39-2.5
[53] 374-1,300 - 27,000
RF MEMS  (1.046)
Waveguide -  4.4-5.2
[54] 250-620 - 8,640
RF MEMS (1.18)
SIW - 1.9-5
5] 300-650 - 509
RF MEMS (2.63)
Cavity - 4.07-5.58
[55] 300-500 0.004 750
RF MEMS (1.37)
SIW - 0.5-1.1
[37] 84-206 - 2,262
Varactors (2.2)
Cavity - 2.43-3.45
[56] 45-684 - 4,011
Varactors (1.42)
SIW - 0.98-3.48
6] 300-650 - 600
Piezo Disk (3.55)
Cavity - 2.3-4.6
[4] 360-702 - 200
Piezo Disk (2)
Cavity - 2.2-2.8
[47] 400-600 10 1,434
Piezo Disk (1.27)
Cavity - 6-8.25
[57] 2,000 T 31.6 2,035
Piezo Disk (1.38)
This - SIW - 1.7-4.1 26 at
370-510 1,596
Res. A M3-L (2.41%) 3.25 GHz
This - SIW - 1.3-3.6 > 100 at
200-650 1,596
Res. B M3-L (2.85%%) 1.75 GHz

xgp = 10 pm * x go = 30 pm T simulated @,
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4.6 Conclusion

A novel method for tuning EVA-mode cavity resonators using contactless tuners is
presented. Resonator design considerations and trade-offs are discussed. Resonators
demonstrate wide tuning range up to 2.77, high measured @, between 200 — 650
and power handling up to 100 W. Long-term stability and repeatability tests were
performed on single resonators as well as second order filters with octave tuning range
and better than 1.47% frequency error was achieved. The proposed concept presents
a feasible solution to enable mass production as well as reliable system integration of

high frequency tunable EVA-mode cavity-based filters.
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5. A NOVEL INDEPENDENTLY-TUNABLE
DUAL-MODE SIW RESONATOR WITH A
RECONFIGURABLE BANDPASS FILTER APPLICATION

5.1 Introduction

Tunable dual-mode resonators are among the most desirable components for mi-
crowave filters as they enable the realization of a wide variety of reconfigurable filter
responses while maintaining a compact size [58]. One specifically desired feature in
such resonators is the ability to control the resonant frequency of each mode inde-
pendently.

Many implementations of these resonators are presented utilizing varactor-tuned
microstrip resonators [59,60]. However, due to technology limitations, these imple-
mentations suffer from low quality factor (@) and limited tuning range. The im-
plementation presented in [61] utilized substrate-integrated-waveguide (SIW) cavity
resonators to achieve higher () multi-mode resonator. It exhibits, however, a very low
tuning range. Also, all the modes are tuned together limiting the filter reconfigura-
bility. Other implementations using SIW resonators achieved individual tuning by
loading the resonators with varactors [62]. Nevertheless, this reduced the @ values
which resulted in higher losses.

In this work, we present a novel, high-Q), tunable dual-mode SIW resonator. The
resonator is controlled using two vertically-moving tuners above the resonator thus
enabling independent tuning for each mode. The even resonant mode maintains a
@, higher than 200 over 59% tuning range, from 1.7 - 2.7 GHz, and higher than 150
over a 94% tuning range, from 1.7 - 3.3 GHz. The frequency of the odd mode can be
controlled to be lower or larger than the frequency of the even mode with a better

than 27% tuning range and a ), higher than 260.
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Fig. 5.1.: (a) General coupling diagram with a dual-mode resonator. (b) Proposed

dual-mode SIW resonator. (c¢) Cross-section of proposed resonator.

In addition, this work utilizes the presented structure to implement a reconfig-
urable second-order bandpass filter based on a doublet-configuration. Using this
configuration, the filter has a controllable finite transmission-zero (TZ) that can be
located on the lower or the upper side of the passband. The center frequency of the
filter is tunable from 2-3.2 GHz and the insertion loss (IL) is better than 1.1 dB over
the full tuning range.

The text and figures presented in this chapter are based on the following pa-
per: M. Abdelfattah and D. Peroulis, ”A Novel Independently-Tunable Dual-Mode
SIW Resonator with a Reconfigurable Bandpass Filter Application,” IEEE/MTT-S
International Microwave Symposium — IMS, Philadelphia, PA, 2018, pp. 1091-1094.
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5.2 Resonator and Filter Design
5.2.1 Resonator Design

A general coupling diagram utilizing a dual-mode resonator is shown in Fig. 5.1(a).
In this representation, the two modes of the resonator are in parallel and have no inter-
resonator coupling. The 3-D view and the side view of the proposed resonator, with
the main physical dimensions, are shown in Fig. 5.1(b-c). The resonator is constructed
by electrically isolating two center patches from the top of a conventional SIW cavity
resonator and connecting them to the cavity bottom through two shunt vias. This
resonator can be modeled as two TEM-mode combline resonators with distributed
coupling as presented in [63]. However, we will assume a simple L-C resonator model,
which is sufficiently accurate for the purpose of this work. Further details on the
modeling and modes’ field distribution is discussed in Chapter 6. Therefore, the

modes’ resonant frequencies can be described by the formulas shown in (5.1).

1 1
B 27’(’\/ LeCl ’ fo B 271'\/ Lo(Cl + 2C2)

L. and L, are the inductance values associated with the even and odd modes,

fe (5.1)

respectively. (' is the capacitance between both center patches and the resonator top
layer, while C is the capacitance between the center patches themselves (Fig.5.1(c)).

The ratio between the modes’ resonant frequencies is found to be directly related
to the inductance and the capacitance ratios as shown in (5.2).

fo Le Cl

ﬁ L_ocl + 20,

The inductance ratio (L./L,) depends on the separation distance between the

(5.2)

center vias (s). Moreover, before adding the tuners, Cy mainly depends on the patch
width (wp). To demonstrate the effect of these parameters on the frequency ratio,
the resonator is simulated without the tuners and the resulting frequency ratio de-

pendence is shown in Fig. 5.2(a).
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The capacitance dependence shown in (5.1) and (5.2) presents a suitable oppor-
tunity to independently control f. and f,. To enable this tuning, two flat tuners
with conductive surfaces are positioned on top of the resonator creating two different
controllable gaps (g1, ¢g2). The presence of the tuners modifies both capacitances, C}
and Cy, making them dependent on g; and g¢s, respectively (Fig. 5.1). In the resulting
structure, varying ¢; changes C; which tunes both f. and f,. While varying g, only
changes C'5 which only tunes f5, hence it tunes the frequency ratio. To demonstrate
the tuning capability, g; is set at different values from 20 to 1000 pm while g5 is swept
from 10 to 1000 gm. The tuning simulation results are shown in Fig. 5.2(b) . It can
be seen that g, can tune f, to a lower or a higher value than f. at any value for g;.

For this work, a dual-mode resonator with the dimensions shown in Table 5.1 is
designed on a 5.08 mm-thick Rogers TMM3 substrate. The tuners are cut from a
0.75 mm-thick Rogers 4003 substrate with 17.5 pm copper thickness.
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Table 5.1.: Designed resonator dimensions.

Dimension | a | b c |s| h |wy| w | & | O

Value (mm) | 20 | 3.6 | 2.6 | 3 |5.08 | 2.5 | 0.15 | 0.7 | 0.8

slot angle, 6 (deg)
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Fig. 5.3.: (a) Doublet-configuration of a bandpass filter. (b) Bottom view of

resonator with external coupling slots (¢) Qe.e, Qe dependence on r and 6.

5.2.2 Bandpass Filter Design

The presented resonator is utilized to implement a reconfigurable bandpass filter.
A suitable topology that fits this resonator is the doublet-configuration shown in
Fig. 5.3(a). With this topology, a second order bandpass filter with a finite TZ can
be realized. In order to have a TZ, we need to satisfy two conditions [64]. First, only
one of the four couplings in the topology need to have the opposite polarity. Second,
the external quality factor values (Qe., @e,) should not be equal. The location of
the TZ depends on the difference between Q). and @)., in addition to the value of
Jo-

To realize this topology, a grounded coplanar waveguide (GCPW), on the bottom
of the cavity, is used to couple both modes to the input/output ports as shown in

Fig. 5.3(b). Since the nature of this coupling is magnetic, the coupling slots are
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positioned where the magnetic field for both modes is present. The values of ().
and @), are controlled by the slot inner radius, 7, slot angle, 8, and slot width, ws.
Figure 5.3(c) shows the effect of r and 6 on the external coupling. It is noteworthy
that r has a small effect on (). compared to (). ,. This effect provides us with some
flexibility to control the coupling strength to each mode individually. In this work,
the input/output GCPW has a 1.94 mm-wide signal line and a 0.2 mm-wide gap.
Also, the dimensions chosen for the external coupling are; r = 8 mm, § = 100° and

ws = 1.5 mm.

5.3 Experimental Validation

To evaluate the tuning ranges and the modes quality factors, (Qu.c, Qu.0), & weakly-
coupled resonator design was fabricated and measured. Each of the tuners was at-
tached to a M3-L linear actuator in order to create the vertical motion required to
tune both resonant modes. For each measurement, f. was maintained at a certain
value using tuner 1, while tuner 2 was used to tune f, around it. A sample of these
measurements are shown in Fig. 5.4(a), where f, is set to five different values in
the range 1.7-3.3 GHz. For each of these values, f, was tuned to the minimum and
to the maximum achievable frequencies. In addition, the minimum and maximum
values for the frequency ratio f,/f. were recorded at multiple points and plotted in
Fig. 5.4(b). The maximum ratio ranges between 1.1 - 1.18 while the minimum ratio
ranges between 0.72 to 0.92. The measured @), . is between 150 - 400 over the full
tuning range and is better than 200 for the range 1.7-2.7 GHz. The measured @), , is
between 260 - 400 over the full range and it is better than 300 for the tuning states
with f. between 1.7-3 GHz.

The doublet-based bandpass filter design was also fabricated and measured. The
picture of the filter with the actuators and the fixture assembly is shown in Fig. 5.5(a).
The measurement demonstrated both center frequency tuning and TZ tuning. A good

agreement between measurements and simulations is observed as shown in Fig. 5.5(b)
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Fig. 5.4.: Measurements of weakly-coupled dual-mode resonator (a) Sy; with f,
tuned to minimum (dashed line) and maximum (solid line) possible frequencies for

each value of f, (b) f,/f. versus f, over frequency range.

for two different tuning states. The center frequency of the filter can be tuned in the
range 2-3.2 GHz with TZ to the right of the passband, and in the range 2.2-3 GHz
with TZ to the left. Measurements at several center frequencies with TZ on either
side are shown in Fig. 5.6. The measured results show an IL between 0.65 - 1.1 dB

and a return loss better than 10 dB for all tuning states.



33

M3L Linear 0— ., _ -
Actuators 8 — Meas. su
1 = Meas. S,
B A [==-Sim. & ]
g === 3im. S5,
&-10-
T ]
o
3D | o
Printed 7 g’zo_,
Fixture g 7
& |
Tuner 1 0307
Tuner 2 17
siw a0, .
Resonator SMA 2.0 2.2

4 2.6 2.8
Connector Frequea%/ (GHz)

(@)
Fig. 5.5.: (a) Picture of fabricated filter with fixture and M3L linear actuators. (b)

Measurement and simulation comparison for two tuning states.

5.4 Conclusion

This work presents a novel method to independently tune dual-band SIW res-
onators using two contact-less tuners. The resonator demonstrated a wide tuning
range and a high-¢). A bandpass filter based on a doublet-configuration was designed
utilizing a single dual-mode resonator. The filter demonstrated center frequency

tuning from 2-3.2 GHz and a tunable TZ that can be placed on either side of the
passband.
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6. HIGH SELECTIVITY TUNABLE FILTERS WITH
DUAL-MODE SIW RESONATORS IN AN L-SHAPED
COUPLING SCHEME

6.1 Introduction

The advancement of reconfigurable wireless systems have raised the demand for
compact, low-cost and high performance microwave and millimeter-wave tunable fil-
ters. The substrate-integrated-waveguide (SIW) technology has demonstrated great
potential to implement such reconfigurable radio frequency (RF) components and sys-
tems [3,65,66]. One example is that SIW has been utilized to implement a wide range
of tunable filters and diplexers because of its high RF performance, simple system inte-
gration capability and low-cost manufacturing. These implementations have demon-
strated high-@Q with wide TR and high power handling [3,6,9,10,39,61,62,67-77].

Recent research efforts for future SIW-based tunable filters focus on achieving
two major goals. The first is producing a tunable response with a constant absolute
bandwidth (CABW) over the tuning range. The second is improving the response
selectivity by added transmission zeros (TZs) while maintaining the size compact-
ness. Successful solutions are expected to achieve these goals in a single design of
satisfactory filter RF performance such as low insertion loss, large tuning range and
high power handling. In addition, the proposed implementations are desired to offer
low operation complexity and simple manufacturing and assembly.

A conventional approach to compensate for the response BW variation is to imple-
ment tunable coupling structures [39,70]. Although this provides the required control
over BW, this approach increases the number of tuning elements and the complexity
of the filter. Moreover, since varactors are used to control the coupling values, the

power handling performance of the filter is compromised.
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An alternative approach, to avoid additional tuning elements, is to implement in-
novative coupling structures. The structures are designed to produce coupling values
with the desired variation over frequency tuning to maintain a constant BW [76-79].
This is achieved when the coupling values are also dependent on the frequency tuning
structure or by using mixed magnetic and electric coupling. However, the proposed
implementations, based on this approach, are limited to specific resonator structures.
In addition, the passive control over the coupling variation is only demonstrated ef-
fectively over a limited tuning range.

Increasing the filter order is the traditional approach to improve the response se-
lectivity. With more resonators, cross-coupling can be utilized to produce TZs [50].
To maintain size compactness, when increasing the filter order, resonator miniaturiza-
tion techniques are employed. Several techniques are proposed to achieve miniaturiza-
tion such as half-mode (HMSIW) and quarter-mode (QMSIW) resonators [71-73,76].
Moreover, miniaturization is also obtained when using dual-mode (DM) or multi-
mode resonators (MMR) [61,62,74,75]. Compared to conventional single mode res-
onators, DM resonators are able to provide improved responses with added TZs even
for second-order filters such as the doublet configuration [64,74,80]. Although, these
techniques offer higher-selectivity in addition to compactness, they are not suitable
to implement a CABW filter. This is because the TZ locations are dependent on
the coupling values which results in two limitations. First, the passband and the
TZ locations cannot be controlled independently because both are controlled by the
coupling values. Second, as the coupling values vary with frequency tuning, the TZ
locations will vary as well.

In this chapter, we propose a new utilization of SIW-based DM resonators in
an L-shaped coupling scheme to effectively realize a tunable filter response with both
high-selectivity as well as CABW. The presented solution achieves both goals without
increasing the size or the number of tuning elements compared with a conventional
filter implementation. By using an L-shaped coupling scheme, the even- and the odd-

resonant modes are employed to produce the reflection zeros and TZs, respectively.
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Each resonator is designed to have one contactless tuner which tunes both modes
simultaneously. With the proposed structure, the DM resonator and its tuner can
produce a controllable separation between the reflection zeros and TZs over the en-
tire tuning range. This work expands on the work presented in [81] and provides
more in-depth analysis on the DM resonator and its coupling scheme. The filter im-
plemented in [81] is represented with additional discussion on the coupling topology
parameters and with a proposed design procedure. Three new filter prototypes are
also introduced in this paper. These filters employ techniques to either improve the
out-of band rejection away from the passband or achieve higher selectivity and wider
rejection bandwidth on one side near the passband. The following points provide a
brief overview on the concept and the achieved performance of each of the four filters

presented in this paper.

1. Filter A is in the principle filter topology, and it realizes a TZ on each side of
the passband and covers the range 2.2 — 3.4 GHz with constant 3-dB ABW =
130 MHz.

2. Filter B uses additional source-load coupling, and it adds one more TZ on each

side of the passband for improved out-of-band rejection and covers the range

2.5 — 3.4 GHz with constant 3-dB ABW = 130 MHz.

3. Filter C combines two TZs on the upper side of the passband to greatly improve
the rejection level, and it covers the range 2.2 — 3.6 GHz with a stopband BW
of 120 MHz and constant separation of 180 MHz between the passband and

stopband.

4. Filter D is a counter part of filter C by re-locating the two TZs on the lower
side of the passband, and it covers the range 2.3 — 3.4 GHz with a stopband
BW of 57 MHZ and a constant separation of 96 MHz between passband and
stopband.
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The text and figures presented in this chapter are based on the following submit-
ted paper: M. Abdelfattah and D. Peroulis, "High Selectivity Tunable Filters with
Dual-Mode SIW Resonators in an L-Shaped Coupling Scheme,” submitted to IEEFE

Transactions on Microwave Theory and Techniques, May 2019.

6.2 DM Resonator Design
6.2.1 Resonator Structure

The 3-D view and the cross-section view of the DM SIW resonator used in this
paper are shown in Fig. 6.1. The resonator is constructed by electrically-isolating
two center patches (P1, P2) from the top of a conventional SIW cavity resonator
and connecting them to the cavity bottom through shunt vias. The top view of P1
and P2 is shown in Fig. 6.1 (b). This design was presented in [74] to realize an
independently-tunable DM resonator using two contactless tuners. In this paper,
the resonator design is modified in order to have one tuner to tune both modes
simultaneously. This will be discussed in details in the tuning scheme section. The
contactless tuner is a vertically moving plate on top of the resonator controlling the
air gap, g, and it is in a pattern of two isolated conductor patches (T1, T2).

This resonator structure produces an even (e) and an odd (o) resonant modes.
High Frequency Structure Simulator (HFSS) is used to plot the magnetic and electric
field distribution for both modes as shown in Fig. 6.2. Based on the field distributions,
the following observations should be highlighted. The even-mode electric field and
the odd-mode magnetic field are symmetric about the symmetry plane. There is no
even-mode electric field between P1, P2 and T2. The odd-mode magnetic field is
significantly weaker near the edge of the cavity across the symmetry plane. These
features will be utilized later in the filter design.

The two modes can be modeled as TEM-mode transmission-line (TL) resonators
with distributed coupling as shown in Fig. 6.3 (a) [80]. C) represents the total

capacitance between either P1 or P2 and ground. C; represents the total capacitance



89

Contactless
Tuner

SIW DM
Resonator

Cor

Symmet.ry Plane
Dielectricm Copper

(©
Fig. 6.1.: Proposed DM resonator (a) 3D view with main physical dimensions (b)
top view of P1,P2 (¢) cross-section view (A-A’) with highlighted capacitances.

Even Mode Odd Mode
...020.... o .....ii.... ...
° A A N
SEaai¥e, NS
k=] S ppaa<=Vy » Ve Sppa » 4 a4
L?—j :,,)A<<<w‘tt.. .."“\‘ /VA\‘%
o _ewr g N AZaR Yy ia SRS
T AT A4 s A ANVYYS /oYYy ve A
5 %“\;»»»V(l‘.: .‘.“Avl \ﬂ"'.‘.
‘EU %\‘\ALPVV'(‘.’ 0.‘:;'( \N‘;;:
% A ARV E DINRS]\ Bpee
RO 2 oq \L'“‘A P
®0000ls00°° .“u‘.oo".

Electric Field

TTTTTTT SRR YTTTTQTITT T
T LU
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between P1 and P2. Each capacitance consists of a fixed capacitance (Cyy, Coy) and

a tunable capacitance (Cy, Co) as highlighted in Fig. 6.1 (c). For simplicity, the TL
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Fig. 6.3.: (a) TEM-mode TL equivalent model for DM resonator, (b) even-mode LC
model, (¢) odd-mode LC model.

resonators can be approximated as inductances L., L,, which represent the even- and
odd-mode inductances as shown in Fig. 6.3 (b-c). The inductance for either mode

can be approximated from the TEM-modes parameters as,

Z@O
L., = —"=tan(f.,h), (6.1)
We,o

where Z., is the mode characteristic impedance, w,, is the mode angular resonant
frequency, 3., is the mode propagation constant and A is the cavity height. Based on

the simplified LC models, the resonant frequency for each mode can be expressed as

1 1

e = 35 r/—=Jo0o— . 6.2
f QW\/m f 271' LO(Cl + 202) ( )
Also, we define the modes’ resonant frequency separation (Af,,) as

Afm = fo— fe- (6.3)

Due to the magnetic field nature of the modes, L. is always larger than L,. This
results in a positive A f,, when C5 = 0. Moreover, due to the electric field nature of
the modes, C5 only increases the loading of the odd-mode as in (6.2). As a result, a

negative Af,, could be obtained with larger Cs.
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6.2.2 Tuning Scheme

A key feature of the DM resonator is the use of one tuner to tune both modes.
Therefore, for this resonator to be useful in implementing a CABW filter, it requires
a high level of control over the two modes within the tuning range. In this section,
we will demonstrate the flexibility and the simplicity of such control. This is achieved
by showing that the resonator could be designed to produce the desired Af,, vari-
ation (increasing or decreasing) with frequency tuning. Moreover, this should be
demonstrated for either a positive or a negative Af,,.

As a first step, we define the following three design ratios, based on the fixed and
tunable capacitor definitions in Fig. 6.1 (C) and the resonator model in Fig. 6.3,

Lo CQf CQt
rp = —,TCf = —=——,TCct = ——. 6.4
LY o Gy &4)
Using these ratio definitions, we can rewrite the expression for f, as
1
Jo (6.5)

21/ Le(Cry (T + 2reg) + Cralge) (1 + 27¢r))

By studying the resonator model, it can be shown that the ratios in (6.4) can be
used to manipulate the relation between the modes’ tuning curves over varying air
gap (g¢) values. This is studied in Fig. 6.4. For each study case, the tuning curve
(fe vs. g¢) is fixed, as a reference, while each ratio is swept individually to observe
the variation in the curve (f, vs. g¢;). It is shown in Fig. 6.4 (a) that r, shifts f,
uniformly for all values of g;. However, r¢y shifts f, significantly only for large g,
when the fixed capacitance is dominant. On the other hand, r¢; has significant effect
for small g, as the tunable capacitance is dominant as shown in Fig. 6.4 (b-c).

The three ratios are controlled by the physical dimensions of the cavity highlighted
in Fig. 6.1. rp, is inversely proportional to the shunt vias’ spacing, s. ¢y is mainly
controlled by w and ¢,. r¢; is dependent on the overlapping area between T2 and
both P1 and P2. To further illustrate this feature, four DM resonators are designed

using HFSS to produce the four possible cases for the Af,, curve. Each resonator’s
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top view highlighted with the dimensions is shown in Fig. 6.5. The first two designs,
shown in Fig. 6.5(a), demonstrate either increasing or decreasing positive A f,,. The
other two designs, shown in Fig. 6.5(b), demonstrate both cases for a negative Af,,.

It should be noted that although this tuning scheme can be realized using a
conventional flexible tuner implementation, the contactless tuner has several advan-
tages [67]. First, with a contactless tuner, a uniform air gap (g;) between the cavity
and the tuner can be easily realized. This is highly desired to have accurate control
on the ratios r¢; and r¢y. Moreover, the contactless scheme allows for larger values
for gy, which enables finer and more accurate control over Af,,. Finally, it does not
require the sensitive attachment between the membrane and the resonator. This sig-
nificantly reduces the complexity of the assembly process to make it more appropriate

for mass manufacturing.
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6.2.3 L-coupling Scheme

Several previous works have often used the even/odd mode resonators in a con-
ventional doublet configuration [64,74,80]. In this configuration, each of the source
and load nodes are coupled to both resonant modes. A single doublet coupling con-
figuration could produce a second-order bandpass response with one TZ from one
DM resonator. Despite its compactness, this configuration is not suitable for the
CABW filter implementation. This is because the TZ location is dependent on the
external coupling values which vary over the tuning range. Therefore, in this paper,
we propose to utilize the alternative L-coupling scheme shown in Fig. 6.6(a). In this
configuration, both the source and load are coupled to the even mode, while only
the source is coupled to the odd mode. This is equivalent to a first-order bandpass-

bandstop (BPF-BSF) cascaded filter. The even mode produces a first order bandpass
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frequency response.

response while the odd mode produces a TZ as shown in the S-parameter response
in Fig. 6.6(b). In this configuration, both the center frequency and TZ location are
mainly dependent on f, and f,. The TZ can be located at the upper- or lower-side
of the passband when Af,, is positive or negative, respectively.

In Fig. 6.7, the effects of Af,, and the external quality factor values (Qe.c, Qc,0)
are studied while f. is fixed at 2 GHz. It is shown that Af,, controls the location of
the TZ. Moreover, (). . controls the passband BW as expected from a conventional
BPF while Q. , controls the TZ BW as expected from a BSF. However, it is critical
to notice that both Af,, and Q. , affect the in-band return loss (RL) level. This adds
extra degrees-of-freedom to control the passband RL, which will be utilized later in
the CABW filter design section.

The L-coupling scheme can be physically realized using coupling vias that pass
through the resonator and connect to the input/output microstrip feed lines as shown
in Fig. 6.8. Depending on the location of the via, it could couple to both modes or only
to the even mode. This is understood by considering the magnetic filed distribution
in the resonator. When the via is positioned on the symmetry plane its coupling
to the odd mode experiences self-cancellation which results in coupling to only the
even mode. The strength of the external coupling depends on the position of the via,

which is defined by the distance, d., from the center. ). . and )., dependence on d.
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can be different depending on the cavity structure. Therefore, it is studied in Fig. 6.9

for two cases with different signs for Af,,. It can be seen that (). . could be larger or

smaller than ()., depending on the resonator. This relation needs to be considered

in the filter design.



96

120 o 45 d 120
100 b (\/}2) I 100
80 Coupling 80

o 60 Via 60
40 \ 40
20 / mQ,. | 20

B Q.,
0 - 0
3 4 5 6 7 8 9 9

Fig. 6.9.: Q.. Qe dependence on via spacing d. for (a) Af,, <0 (b) Af,, > 0.
Discontinuities in the curves correspond to values which will short the coupling via

with either the post via or the ring surrounding the post patches.

0w 2 1) ' //f@»
7ANY a
25 * ([J)4e : .\9)7'
Coupling Coupling
d')ZO Via Via
15 12
[ ] Qae | ] Qe,e
10 B Q.. 10 B Qe
2 25 3 2 25 3
Frequency (GHz) Frequency (GHz)

Fig. 6.10.: Q. Q.o dependence on frequency (a) Af,, <0 (b) Afy, > 0.

Finally, the values of ). . and Q). , are dependent on the resonant frequency. This
is illustrated in Fig. 6.10. It is shown that external coupling strength to both modes
increases with frequency due to its dominantly magnetic nature. The slope of this
variation could differ with the resonator design and operation frequency. Therefore,

it should be always extracted and accounted for when designing CABW filters.
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6.3 Constant ABW BPF Filter
6.3.1 Topology

Since one DM resonator, with the proposed coupling scheme, is able to produce a
first-order response with a TZ, we could utilize two resonators to produce a second-
order response with two TZs. This could be readily accomplished using the BPF
topology shown in Fig. 6.11 (a). This topology was first introduced in [9] and im-
plemented using conventional microstrip and single-mode SIW resonators to achieve
a filter response with adjustable notches. When implementing the topology using
DM resonators, the passband is produced by the coupling of both even-modes (ey, e)
through the inter-resonator coupling (ki2.). In addition, in order to have a TZ on
each side of the passband, one resonator needs to have a negative value of A f,,, while
the other has a positive value. The resonator with negative Af,, is denoted as Res.
L while the other is Res. H. In order to produce a certain filter response, e; and eq
might be required to have an offset in their resonant frequencies. Hence, we define
the even-mode frequency separation by (Afe = feo — fe1). As an illustration of the
topology, a BPF response with 3-dB ABW of 80 MHz and RL better than 20 dB is
shown in Fig. 6.11 (b). The response is overlaid with the response of Res. L and Res.
H individually. This demonstrates that the passband is created in the overlapping
passband of the two resonators. Also, it shows that the TZ locations are correlated
with the TZs of the individual resonators. The response is also compared with a
conventional second-order Chebyshev filter response with the same BW and RL level.
This clearly illustrates the improved selectivity of the proposed filter due to the added
TZs on each side near the passband.

For a conventional second-order filter, in order to change the RL level (or passband
ripple) while maintaining the same BW| it is required to change both inter-resonator
and external coupling values. However, due to the added TZs in the proposed filter
topology, there are additional degrees-of-freedom. To demonstrate this flexibility,

Fig. 6.12 shows different responses that could be produced by the topology. All
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Fig. 6.11.: Proposed second-order bandpass filter topology using DM resonators (a)
coupling diagram (b) static filter response with 80 MHz ABW at 2 GHz,
Qee =29,Qc0 =20,k12. =0.028, Af,,, = 100 MHz , Af. = 25.6 MHz.

responses have equal k¢, Qe and )., values. While all of them have an equal 3-dB
BW, the responses have different in-band RL and passband ripple as highlighted the
inset in Fig. 6.12. This is enabled by manipulating the parameters Af,, and Af,.
This is understood by considering the effect of Af,, on the in-band matching for an
individual resonator as previously shown in Fig. 6.7 (a).

A conventional tunable BPF with fixed coupling values has an increasing BW
as the frequency is increased. This is because fixed coupling values result in a fixed
fractional bandwidth (FBW), which means that the ABW will increase proportionally
with the center frequency of the filter (ABW=fyxFBW). In practice, coupling values

also increase with frequency which results in higher ABW variation over the tuning
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ripple

range. The proposed filter topology is capable of counteracting this effect due to
two features. The first is the TZs, on each side, which sets limits on the ABW. The
second is the additional control on the passband shape enabled by the parameters A f,,
and Af.. This could be achievable regardless of which mode has stronger external
coupling. As an illustration, we studied the design of a filter with constant 3-dB
ABW = 100 MHz and center frequency tuning form 2 GHz to 3 GHz. The following

assumptions are made:

1. External coupling will vary as predicted by the individual resonator analysis

presented in the previous section.

2. Inter-resonator coupling will increase linearly by 10% over the specified tuning

range.

3. Res. L and Res. H can be designed to have the required curve for Af,, over

the tuning range.
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4. Af, is controlled over the tuning range by individually tuning Res. L and Res.
H.

5. Acceptable in-band RL is larger than 10 dB.

6. The study also considers the following three cases relating to the available ex-

ternal coupling values:
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(a) The odd-mode external coupling is weaker for both resonators (e, >
Qeel, Qeo2 > Qee2)-

(b) The odd-mode external coupling is stronger for both resonators (Qe o, <
Qeel, Qeo2 < Qee2)-

(¢) The odd-mode external coupling is weaker for Res. L and stronger for Res.

H (Qe,ol > Qe,eh Qe,o2 < Qe,62>‘

The results of this study are shown in Fig. 6.13. The filter topology is able to
produce CABW responses over the specified tuning range with the given coupling
variation and with acceptable RL in all cases. The only parameters controlled over
the tuning range are Af,, and Af.. With a conventional Chebyshev filter topology,
the same coupling variation will result in a 3-dB ABW variation of 67% from 76 MHz

to 127 MHz over the same tuning range.

6.3.2 Design Procedure

In this discussion, we present procedure steps to design CABW filters based on
the presented topology and resonator structure. The following steps will provide the
general order of steps to obtain a tunable filter response with specified ABW using

both circuit model and electromagnetic (EM) simulations.

A. Resonators Initial 3D Design

Construct the design for both Res. L and Res. H based on the structure shown
in Fig. 6.1. Design f.; and fe to be equal to the filter center frequency. Confirm
that they cover the required tuning range given the available ¢g; variation. Further
details on tuning range optimization of single mode SIW resonator were presented
in [67]. Set f,1 and f,2 to the desired TZ locations when the center frequency is at the
lowest tuning state (fn). Modify the resonator structure to assure that the relation

A fn1 < 0 is satisfied for Res. L and vice versa for Res. H.
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B. External Coupling Extraction

Design the external coupling structure to produce Q.. roughly equal to the value
required by a Chebyshev filter response with the specified ABW and minimum ac-
ceptable RL at fi,;,. Use EM simulations to extract the relation between Q). . and
(e, for each resonator as in Fig. 6.9. Vary the resonant frequency over the range to

extract the variation in external coupling similar to Fig. 6.10.

C. Filter Design Using Circuit Model

Find a set of values for Qe ., k12.¢, A fm, Afe which satisfy the specified ABW and
RL at fpn. The values of Q. o1, Qe 02 should depend on Q). with the same relation
extracted from EM simulations. There are several solutions that satisfy the ABW
with different RL levels. Change the center frequency across the tuning range while
varying the external coupling values as expected from EM simulations. At each
tuning state, attempt to satisfy the ABW and the RL by only varying Af,, and Af.
as illustrated in Fig. 6.13. If the response does not satisfy specifications across the
range, the initial coupling values at f,,;, should be adjusted. Iterative process might
be required to find optimum solution across the tuning range. Extract the required

A f,, versus frequency curves.

D. Af,, Variation

Modify the structure of both resonators to satisfy the A f,,; and A f,,2 curves using
EM simulations as demonstrated in Fig. 6.5.
E. 3D Filter Design

Combine both Res. L and Res. H to construct the 3D model of the filter. Opti-
mize the inter-resonator coupling structure to obtain the required k2. at f,;, while

minimizing k12 ,. Further details about the coupling iris are discussed in the following
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subsection. Use EM simulations across the tuning range to observe ki . variation with
tuning. Update the circuit model with expected k;3 . variation. Fine adjustments on
Af, and Af. might be needed to counteract this variation. Use EM simulations to

validate the response over tuning range.

6.3.3 Filter A Implementation

Filter A, shown in Fig. 6.14, is designed in order to realize the CABW filter
topology using the proposed DM SIW resonator. Res. L and Res. H are individ-
ually designed to have the required Af,, variation across the tuning range. The
dimensions for each resonator are also shown in the table included in Fig. 6.14. The
inter-resonator coupling is achieved by the coupling iris between the resonators. The
coupling iris is located at the symmetry line where the odd-mode magnetic field is
weakest. This assures that ks, is close to zero as required by the topology [58]. The
external coupling vias are designed as previously shown in Fig. 6.8. Each resonator
has different coupling via spacing (d.) and coupling via diameter in order to realize
the required coupling values. Filter A is designed and simulated using HFSS. It is
designed to have a constant 3-dB BW of 130 MHz over the tuning range 2.2 GHz —
3.4 GHz.

6.3.4 Filter A Experimental Validation

Filter A was manufactured using conventional Printed Circuit Board (PCB) tech-
nology. A picture of the manufactured filter and the full assembly is shown in Fig.
6.15. Two M3-L linear actuators were used to provide the vertical movement for the
tuners. The filter was measured using Keysight N5230C vector network analyzer.
A good agreement between measurements and HFSS simulations is demonstrated in
Fig. 6.16 (a) for two tuning states. The filter center frequency is tunable from 2.2 —
3.4 GHz. The tuning range is covered by tuning ¢g; between 80 um and 2 mm. In all
the tuning states, the 3-dB ABW was maintained constant to 130+£1 MHz. Measure-
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Fig. 6.14.: 3-D view of Filter A stack up with dimensions in millimeters.
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Fig. 6.15.: Pictures of the manufactured parts for Filter A (a) top view (b) bottom

view (c¢) assembled filter with tuners and actuators. All dimensions in millimeters.

ments of several tuning states over the range are shown in Fig. 6.16 (b). The filter
return loss and insertion loss (IL) are better than 15 dB and 1.36 dB, respectively.
The resonators’ estimated unloaded quality factor (@) is between 200 — 400. The

rejection of both the lower and the upper TZs ranges from 25 — 50 dB.
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Fig. 6.16.: Filter A (a) measurements versus HF'SS simulations for two tuning states

(b) tunable states with constant ABW.

6.4 Improved Out-of-Band Rejection
6.4.1 Source-to-Load Coupling

It is observed from Filter A measurements that the out-of-band rejection at fre-
quencies higher than the passband is limited to 30 dB. This rejection could be im-
proved by modifying the topology to include intentional source-to-load coupling (ksy,)
as shown in Fig. 6.17 (a). The added coupling path creates one additional TZ on
each side of the passband. The new TZs will not be located near the passband and
will not affect the filter selectivity. However, they will improve the out-of-band re-
jection on both sides of the passband. Realizing this coupling could be achieved
by simply modifying each microstrip feed line before its termination with the cou-

pling via. To illustrate this design modification, Filter B is designed with similar
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(b) 3
Fig. 6.17.: (a) Coupling topology with added source-to-load coupling (b) modified

microstrip feed with source-to-load coupling (¢) picture of the manufactured part.

dimensions to Filter A and the modified microstrip feed structure shown in Fig. 6.17
(b). The source-to-load coupling strength will depend on the length of the overlap
and the spacing between the two feeding lines. Further details on the extraction of
source-to-load coupling are provided in [82].

Filter B was also manufactured and measured. A picture of the new feeding
structure is shown in Fig. 6.17 (c). The measurements versus simulations for the
tuning state with 2.5 GHz center frequency is shown in Fig. 6.18 (a). In addition,
several measured tuning states are shown in Fig. 6.18 (b). Filter B maintains a
constant ABW of 130+1 MHz over the range 2.5 GHz — 3.4 GHz. The IL is between
1.37 dB — 1.97 dB and the RL is better than 10 dB. The out-of-band rejection at
higher frequencies (around 5 GHz) is improved by 19-29 dB proving the advantage
of the source-to-load coupling as shown in Fig. 6.19. Both filters A and B were
measured up to 8 GHz to observe their spurious responses. The filters show better

than 20 dB rejection up to more than 6 GHz.
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Fig. 6.18.: Filter B (a) measurements versus HFSS simulations for one tuning state

with 2.5 GHz center frequency (b) tunable states with constant ABW.
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Fig. 6.19.: Measured wide band frequency response for Filters A and B showing

improved out-of-band rejection for Filter B.

6.4.2 Combining TZs on the Same Side

In some applications, a tunable filter with higher selectivity might be more desired

than a CABW filter. This could be due to a blocker that is located at a fixed spacing
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from the filter passband. This could be addressed by combining TZs on one side of
the passband where the blocker is located. As a result, a higher attenuation and a
wider stopband bandwidth (BWs) can be obtained at the blocker frequency. We can
achieve this response by using the same filter topology we presented in the previous
section. However, for this case, both DM resonator will have the same sign for Af,,.
Filter responses achieved by this topology are shown in Fig. 6.20 (a-b). The passband
is produced by ey, e; and the stopband is produced by o1, 05. In the previous section,
the coupling k12, was assumed to be practically zero. This was acceptable as 0, and
0y are widely separated. However, when they are set at the same frequency, any non-
zero value will be observable. In fact, a non-zero ks, is desired to increase BWg. In
general, if k15, is about 10x smaller than kjs., the stopband will have larger BW
without deteriorating the rejection. One important requirement, when using this
topology, is to have a stronger coupling for the odd-modes (Q., < Q.. ) in order to
achieve higher rejection levels in the stopband.

The frequency spacing between the passband (f.) and the stopband (fs) can be
controlled using Af,, of the resonators. Since, the DM resonator design provides
A f,, control over the tuning range, we can have a fixed value for the separation over
the tuning range. This is demonstrated in Fig. 6.20 (c), where the stopband has
a BWg = 100 MHz at a rejection level of 30 dB. Also, the separation between the
passband and the stopband is fixed at 185 MHz. A similar implementation can be
realized for a stopband to the left of the passband by reversing the sign of Af,,. Since
we have flexibility in controlling A f,,, an increasing or decreasing separation between
the passband and the stopband can be also obtained. In the following discussion,
we present the implementation of Filters C and D, which realize responses with fixed
stopband separation on the higher side of the passband for Filter C and on the lower
side for Filter D.
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Fig. 6.20.: (a) Stopband on the upper side of passband (b) stopband on the lower
side of the passband (c) tunable response with constant separation of 180 MHz

between passband and stopband.

Filter C

The top and bottom views of Filter C are shown in Fig. 6.21 (a-b). The filter is
designed using the same stack-up shown in Fig. 6.14, however both resonators are
identical. The filter also utilizes source-to-load coupling, as shown in Fig. 6.21 (b),
in order to maintain a good level of rejection away from the passband on both sides.
The manufactured filter pictures are shown in Fig. 6.21 (c-d). The assembly of the
filter is similar to both Filters A and B. The manufactured filter demonstrated center
frequency tuning between 2.2 GHz — 3.6 GHz. A comparison between simulations
and measurements is shown in Fig. 6.22 (a) for the state f. = 3.2 GHz. The results
for different tuning states are shown in Fig. 6.22 (b). The filter has an IL between 0.9
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(c) (d)
Fig. 6.21.: Filter C (a) top view (b) bottom view (c-d) pictures of the manufactured

prototype.

dB - 1.6 dB and RL better than 16 dB. A stopband rejection level of at least 28 dB
is consistently satisfied, across the range, with BWs = 120 MHz and fg — f. = 180
MHz. The passband 3-dB BW is between 88 — 139 MHz.

Filter D

In order to implement Filter D, with improved selectivity on the lower side of the
passband, some modifications were required, namely the external coupling structure.
For this resonator, when using the coupling via structure, the odd-modes have weaker
external coupling which results in poor rejection in the stopband. On the other
hand, a grounded coplanar waveguide (GCPW) feeding structure with a coupling
slot provides the required relation between the coupling values. The top and bottom
views of Filter D with the modified coupling structure are shown in Fig. 6.23 (a-b).
The coupling slot is a conventional coupling element that was implemented in several

previous works [70, 74].The coupling strength is controlled by the the slot’s radius,
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Fig. 6.22.: Filter C (a) measurements versus HF'SS simulations for one tuning state

(b) measured tunable states.

radial angle and width. Pictures of the manufactured Filter D are shown in Fig. 6.23
(c-d). A comparison between the simulated and the measured response of Filter D
is shown in Fig. 6.24 (a) for center frequency of 2.5 GHz. The filter achieves center
frequency tuning from 2.3 GHz — 3.4 GHz. The IL varies between 1.5 dB and 2.8 dB
while the RL is better than 12 dB. The stopband rejection level is higher than 28 dB
with BWs = 57 MHz and f. — f¢ = 96 MHz. The passband 3-dB BW is between 49
— 59 MHz. Furthermore, a wide band frequency measurement for Filters C and D is
shown in Fig. 6.25. The measurements show no significant spurious resonance up to

8 GHz for both filters.
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(c)
Fig. 6.23.: Filter D (a) top view (b) bottom view (c-d) pictures of the manufactured
prototype.

6.5 Comparison

Table I shows a comparison between the filters presented in this paper and state-
of-the-art CABW tunable filters. The comparison shows that our implementations
exhibit a much lower insertion loss when compared to microstrip implementations.
This is due to the higher @, offered by the SIW resonator with mechanical tuning.
The ABW performance of Filters A and B shows that the proposed coupling topol-
ogy has enabled the realization of truly constant ABW, with negligible variation over
the tuning range, without requiring tunable coupling structures. Compared to varac-
torless implementations, Filters A and B has demonstrated wider tuning range and
higher selectivity. Furthermore, the performance of Filters C and D has illustrated
the advantage of combining TZs to increase the rejection BW near the edge of the
passband (BWjs) and maintain its separation (A fs) from the center frequency. This is
achieved while maintaining an acceptable ABW variation and without compromising

the insertion loss.
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Table 6.1.: Comparison of implemented filters with state-

of-the-art CABW Filters

fe (GHz)  ABW IL BWg/Afs (MHz) # Tuners Size (A3)
Ref Tech. Order/TZ
(TR) (MHz) (dB) Rej. (dB) M V/S (B) at fmin
pstrip 0.55-1.9
83] 86-08  3.2-4.4 2/0 NA 0 6(4)  0.006x1073
V+S (3.45)
_ 0.95-1.48 26-48 / 130
[84] pstrip/ V 114-120  3.5-4.4 4/2 0 4(2) 0.154x10°3
(1.56) at 34 dB
1.24-1.72
[85] pstrip/ V 9297  4.65.4 4/4 NA 0 4(2) 0.053x1073
(1.39)
| 2.41-2.73
[86] pstrip/ V 201-219  1.7-2.7 2/0 NA 0 2(2)  0.023x107
(1.13)
_ 0.6-1.03 28-30 / 50-60
[59] pstrip/ V 80-90 1.8 2/1 0 3(1) 0.003x10°3
(1.72) at 15 dB
_ 0.89-1.13 9-13 / 44-52
87] pstrip/ V 43.4-50.2  3.2-4.3 4/2 0 4(1) 0.08lx107
(1.27) at 28 dB
Waveguide 14.8-16.2
79] 287-305  0.4-0.6 5/0 NA 1 0 1.13
Motor (1.09)

continued on next page
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Table 6.1.: continued

fe (GHz ABW IL BWs/Afs (MHz # Tuners Size (A3
Ref Tech ( ) Order/TZ / ( ) %)
(TR)  (MHz) (dB) Rej. (dB) M V/S(B)  at fum
Dielectric  0.67-0.98 14-38 / 72-102
[88] 4247 2953 2/2 0 2(2) 0.042x10°
pstrip/ V (1.46) at 34 dB
HMSIW  1.8-2.3
[76] 136-142 1.3-2 2/0 NA 2 0 0.73 x 1073
Piezo (1.24)
1.11-1.5
(73] HMSIW/V 2.62-7 2/0 NA 0 6(3  02x107
(1.35)
HMSIW 1.2-1.6
[72] 113-141 1.2-34 2/0 NA 0 6 (6) 0.144 x 1073
Piezo + V (1.33)
SIW 3.9-4.75 27-73 / 174-365
[77] 339-416 1.3-1.65 4/1 0 3(3) 3.45 x 1073
MEMS S (1.22) at 40 dB
0.55-1.1
[39] SIW/ V 1.9-2.3 2/1 Reconfigurable 0 80(5) 0.046 x 1073
(2)
SIW 0.8-1.43
[70] 24.7-25.3 1.6-3.1 2/0 NA 2 4 (3) 0.046 x 1073
Piezo + V (1.79)

continued on next page
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Table 6.1.: continued

fe (GHz ABW IL BWs/Afs (MHz # Tuners Size (A3
Ref. Tech. ( ) Order/TZ / ( ) %)
(TR) (MHz) (dB) Rej. (dB) M V/S (B) at foin
DM-SIW  2.2-34 23-27 / 153-165
Filter A 129-131 0.98-1.38 2/2 2 0 1.4 x 1073
M3-L (1.55) at 28 dB
DM-SIW  2.5-3.4 23-40 / 146-163
Filter B 129-131 1.37-1.97 2/4 2 0 2.06 x 1073
M3-L (1.36) at 28 dB
. DM-SIW  2.2-3.6 120 / 180
Filter C 88-139 0.9-1.6 2/4 2 0 1.28 x 1073
M3-L (1.63) at 28 dB
. DM-SIW  2.3-34 57 / 96
Filter D 49-59 1.5-2.8 2/2 2 0 1.46 x 103
M3-L (1.47) at 28 dB

TR = fmaz/fmin
BWg = Rejection BW due to TZ near the passband

A fs = Separation between center of rejection BW and center frequency (fs — f.)

M = Mechanical Tuner, V = Varactor, S = Switch, B = Bias Lines

91T
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Since the presented filter do not use any varactors, they are expected to demon-
strate improved power handling capability in terms of non-linear behavior as well as
the peak RF power handling. Also, the contactless tuner scheme enables tuning using
larger air gap (g;), this is expected to have further improvement on the power han-
dling capability and lower operation sensitivity [67]. In addition, the filters have the
potential to offer wider tuning range with further design optimizations and starting

from lower g, values.

6.6 Conclusion

This chapter has presented high-selectivity and constant absolute bandwidth tun-
able filters based on DM SIW resonators and their L-shaped coupling scheme. The
analysis and design considerations of the resonator are discussed by highlighting the
implemented coupling and tuning schemes. In this implementation, each resonator is
capable of producing a reflection zero and a transmission zero while being controlled
using a single tuner. The resonator design has the capability of controlling the modes’
separation with tuning enabling control over the absolute bandwidth variation. Four
tunable filters were presented to demonstrate the design versatility and flexibility.
The first filter has demonstrated a wide tuning range with constant absolute band-
width and a TZ on each side of the passband. The next one uses the source-load
coupling technique to add two more transmission zeros to further improve the out-
of-band rejection. The last two filters demonstrated higher and constant selectivity

by combining both transmission zeros on one side of the passband.
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7. SUMMARY AND FUTURE WORK
7.1 Summary

In the past decade, several research efforts have focused on the design of tunable
RF filters using mechanically tunable EVA-mode cavity resonators. These efforts
have demonstrated high performance such as high-Q, low loss, wide TR and high
power handling. However, the utilization of such filters in modern communication
systems remains limited due to several practical challenges. The main purpose of this
dissertation is to address some of these challenges from both aspects; RF performance
and operation reliability.

One of the major challenges, addressed in this dissertation, is maintaining a con-
stant absolute bandwidth for both bandstop and bandpass filters. Compared to
other approaches in the literature, we presented solutions that achieve the goal using
passive-compensation techniques (i.e. without additional tuning for BW). In addi-
tion, the solutions avoided the use of any varactors in order to maintain the filter
performance in terms of loss, non-linearity and power handling.

The second challenge, addressed in this dissertation, is improving the filter re-
sponse selectivity by adding transmission-zeros. The presented designs utilized novel
techniques using dual-mode SIW resonators in order to produce additional TZs while
maintaining compact filter size. Compared to other techniques, the ones presented
are better suited to tunable filters producing acceptable response over different tuning
states.

The final challenge is pertaining to the operation reliability of the filters. Firstly,
we proposed, for the first time, the contactless tuning concept which resolves the
major limitation of using flexible tuners. Moreover, we have demonstrated the ad-

vantages of this alternative approach and provided all the design optimization steps
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required to maintain high performance when using it. Secondly, we presented the first
electronic monitoring and control system for high frequency, electro-statically tunable
MEMS cavity filters. The proposed inductive-based sensing and actuation is imple-
mented with a control loop which adjusts the deflection of the MEMS diaphragm to
produce the desired tuning state. The system was demonstrated on a mm-wave BSF

showing potential in high frequency applications.

7.2 Contribution
The contributions in this work are summarized as follows:

1. Chapter 2 demonstrated two passively-compensated tunable quasi-absorptive
bandstop filters. The filters operate in the 12-20 GHz and the 23-45 GHz
frequency ranges. The filters demonstrated more than 40 dB rejection, wide
TR, and the ABW stability is improved by 4 to 9 times when compared to the
state-of-the-art.

2. Chapter 3 presented an electronic monitoring and control system for MEMS
tunable EVA-mode filters. The system is based on inductive proximity sensing
and was implemented with a control loop on a mm-wave tunable BSF covering
the range 30-42 GHz. The measurements demonstrated good system repeata-

bility and long-term performance.

3. Chapter 4 presented the contactless tuning concept to reliably tune high-Q)
EVA-mode cavity resonators and filters. A full optimization procedure was
presented to design the resonator given certain specifications on TR, power
handling and tuning reliability. Presented resonators demonstrated more than

octave TR with @), between 200 and 650, and power handling up to 100 W.

4. Chapter 5 presented a widely-tunable, SIW, DM resonator with mode-independent
frequency tuning using two contactless tuners. The resonator demonstrates high

Q. between 150-400 and 94% TR. A second-order reconfigurable bandpass filter
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based on the resonator was presented. The filter has a tunable center frequency
from 2-3.2 GHz with a reconfigurable TZ that can be located on either the

upper or the lower side of the passband.

5. Chapter 6 presented the design of high selectivity and CABW bandpass filters
utilizing SIW, DM resonators in an L-shaped coupling scheme. Four tunable
filters were presented. The first filter has demonstrated a wide TR (> 50%)
with CABW and a TZ on each side of the passband. The next one uses the
source-load coupling technique to add two more TZs to further improve the
out-of-band rejection. The last two filters demonstrated higher and constant

selectivity by combining both TZs on one side of the passband.

7.3 Future Directions

The work presented in this dissertation compliments the extensive research on
the design and implementation of high-() tunable filters. The presented techniques
attempts to overcome some of the challenges limiting the integration of such filters
in practical systems. However, there is a potential to further improve the presented
techniques and address a wider scope of challenges. This discussion presents some
of the recommended directions for future research efforts focusing on tunable cavity

filters.

7.3.1 High Frequency Bandstop Filters

In Chapter 2 we presented two QABS filters. The filters demonstrated high per-
formance in several aspects. However, the filters suffered from high out-of-band IL.
The loss is mainly due to the connectorized fixture used to integrate the filters. Future
solutions are encouraged to implement a connectorized solution with less number of
RF transitions in order to reduce the loss and maintain a good level of matching over

a wide frequency range.
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Fig. 7.1.: Artificial magnetic conductor on tuner using mushroom structure [89].

7.3.2 Contactless Tuning Scheme

In Chapter 4, we proposed the contactless tuning concept and provided an ex-
tensive study of the optimization process and the expected performance using this
concept. It can be observed that one limitation facing this concept is the drop in @,
when tuning to large air gap values. This is due to the increased radiation losses.
One technique that could potentially reduce the drop in @, is creating an artificial
magnetic conductor (AMC) using the periodic mushroom structure on the tuner to
prevent signal propagation between the tuner and the cavity as shown in Fig. 7.1(a)
. This idea was first proposed in [89], where a rotateable contactless tuner was used
to tune the resonator frequency as shown in Fig. 7.1(b). This structure or similar
ones should be able to minimize radiation losses. However, further investigation is
required in order to evaluate the effectiveness of this technique and its limitations.

We have also showed the effect of the dielectric loss tangent in limiting the @, at
larger gap values. In order to mitigate this effect, substrates with lower loss tangent
will result in better @), values. Furthermore, these losses could be completely avoided
by creating an air gap between the post patch and cavity top metal layer. This could

be obtained using machined or injection-molded cavity structures.
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One advantage of the contactless tuning structure is that tuning-related perfor-
mance is solely dependent on the used actuator. Therefore, the reliability of the filter
tuning is a direct representation of the actuator reliability and therefore the need
for a monitoring and control system could be avoided. However, if the actuator does
not satisfy the required stability /repeatability specifications, integrating a monitoring
system might be required. Unlike the flexible membrane tuning, with the contactless
tuner structure there is a direct access to the air gap creating the tuning capacitance.
Therefore, a capacitive structure on the cavity substrate which has an overlapping
area with the tuner would have a 1:1 relation with the center frequency. And this
relation is expected to have higher repeatability due to the load-free linear movement
of the contactless plate. Conversely, in the flexible membrane case, the monitoring
has to be done externally and the continuous bending on the membrane might affect
the accuracy of the monitoring.

One of the possible implementations of the monitoring device is shown in Fig.
7.2(a). In this structure, two capacitive monitoring elements are added outside the
cavity. These capacitive patches overlap with an isolated copper layer on the tuner
to minimized RF power leakage from the resonator. The monitoring capacitance
parameter (C,,,,) can be defined as the sum of the capacitance between the two
added patches and ground. This capacitance will be dependent on the tuning gap
and therefore has a 1:1 relation with the resonant frequency as shown in Fig. 7.2 (b)
where C,,,,,, is the capacitance at 100 MHz.

In addition to frequency monitoring, the same devices can be readily used for RF
power monitoring. The resonator electric field couples to the capacitance patches.
For the shown structure, the coupling (Ss3;) value ranges between -40 to -28 dB.
This value can be controlled by the position of the capacitance elements and the gap
on the tuner between the isolated ring and the main tuning conductor. Since the
coupling to the capacitance elements is weak, it would not add any significant loss to
the resonator but will provide sufficient signal for power detection at resonance. To

summarize, a simple capacitance-based monitoring structure can be easily added for
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Fig. 7.2.: (a) Proposed structure with added capacitance monitoring elements (b)
1:1 relation between C,,,, and center frequency (c) S-parameter response of

proposed structure with four ports (1,2: input/output, 3,4: monitoring).

frequency and RF power monitoring when using a resonator with contactless tuning
concept. This feature is extremely important to overcome the actuator limitations in

highly adaptive systems.

7.3.3 Tunable DM SIW Resonator

To improve the design process of filters utilizing tunable DM resonators, more
investigation on the external couping method is required. Specifically, a new coupling
structure enabling independent control over the coupling to each resonant mode is

required. The main challenge in realizing such coupling structure is finding a solution
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without using varactors. Once a solution is found, this will enable the realization of

wide range of compact filters with complex responses and high reconfigurability.

7.3.4 High Selectivity and CABW Filter Using DM Resonators

The CABW filter design presented in Chapter 6 can be expanded to realize higher
order filters. A proposed topology for a fourth-order filter with 4 TZs is shown in
Fig. 7.3 (a). An example of the achievable response, using this topology, is shown
in Fig. 7.3 (b). The response is optimized to meet certain rejection specifications
as highlighted in the figure. Therefore, two TZs are combined on each side of the
passband to meet the specifications. The response is compared with the second-order
response showing the steeper roll-off and the higher out-of-band rejection as expected.
Since the TZs location is dependent on the resonant frequencies of the odd-modes,
the filter response is expected to have CABW if designed according to the procedure
presented previously in Chapter 6.
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Fig. 7.3.: (a) Proposed topology for a fourth-order filter with 4 TZs using 4 DM

resonators (b) response of fourth-order filter compared with second-order.
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A. QABS FILTERS TOPOLOGY OPTIMIZATION

This discussion will go over the optimization of the passively-compensated QABS filter
topology presented in Chapter 2. The topology schematic is designed using Advanced
Design Systems (ADS). The topology definitions as well as the optimization setup is
included in the simulation bench.

The topology is designed as shown in Fig. A.1. The resonators are implemented
using parallel RLC resonators. The coupling elements and the through TL are em-
ployed using ABCD chain component which represent the admittance inverter (J
inverter). The circuit is normalized to frequency (i.e. minimum frequency in TR
is 1 Hz). The topology implemented is the equivalent of the passively-compensated
topology. This means there is one coupling element to each resonator with value k7,
and the through line length is 6%. Further details about the topology were discussed
in Chapter 2 and in [13].
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Fig. A.1.: Passively-compensated QABS filter topology implemented in ADS.

The main definitions of the resonators are shown in Fig. A.2. As previously dis-

cussed, the two resonators are detuned in order to achieve the AN. The detuning is
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VAR45 et=180-PX = VAR
ot_THz=180-PX_1Hz

VAR33
Ke=Ke_freq*sqrt(1+r*2+2*r*cos(theta0))

Fig. A.2.: Main topology definitions.

realized using the parameter B, which is used to detune C; and C5. B is dependent
on several parameters as defined in the equation. Using this B definition, the AN is
achieved when possible according to the conditions previously discussed. The param-
eter K.slope defines the rate of external coupling variation with frequency assuming
linear variation. The coupling parameters that are used for optimization are also
shown in Fig. A.2. For frequency dependent parameters, such as coupling and TL
electrical length, the values are defined at 1 Hz. The calculations to obtain the values
for k7, and 65 are shown in Fig. A.2.

The simulation and optimization setup along with measurements equations is
shown in Fig. A.3. The objective for setting up the optimization is find the coupling
parameters that results in minimum ABW variation and maximum AN frequency
range over a certain range. The ABW can be defined to be measured at any attenu-
ation level by changing (N_dB), the one chosen here is the 3-dB ABW.

The optimization goals definitions are shown in Fig. A.4. The first goals sets the
upper and lower limits on the ABW over a certain frequency TR. The second goals

is for obtaining a non-zero real value for B over the TR. By having a non-zero real
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Fig. A.3.: Simulation and optimization setup.

value for B it is guaranteed the AN is obtainable. An optimization example with
TR of 1.5:1 is demonstrated in Fig. A.5. Both the specifications and the results are

shown.
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Fig. A.4.: Details of optimizations goals.
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Fig. A.5.: Optimization example using presented bench.
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B. SELECTIVITY IMPROVEMENT STUDY FOR CABW
HIGH SELECTIVITY FILTER TOPOLOGY

This discussion will investigate the selectivity improvement achievable when using
the CABW BPF topology presented in Chapter 6. The topology under investigation
is shown in Fig. B.1. The goal of this study is to evaluate the achievable selectivity

improvement due to the two additional TZs produced by o1, 0.

Af —feQ_ el

QeeT I 726‘ = QeeZ
Res

Res H
Ki2e~0

Fig. B.1.: Topology for CABW second-order BPF with two TZs.

Qe

The quantity used to evaluate the selectivity is the shape factor (SF) defined as
the ratio between the 20-dB ABW and the 3-dB ABW as shown in (B.1).

BWypap
B W3dB

The main parameter of this study is the separation between the TZs and the

SF =

(B.1)

center frequency |frz — f.|. For each separation value, the topology parameters
(Qees Qeo k12,6, Afe) are optimized in order to achieve lowest value for SF while
maintaining 3-dB ABW = 100 MHz and RL better than 20 dB and TZ attenuation
better than 20 dB. In addition, the study assumes that ), = 300 for all resonant

modes in the topology.
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The final response for each optimization case are overlaid and shown in Fig. B.2.

The responses are also compared with a conventional Chebyshev response with no

TZs.

Frequency (GHz)

Fig. B.2.: Several bandpass filter responses with different TZ locations.

Table B.1 shows the parameters and the results for each optimization case. It can
be observed that the most selective response (minimum SF) is obtained when the
TZs are closest to the center frequency. However, there exists a trade-off between
the SF and the TZ rejection. Moreover, it can deduced from the coupling parameters
values that if the locations of the TZs is further from the passband, stronger external
coupling and smaller inter-resonator coupling is used to optimize the SF. To maintain

ABW and RL, with this trend, the value of Af. is increased resulting in a lower IL.
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Table B.1.: Coupling parameters and achieved selectivity for different TZ locations.

\frz — [l Qe Qo - Afe IL  TZ Attn.
(MHz) (MHz) | (dB) (dB)
65 21.5 41.8 0.041 -21.38 | 0.91 21 1.315
70 21.22 33.46 0.0413 -25.74 | 0.92 23.8 1.35
80 19.93 22.56 0.0405 -35.09 | 0.95 29.2 1.477
90 18.78 17.07 0.04 -42.16 | 0.97 33.4 1.605
100 17.8 13.82 0.0396 -47.2 | 0.98 36.7 1.718
110 16.95 11.52 0.0393 -51.8 | 0.98 39.7 1.83
120 16.23 9.88 0.0391 -55.7 | 0.98 42.3 1.93
130 15.57 8.65 0.039 -58.91 | 0.98 44.6 2.02
inf 31.39 NA 0.0354 0 0.87 NA 3.15
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