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Preface

On August 1, 2006, the senior author of this book, along with Prof. William
Chappell, represented Purdue University in the kickoff meeting of the DARPA
Analog Spectral Processors (ASP) program. In this effort we proposed to demon-
strate, for the first time, miniaturized tunable filters that could be both high
quality and widely tunable. Moreover, they could be implemented with cost-
effective industry-standard manufacturing methods. Up until that time, nearly
all microwave filters of practical importance in reconfigurable systems either
exhibited high quality factors (e.g. static acoustic filters), or wide tuning range (e.g.
lumped-element-based tunable filters), but not both. This effort was successful,
resulted in a DARPA Phase I award for the Purdue team, and was extended to
Phases II, ITI, and an additional seedling effort for Prof. Peroulis.

After the end of this contract, Prof. Peroulis led or co-led more than 20 addi-
tional government and industry tunable filters projects over a period of more than
a dozen years. In each project we explored different aspects of this technology
including, for example, novel synthesis approaches, advanced filter architectures,
micro-mechanical and electronic tuning approaches, optimization methodologies,
temperature and vibration-induced challenges, monitoring, control and feedback
techniques, low-cost manufacturing technologies, and packaging.

Results from all this work have been published in more than 15 PhD disser-
tations from Purdue University and dozens of journal and conference papers.
In this book we have attempted to organize and present the knowledge gained
during these years in an easy-to-follow approach. Our writing style is closer to
that of a coach as our goal is to empower and encourage students and engineers
with nominal knowledge of RF systems and electromagnetics to dive in the
art of designing evanescent-mode devices. This covers basic principles and the
physics of operation, implementation and fabrication techniques, and numerous
applications addressing state-of-the-art problems.

The book chapters are divided into the three parts mentioned above. Chapters 1
and 2 cover the basic theories of filters and evanescent-mode resonators. Various
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Preface

fabrication processes are then discussed in Chapters 3-5. Filtering applications
are discussed in Chapters 6-9, which include advanced design structures. Appli-
cations reaching beyond basic filtering functions are in Chapters 10 (passive) and
11 (active). The limitations of evanescent-mode technologies are addressed with
monitoring and control techniques in Chapter 12. The contents are supported
with numerous visuals that demonstrate simulated and measured performance
of physically built prototypes.

We hope you find this book helpful. We would welcome your suggestions for
improvements or corrections at dperouli@purdue.edu or mabukhater@ieee.org.

West Lafayette, IN Dimitrios Peroulis
August 2025 and
Mohammad Abu Khater
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About the Companion Website

This book is accompanied by a companion website:

. . . S
www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters

This website contains a playlist for 31 videos. The learning objectives are as
follows:

e Lecture 1-20:
Articulate the basic design principles of RF/microwave filters.
Follow the fundamental design principles to design practical RF/microwave
filters.

e Lecture 21-31:
Articulate the basic design principles based on the coupling matrix method.
Follow the coupling matrix method to design advanced RF/microwave filters.
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Background

1.1 Introduction

1.1.1 Filters Necessity

Each component in a wireless chain contributes to increasing at least one of the
following: power consumption, noise, size, or nonlinearity. It is clearly desirable
then to minimize the number of components. Filters are no exception, adding to
the size and cost of the system. Nearly all wireless transceivers contain several
filter types. This is primarily because filters provide indispensable functions to
transceivers. We discuss a few examples below.

Wireless receivers need to accommodate a wide dynamic range of received sig-
nal powers. For example, the required adjacent channel leakage in Long Term
Evolution (LTE) can be as high as —50 dBm (from a nearby user, for example),
while the received signal can be below —100 dBm. To put that into perspective, the
sun is approximately 400,000 times brighter than the full Moon. This translates
to 56 dB difference in brightness. Such a large input range can cause low-noise
amplifiers (LNAs) to become non-linear, which can result in intermodulation or
distortion. Channel filters can help by reducing leakage to a level where the LNA
can operate with acceptable linearity, ensuring proper reception. This is typically
achieved with bandpass fliters (BPFs).

In bidirectional communication systems (e.g., cellular phones), it is desirable
to split transmit and receive frequencies. This allows frequency division multi-
plexing (FDM). Transmitted power is usually much higher than received power.
This can cause numerous problems including saturating or even damaging the
receiver in some applications. We can limit transmitter leakage to the receiver path
by employing diplex filters.

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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1 Background

Power amplifiers in transmitters usually operate in the nonlinear region
to optimize their power efficiency. Nonlinearity at the transmitter can result
in out-of-band emissions, which can violate transmission regulations. Those
emissions can be suppressed using filters.

Although the examples mentioned above are very common, they are not an
exhaustive list. The important role of filters in a communication system cannot
be easily replaced by alternatives. Significant research efforts, however, are inves-
tigating filterless wireless front-ends. This is discussed in the next section.

1.1.2 Alternative Filtering Methods

While tunable and reconfigurable filters have been under development in recent
years, other dynamic spectral isolation technologies have also been, and continue
to be, investigated. The development of these technologies has been driven by
the desire to eliminate filters from RF front-ends. This is particularly important
in applications that demand minimal system size, such as consumer electronics,
where the cost of off-chip filtering is also a major concern. Moreover, there are
high-end applications that require significant isolation, such as the close physical
proximity of airborne radars and satellite communication systems.

We discuss below some of the technologies that have been investigated including
antenna isolation baffles, mixer-first receiver designs, and self-interference cancel-
lation through beamforming.

Tunable antenna isolation baffles have been used to obtain up to 60dB of
narrow-band isolation between co-located antennas and elements of an antenna
array [1]. These devices are physically placed between antennas to shift the phase
of coupling energy so that it destructively interferes at the receive antenna(s). The
phase shift is made tunable through the use of varactors that load the baffles, mak-
ing them resonant near the frequency of interest. In [1], more than 40 dB isolation
was achieved over 10 MHz bandwidths from 3.2 to 3.4 GHz at a variety of scan
angles. Such capability can be very useful to increase the transmit-receive isolation
in microwave systems. However, due to its reliance on destructive interference, it
is difficult to adjust the shape and bandwidth of the high isolation region of the
spectrum that results from this technique. Therefore, such a concept could provide
valuable supplemental isolation to a reconfigurable filter in diplexing applications,
but it remains to be shown that it could replace filtering completely.

Mixer-first receiver designs, that do not require RF filtering to operate in
some environments, are also under active development [2-6]. These receivers
use the impedance-transformation property of passive mixers to implement
high-quality-factor filtering by transforming low-quality-factor baseband
impedances to RF. Such designs chop a cycle of the clock into multiple pieces
with non-overlapping pulses and have distinct advantages over tunable and
reconfigurable filters. For example, the center frequency of the passband response
is directly controlled by a clock frequency, which is easier to manage than most
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1.2 Filter Anatomy and Representation

tunable resonators. In addition, the structures are implemented with switches
and capacitors only, enabling them to be linear and designed in integrated circuit
technology. Ideally, since no DC current passes through the switches, flicker noise
is not a concern. However, receivers that implement mixer-first designs also have
some limitations. First, many circuit parameters and performance metrics that
are tied to them are in direct competition with each other. Some of these trade-offs
are similar to those of classical filters, such as bandwidth versus insertion loss (IL)
and selectivity versus noise figure. An increase in selectivity can reduce the level
of stopband rejection or decrease the bandwidth over which the system’s antenna
can be instantaneously impedance matched, as their parameters are linked [7].
In classical filters, stopband rejection is often limited by adjacent coupling paths
and is less dependent on selectivity. In addition, there is a theoretical advantage
to chopping a clock cycle into numerous short pulses. However, generating
multiple non-overlapping pulses that are fractions of the clock frequency is
difficult at high frequencies. With current technologies, these systems show
excellent performance below 1 GHz and tend to degrade at higher frequencies.
Nevertheless, mixer-first designs show great promise for filterless operation in
some environments and as isolation supplements to reconfigurable filters.

Near field cancellation at receive antenna locations through beamforming
has also been recently investigated as a method for increasing isolation between
microwave systems. In these systems, antenna excitations are synthesized so
that desired far field radiation patterns are maintained while near field patterns
destructively interfere at the location of receive antennas. In [8], more than
50 dB isolation improvement was achieved over a 15 MHz bandwidth from 3.1 to
3.6 GHz using beamforming techniques. However, these techniques are limited
to narrow bandwidths and require multiple transmit antennas, which may not be
possible to implement in some systems.

The techniques discussed above, and others like them, add valuable isolation
capability to microwave systems. Nonetheless, their bandwidth limitations, linked
parameters and specifications, difficulty/cost in implementation, and/or require-
ment for multiple antennas or circuit paths lead to capability levels that cannot
replace conventional filtering in many applications. While these techniques are
important options for supplementing filter technology, reconfigurable filters will
likely remain an integral part of dynamic systems, particularly in high-interference
environments for the foreseeable future.

1.2 Filter Anatomy and Representation

1.2.1 The Basic Coupling Matrix (M Matrix)

In the early days of filter synthesis (1920s-1970s), nearly all techniques involved
the extraction of electrical elements (lumped capacitors and inductors, as well as

5
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1 Background

transmission line lengths) from the polynomials that represented the filter’s elec-
trical performance [9]. This method was adequate for the technologies and synthe-
sis demands of the era, but it involved element-by-element extraction of the circuit
network and in many cases demanded starting designing from the beginning when
a characteristic of the network needed to be changed. As communication systems
became more advanced and prolific, new filter synthesis techniques were devel-
oped in order to aid designers in meeting increasingly difficult specifications that
included innovations like transmission zeros at designed frequencies and group
delay equalization across the passband of bandpass filters. One of these advanced
filter synthesis methods was developed in 1974 by Atia and Williams [10] to help
design filters with challenging specifications associated with satellite communi-
cations. The coupling matrix provides a one-to-one correspondence between its
elements and the physical resonators and coupling structures of the filter. Thisis a
significant advancement beyond element-by-element extraction because it allows
direct modeling of both the resonators (elements) of a filter and all of their cou-
plings, thus enabling faster synthesis of advanced filtering functions. Cameron
later developed general techniques to synthesize and generate the coupling matrix
in an efficient fashion. This was performed in the low-pass domain, where dif-
ferent topologies may be conveniently obtained using similarity transformations
[11, 12].

While the original coupling matrix assumes lossless, dispersion-free, syn-
chronously tuned resonators, and frequency-independent coupling elements,
practical considerations can be added to different elements of the coupling
matrix. Of particular interest is the ability to analyze and synthesize filters with
asynchronously-tuned resonators, or resonators that are individually tuned to
different frequencies. This can result in lower complexity and/or cost in tunable
filters.

The coupling matrix is a mathematical representation of the relative strengths
of coupling between the resonators or elements of a filter. It can be derived
from the voltage and current relationships between the elements of a generic
equivalent circuit representation of the filter network. Such a generic equivalent
circuit representation can be seen in Figure 1.1. The circuit is driven by an
open-circuit voltage source vg with a source resistance of Ry and terminated
by a load resistance R;. Individual resonators are composed of 1 Henry (H)
inductors and 1 Farad (F) capacitors, producing a normalized resonant fre-
quency of 1radian/second (rad/s). The current in each resonator is labeled
as i,, where n denotes the resonator number. The resonators are coupled to
each other, and each coupling is denoted as M, where m and n denote res-

m,n’

onator numbers. These couplings are set such that the bandwidth of the filter
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1.2 Filter Anatomy and Representation
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Figure 1.1 Equivalent circuit model of series- and cross-coupled resonators and marked
coupling (M) values.

is set to a normalized range from —1rad/s to 1rad/s and are assumed to be
frequency-independent.

The voltage-current relationship in and between the ports and resonators of
the network shown in Figure 1.1 can be expressed in matrix form as shown in
equation (1.1),

Vg Rs JMs, JMsy JMg;, ig
of |Ms i(e-2) o My My ||
=] ... 1.1)
0 JMys My, e (CU - é) JMy iy
(M JMp, -e My Ry i

where j(w — i) is the bandpass transformation with center frequency and band-
width normalized to 1 [13]. The voltage-current relationship in equation (1.1) can
be written in simplified form as

v:Zi:(j(w—$>U+R+jM>i (1.2)

where v is the vector matrix on the left-hand side of equation (1.1), U is the identity
matrix except that Ug g and Uy ; are equal to zero, and i, R, and M are
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iS
il
i=|: (1.3)
iN
iL
Rs0..0 0
00..00
R=|: i~ (1.4)
00..00
00..0R,

0 Mg ... Mg, My
My 0 ..M,y M,
M=| .. .. =~ .. .. 1.5)
Myg My, ... 0 My,
Mg My, ... M;y O
respectively. The M matrix in equation (1.5) is called the coupling matrix, and it
can be used to completely specify the narrow-band behavior of a filter network,
assuming it is composed of synchronously-tuned similar resonators. Here, similar
resonators are resonators with the same quality factors, coupling structures, and
characteristic impedances. The coupling matrix is a mathematical representation
of the coupling values between each of the similar resonators.
It should be noted here that the transmission coefficient (S,;) can be extracted
from the coupling matrix as

S,1(8) = 2R +5U + M), (1.6)

where s is the complex frequency. The coupling values are then extracted by equat-
ing the numerator and denominator polynomials, such that the desired response
(e.g., Chebyshev) is achieved.

Similarly, the value of the reflection coefficient (S;;) can be calculated from

S;1(8) =1 -2R +sU+ M)} 1.7

This can be used to find S;; once the values of the coupling matrix are found.

1.2.2 Coupling-Routing Diagrams

To aid in visualization of the mathematical coupling matrix representation of a
given filter, it is common to draw coupling-routing diagrams. Coupling-routing
diagrams are a visual representation of the nodes in the circuit that are coupled to
each other, along with the relative signs of their coupling values. Nodes of a filter

@5UB01 7 SUOWILIOD A8 3|cealjdde ay) Aq peusenob ae sapie YO ‘s Jo Sa|nJ 1oy Aiq1 auluQ AS|IM UO (SUONIPUOI-pU-SWBIAL0D AB | IM A eq 1 U |uo//sdi) SUORIPUOD pue SWiB | 8Ly 88S *[SZ0z/0T/2T] uo ARiqiauluQ Aa|IM * AiseAIuN 30U 1S 79 YieaH uobalQ - yuno( xafe Aq /1op/wod A8 1m Aselqipuljuo//sdiy wolj papeojumoq



1.2 Filter Anatomy and Representation

network are the ports, resonators, and non-resonant nodes of the circuit. Relative
signs of coupling values and non-resonant nodes are described further in subsec-
tions below.

An example of a coupling-routing diagram for a common two-pole
series-coupled bandpass filter topology can be seen in Figure 1.2. Such a
filter topology can produce a variety of filter responses depending on the coupling
values, including Butterworth and Chebychev filter responses. Note that in
Figure 1.2, as will be the case in the remainder of this book, the ports of the
filter are represented by white circles. Here, S represents the source port, and L
represents the load port. It is common to replace S and L with 0 and N + 1, where
N is the number of resonators in the filter network. Resonators in Figure 1.2 are
represented by black circles and are numbered sequentially. Coupling between
ports and resonators is represented by solid black lines as all coupling values in
this topology are positive. Negative coupling is described in a subsection below.
Note that the basic operation of the circuit can be intuitively understood from
the coupling-routing diagram. For example, in Figure 1.2, a signal starts at the
source (S) port. It progresses to resonator 1, which is a series-coupled resonator.
A series-coupled resonator is a short circuit at resonance and an open circuit off
resonance. Therefore, a signal at the resonant frequency of the resonators pro-
gresses through the circuit, while signals at frequencies away from the resonant
frequency are reflected back to the source port of the network. This creates a
bandpass response, and the specific characteristics of the bandpass response are
determined by the coupling (M) values.

Similar to Figure 1.2, Figure 1.3 shows the coupling-routing diagram for a com-
mon two-pole shunt-coupled bandstop filter (BSF) topology. Note that while label-
ing and nomenclature are the same for both Figure 1.2 and Figure 1.3, Figure 1.3
represents a different frequency response. There is no direct path between the
resonators anymore, and a direct path between the source and load ports of the
network was added. Therefore, an input signal at the resonant frequency of the res-
onators is reflected back to the source due to the resonators in the shunt configura-
tion. Conversely, an input signal at a frequency away from the resonant frequency
passes directly from the source to the load, ideally unchanged except for a poten-
tial phase shift. Most, if not all, of more complicated resonator-based filters can

Figure 1.2 Coupling-routing diagram for a common Mg, My, My
2-pole series-coupled bandpass filter topology. ’ ' ’

Figure 1.3 Coupling-routing diagram for a common Mg
2-pole shunt-coupled bandstop filter topology. y
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be represented with coupling-routing diagrams by adding more resonators to the
networks shown in Figures 1.2 and 1.3 along with potentially further slight modi-
fications. Therefore, the coupling matrix and coupling-routing diagram provide a
mathematically rigorous and intuitive understanding of a narrow-band filter. Due
to their complementary nature, one is almost always shown alongside the other.

1.2.3 Additions to the Coupling Matrix for Synthesis of Advanced
and Practical Filter Responses

This section is adopted from [168]. While there are expansive tomes and dozens
of scholarly articles on useful modifications to the coupling matrix [14, 15], here
we focus on four specific additions that are pertinent to the work described in
the later chapters of this book. These four additions are positive and negative
coupling values, finite resonator quality factors, resonator frequency tuning, and
non-resonating nodes. As we will see, these additions enable advanced filtering
functions with transmission zeros, accurate estimation of loss and band-edge
sharpness, using the off-resonance reactance of a resonator, and accurate repre-
sentation of resonators that are coupled through multiple coupling structures or
over long electrical phase lengths.

1.2.3.1 Positive and Negative Coupling Values

Positive and negative coupling values refer to the relative insertion phase
difference between various coupling values. Because of the narrow-band,
dispersion-free approximation that is made when using the M matrix method
of filter synthesis, all coupling values are assumed to have either —90 electrical
degrees or +90 electrical degrees insertion phase. Except in the case of acoustic or
other types of non-electrical resonators, all coupling is achieved through magnetic
(inductive) or electric (capacitive) fields, or a combination of both. One field type
is arbitrarily assigned to a positive coupling, and the other is arbitrarily assigned to
negative coupling. If only one of either electric or magnetic field coupling is used
in a filter design, that type of coupling is often assigned to be a positive coupling
by convention. For example, a Butterworth response filter, represented by a single
coupling matrix, can be implemented in two ways: with all electric field coupling
or all magnetic field coupling. While the coupling matrix and coupling-routing
diagram are the same for both cases, the out-of-band and tuning characteristics of
both filters are different. This is a limitation of the basic coupling matrix method;
it does not characterize behavior away from the center frequency of the filter very
accurately. When both coupling types are present in a filter design, as shown in the
elliptic filter coupling matrix and frequency response in Figure 1.4 and equation
(1.8) [16], it is the designer’s choice whether to assign positive coupling to either
electric or magnetic field coupling. The transmission zeros seen in the response in
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1.2 Filter Anatomy and Representation

Figure 1.4 Frequency

response of a 4-pole 0
elliptic bandpass filter

with transmission zeros at

+1.7rad/s and 30dB ~10-

equi-ripple return loss. @
7z 204
3
[}
g
5 304
[=W
)
-40+
—50 T T T T o T T T A T T T v T ¥ T ¥ T ¥
-5 -3 -2 -1 0 1 2 3 4 5

Normalized frequency (rad/s)

Figure 1.4 are a result of having paths between the source and load ports of the filter
utilizing both positive and negative couplings. When these two paths converge
at the load port, destructive interference results at the frequency or frequencies
where these paths are 180° out of phase, creating the transmission zero(s).

Often, if all electric field coupling values are changed to magnetic field coupling
values and all magnetic field coupling values are changed to electric field cou-
pling values, the filter will have the same narrow-band response around its center
frequency but different characteristics out of band. In a mixed-coupling topology
with both electric and magnetic field couplings, it is common to assign positive
coupling values to magnetic field coupling. This convention will be adopted for
the remainder of this book.

0 127 0 0 0 0
1.27 0 0763 0 -0.143 0
. .61
0 0763 0 0617 O 0 (1.8)
0 0617 0 0763 O
-0143 0 0.763 0 1.027
0

0 0 0  1.027

oS © o

1.2.3.2 Finite Resonator Quality Factors

The basic M matrix filter synthesis method assumes lossless resonators. In any
real filter implementation, the resonators will have loss that will affect the inser-
tion loss of the filter and the sharpness of its band edges (Figure 1.5). Additionally,
in some filter architectures such as absorptive bandstop filters [17], the unloaded
quality factor (Q,) is a design parameter that must be considered. In order to model
these effects and filter topologies accurately, Q, must be added to the M matrix.

11
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Transmission (dB)

45+ T T T - - = T —
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T I I T T ] ] ]

Frequency (GHz)

Figure 1.5 The transmission performance of a filter with a 25 MHz bandwidth and a
center frequency of 6 GHz as a function of four different unloaded quality factor values.

It is important to note that Q,-related effects also frequently have a connection
to the bandwidth of a filter. For example, a 2% fractional bandwidth n-pole filter
with a given resonator Q, will have significantly more insertion loss than a 10%
fractional bandwidth n-pole filter with the same resonator Q,. However, the M
matrix filter synthesis method is normalized such that the filter response is cen-
tered at zero rad/s with a bandwidth from —1rad/s to 1rad/s. The filter response
is scaled at the desired center frequency and bandwidth after the synthesis pro-
cedure is complete. In order to account for the Q,-bandwidth relationship during
the synthesis procedure, terms are added to the M matrix that depend on both Q,,
and the fractional bandwidth (FBW) of a filter. For a four-pole series-coupled res-
onator bandpass filter topology with a finite quality factor, the M matrix can be
written as:

[0 M, 0 0 0 0
-
My —~—— M 0 0 0
01 Qu FBW 1.2
-
0 M, —— My, 0 0
M = Q, FBW _j (1.9)
0 0 My, ——— M, O
Q, FBW :
—J
0 0 0 M
34 Qu FBW 01
| 0 0 0 0 My 0
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1.2 Filter Anatomy and Representation

where ;{;}W takes the Q, and FBW into account. Finite Q, responses can be syn-

thesizeduusing this term.

1.2.3.3 Resonator Frequency Tuning

Of particular interest to the work shown later in this book is the ability to
synthesize filter responses composed of resonators that are tuned asynchronously,
or tuned to different frequencies. Similar to how the finite quality factor was
added to the M matrix in equation (1.9), asynchronous tuning can be added to the
M matrix synthesis procedure using the self-coupling terms (Myy). A four-pole
series-coupled resonator bandpass filter topology with asynchronous resonator
tuning has an M matrix of the form:

0 0

M= 0 MIZ M22 M23 0 (1'10)
0 0 M23 M33 M34
0 0 0 My M, M,
0 0 0 0 M, 0

Consequently, the actual frequency, due to the self-tuning frequency shift, is
given by [18]

M, x FBW\?> M, x FBW
fi=h{y1+ 3 - 5 (1.11)

where f; is the ith resonator frequency, f, is the nominal center frequency of the
design, M;; is the self-coupling coefficient of the ith resonator. For the general case
where M;; = 0, the resonant frequency is at f;,.

It is important to note that the self-coupling terms (M) in equation (1.10) are
real numbers, whereas in equation (1.9) the self-coupling terms are imaginary.
A real self-coupling term denotes frequency tuning of a specific resonator away
from the center frequency of the filter response, while an imaginary self-coupling
term denotes loss in a particular resonator. Note that the M matrix is multiplied
by a factor of j in equation (1.2), reversing the real and imaginary roles of the
self-coupling terms in the final voltage-current relationship in line with standard
frequency domain analysis. The self-coupling terms can have both a real and imag-
inary parts (complex) to model both finite Q, and asynchronous tuning at the same
time.

1.2.3.4 Non-Resonating Nodes

Because the M matrix filter synthesis method is a narrow-band approximation, all
coupling values have a phase shift of exactly +90°. However, in some filter net-
works, there are coupling sections or transmission lines that have a phase shift
that is an integer multiple of +£90° as well as coupling sections or transmission

13
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lines that have a phase shift that is not an integer multiple of +90°. Non-resonating
nodes are used to model coupling sections or transmission lines that have a phase
shift that is an integer multiple of +£90°. Coupling sections and transmission lines
that have a phase shift that is not an integer multiple of +90° cannot be modeled
by the M matrix synthesis method alone. Separate and hybrid analysis methods
have been developed to address this situation [19]. One separate and one hybrid
method are discussed later in this book.

In this book, non-resonating nodes are used primarily in similar-resonator
bandstop filters. To understand why they are needed, consider the four-pole
lumped element bandstop filter shown in Figure 1.6(a). The filter shown in
Figure 1.6(a) is shown in a completely lumped topology, but it has two resonator
types. Often, it is most practical for all resonators in a filter to be of the same
type. Therefore, it is common to transform the circuit to one with similar
resonators using an impedance inverter, which can be implemented using a
90°-transmission line. The resultant topology is shown in Figure 1.6(b). Note that
there are three connected 90°-transmission lines that could be viewed as a single
270°-transmission line. In the coupling-routing diagrams of Figures 1.2 and 1.3,
coupling values can only span ports and resonators. However, since coupling
values in the M matrix method can only have an insertion phase of +90°, there is
no way to represent three 90°transmission lines in series or a 270°-transmission
line. While a —90°-transmission line would have the correct insertion phase, the

(D000 —T—— 0000}

(a)

(
L L b L

(b)

Figure 1.6 Lumped element bandstop filters. (@) Completely lumped with dissimilar
resonators. (b) Lumped element, similar resonators separated by 90°-transmission lines.
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1.2 Filter Anatomy and Representation | 15

Figure 1.7 Coupling-routing diagram for the filter
topology shown in Figure 1.6(b). NRN =
non-resonating node.

topology of the circuit would not be upheld as the four resonators in Figure 1.6(b)
are not connected to the same points in the circuit. Non-resonating nodes fill this
need. The coupling-routing diagram for the filter topology in Figure 1.6(b) can
be seen in Figure 1.7. The non-resonating nodes (NRNs) allow a node for the
connection of a 90°-coupling element. The corresponding coupling matrix would
have eight rows and eight columns. However, the U matrix from equation (1.2)
is no longer the identity matrix with Ug ¢ and U; ; equal to zero when NRNs are
used. Instead of producing a frequency-dependent term in each non-port row as
before (j(w — j—))) in equation (1.2), the values in the U matrix corresponding to
the rows of the NRNs must be changed to zeros as in equation (1.2) where the
NRNs are given element numbers (2,2) and (4,4). Note that the NRNs can be
given any diagonal element number in the U matrix as long as coupling values
in the associated M matrix correspond to the chosen diagonal element numbers.
The corresponding M matrix for equation (1.12) can be seen in equation (1.13),
where the source is node 0, the load is node 7, and the NRNs are nodes a and b.
The lack of a resonance term in the chosen diagonal element numbers gives rise
to the name “non-resonating node”.

0000000 O]
01000000
00000000
U=00010000 (1.12)
00000000
00000100
00000010

00000000

0 MyM, 0 0 0 0 O
My M, 0 0 0 0 0 0
My, 0 0 Mjy,M, O 0 O
M| 0 0 MyM, 0 0 0 0 (L13)
0 0 My, 0 0 M, 0 M,
0 0 0 0 MyMg, 0 O
0 0 0 0 0 0 MyM,
0 0 0 0 M, 0 M, O |

The coupling values extraction shown in equation (1.6) is still valid here. The
matrix indices used, however, should accommodate the presence of the NRN.
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Namely, the indices should be (N + NRN + 2),1, where N + NRN is the number
of the resonators plus the number of non-resonating nodes.

1.2.3.5 Complex Impedance Loads

The coupling coefficients among nodes for an extended coupling matrix (including
the additions above) are shown in Figure 1.8. It can be shown that the impedance
seen from the left-hand side of the NRN looking into the load node is

7 = 1;1—£BL (1.14)
LL

where Bygy =0, and M;; represents the coupling coefficient between the load

node and the NRN. From equation (1.14), we can see that the resistance depends

only on M;,, while both M;; and B; determine the reactance of the complex

impedance.

The values of Rg and R; are equal to 1 in equation (1.4), meaning the network
system is normalized to 1 Q. However, the complex source impedance is consid-
ered and embedded in the extended coupling matrix.

M;; and B; can be used to control the impedance value according to equation
(1.14). M;; multiplies the numerators of the transmission coefficients by j since
M, provides a |90°| phase shift for S,;. The characteristic polynomials need to be
modified as

P'(S) = +jP(SM?,
F'(S) = F(S)M?, (1.15)
E'(S) = E(SM?,
where the positive sign corresponds to M;; < 0 and the negative sign corresponds
to M;; > 0. The transmission and reflection coefficients are now given by

P'(S) F'(S)

5,08 = ==, S;S) ===

21(5) S 1) )
Itisshown in (1.15) and (1.16) that although the coefficients of the characteristic
polynomials are scaled, the magnitudes of S,; and S;; are not affected. Further-

more, the effect of M;; cancels itself in the extended coupling matrix.

(1.16)

MsL
| Msl'| JJMII | |Mm
R,=% ;i :: = S T
1@ | _[iBs jg[ ‘IF jBiL,

Complex load

Figure 1.8 Multi-coupled resonator network includes a complex load impedance in an
extended (n+ 3) x (n+ 3) coupling matrix. Not all the coupling coefficients are shown.
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1.2 Filter Anatomy and Representation

In conclusion, the main advantages of this approach are

1. Separating the load and the filter using an NRN. The external coupling, M,;,
is unaffected when a complex impedance is inserted into an extended coupling
matrix.

2. The characteristic functions are modified by a real number, MfL.

. The coefficient of the highest degree term of E(S) is independent of B, .

4. The port resistances are maintained to be 1 2, meaning the complex impedance
is incorporated into a 1 Q system.

5. An analytical solution that reduces complexity in the design process as well as
the out-of-band interaction can be accurately described due to the prescribed
filter response.

w

The design procedure is then summarized as follows. With a predetermined
complex load, M;; and B, can be calculated using equation (1.14). The charac-
teristic polynomials should be modified by the known M;; according to equation
(1.15). Then the rest of the filter design parameters (coupling coefficients) in
the extended coupling matrix can be derived using the well-known processes
[14, 15, 20].

Example 1.1 Complex Source Impedance

To better explain this theory, we include two illustrative examples. First, we will
show that the transmission and reflection coefficients derived from the method-
ology in this section of a 20 dB return loss second-order Chebyshev BPF with 1
Q source and load impedances are the same as the ones derived from the tradi-
tional (n + 2) X (n + 2) coupling matrix. Indeed, for n = 2, the traditional coupling
matrix is

0 12247 O 0
12247 0 1.6583 0
M=| 0 1658 0 1.2247], 1.17)
0 0 12247 0O
which yields
o - j4.9745
217 4.9996 + 2.9998S + S2 (118)
6 0.5003 + S '
1™ 49996 + 2.9998S + S2

Similarly, for n = 2, the extended coupling matrix (including the non-resonating
node), for source and load impedances of 1 Q, is

17
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0 1 0 0 0
1 0 12247 0 0
Mo|01:2247 0 16583 0 (1.19)
0 0 1658 0 1.2247
0 0 0 12247 0
which yields
4.9745
Sn = 4.9996 + 2.9998S + S2 (1.20)
s - 0.5003 + S '
1™ 4.9996 + 2.9998S + S2

Equations (1.18) and (1.20) show the same magnitude frequency responses and
validate equations (1.15) and (1.16).

An additional step illustrates the process of designing such a complex source
impedance filter, where an arbitrary normalized complex source of 0.87 + j2.28 Q
is chosen. This complex source corresponds to M, ; and B; of 1.07211 and 2.62069,
respectively. In Figure 1.9, a skewed filter response is shown where a traditional
Chebyshev BPF with 20 dB return loss (1 Q system filter) is directly connected to
this complex impedance using an extended coupling matrix. A non-traditional fil-
ter is needed to match this normalized complex source impedance to 1 Q and to
maintain the filter response. Following the extended coupling matrix design pro-
cedure we first derive the conventional characteristic polynomials P(S), F(S), and
E(S) of the second-order Chebyshev BPF with 20 dB return loss. These polyno-
mials are then modified according to equation (1.16) to produce P'(S), F'(S), and

Figure 1.9 S-parameters

01 \S response when a Chebyshev
1 BPF with 20dB return loss is
\521 directly connected to a
204 normalized complex source of
@ (EM] = 0.87 +j2.28 Q.
- 0 12247 0 0 0 ]
4 40 12247 0 16583 0 0 |
g= 0 16583 0 12247 0
0 0 12247 [ 0 1.0721
0 0 0 |L0721 2.6207
—60+ Normalized complex load of
0.87 +j2.28Q
-8 -4 0 4 8

Normalized frequency
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1.2 Filter Anatomy and Representation

E'(S). The S-parameters are then given by

B j4.9745 x (—j1.07211?)
(4.9996 + 2.9998S + S2) x 1.072112

S, (1.21)

and
_ (0.5003 + S?) x (1.07211?)
(4.9996 + 2.9998S + S2) x (1.072112)'

The remaining coupling coefficients in the extended coupling matrix can be
found as

» (1.22)

262060 1.07211 0 0 0o |
107211 0 1313015 0 0
M| 0 1313015393075 16583 0 | (123)
0 0 16583 0 1.2247
0 0 0 12247 0

The filter responses created by the traditional coupling matrix in equation (1.17),
and the extended coupling matrix in equation (1.23), are as seen in Figure 1.10
with the solid and dashed lines, respectively. The traditional matrix is connected

19

04
_20 = [M] =
0 1.2247 0 0 ﬂ
1| 1.2247 0 1.658 0 \ S21
a 0 1.658 0 1.2247 Sl 1
<) —404 0 0 1.2247 0
S
- Normalized complex source of 0.87 + j2.28Q
d 60
062060 107211 0 0 0 S from [M]
] 1.07211 0 1313015 0 0 —— S from
M=1] 0 1313015 -393075 1658 0 21 (M]
0 0 1.6583 0 12047 weee. 8| from [EM]
—80 0 0 0 12247 0
= === 5, from [EM]
T T T T T T T T T
24 20 -16 -12 -8 -4 0 4 8 12

Normalized frequency

Figure 1.10 Comparison of filter responses of [M] with a matched source/load and with
a normalized complex source of 0.87 + j2.28 Q for a 20 dB return loss Chebyshev BPF.
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to 1 Q on both sides while the extended coupling matrix represents the filter with
termination ports of 0.87 +j2.28 Q on the source side and 1 Q on the load. The fact
that these two traces overlap means that by using the extended coupling matrix, we
can design a filter to connect to a complex impedance while maintaining the spec-
ified filter response by increasing the external coupling coefficient on the source
side from 1.2247 to 1.313015 and detuning the first resonator to —3.93075 in this
example.

We would like to note again that this method relies on frequency-invariant reac-
tive elements. As a result, it is narrow-band approximation. A complex load filter
bandwidth depends on the relation of the load impedance slope, %ZL(a)), and
the FBW. In other words, if the complex load impedance remains relatively con-
stant within the filter’s FBW, then the proposed methodology can be applied and
will likely yield a practically useful network [21-24]. Combining the techniques
described above, a BPF-Bandstop Filter (BSF) cascade can provide good perfor-
mance in terms of independently tuning the passband and stopband and maxi-
mum flexibility of dynamically relocating the transmission zeros to increase the
selectivity of the passband and tune the bandwidth.

1.3 Tunable Resonators in Filters

The theories presented previously are initially based on lumped element res-
onators, as shown in Figure 1.1. Nonetheless, they are applicable to many
practically-important resonators. While LC resonators are compact and low-cost,
they typically have a low quality factor (Q, <~ 200) compared to distributed
elements, which translates to higher insertion loss. Also, due to parasitic inductors
in capacitors, and parasitic capacitors in inductors, lumped elements are limited
in operation to well below their self-resonant frequency, which is usually within
1-10 GHz.

Apart from Q, and tuning range, there are other system requirements that a
tunable filter may need to meet. These requirements can include,

Power handling

Power consumption

Tuning speed

Linearity

Size, weight, volume

Cost, compatibility with low-cost electronics (for example, CMOS)
Reference impedance (50 )

Analog or digital tuning

Immunity to vibration, shock, temperature, noise on tuning voltage

O 0N o kW
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1.3 Tunable Resonators in Filters

Numerous alternative technologies exist to build resonators with high-Q, at
high frequencies. Below are a few of the most common tunable resonators.

1.3.1 Planar Tunable Resonators

RF/Microwave filters based on planar resonators, such as microstrip, stripline, and
coplanar waveguide (CPW) resonators, are widely used in wireless communica-
tion systems due to their simple structure and low cost in high-volume manufac-
turing. Tunable resonators can be made by loading them with tuning elements to
change their effective electrical lengths. Figure 1.11 shows several filter architec-
tures using planar tunable resonators. The “diode” symbol represents a general
tuning element, which can be implemented with a variety of technologies, such
as semiconductor varactors, ferroelectric varactors, RF micro-electromechanical
systems (MEMS) switches/varactors, etc.

Semiconductor varactors, including PIN diodes and GaAs Schottky diodes, are
popular tuning elements because of their availability, low price, and high tuning
range. The very fast response time (nanosecond range) of semiconductor varactors
is another big advantage where high tuning speed is required. Many planar tun-
able filters have been demonstrated with semiconductor varactors [25, 26]. The
major disadvantages of semiconductor varactors are their low Q, (<150), limited
linearity, and low power handling.

RF MEMS is another promising candidate for making tuning elements in pla-
nar resonators. Due to their high Q, and simple biasing requirement, RF MEMS

A ke Al AL

i S Ll ol AL AL
—_— -
o e— o KH——
o] H— - H -
o H— -
— T TT by A .
(a) (b) (© (d)

L
whecde -
[ e e
-l l- 'I L K]JL
L misl o ’ A
() ® €3] (h)
Figure 1.11 Planar tunable filter architectures (adapted from [27]): (@) Combline; (b)
Hairpin; (c) Modified Hairpin; (d) Edge-coupled; (e) Step impedance; (f) Spur line; (g) Ring

resonators; (h) Cascade Q resonators. The “diode” symbol represents a general tuning
element, which can be implemented with a variety of other techniques.
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varactors make it possible to design more complex tunable filters with lower loss.
Many RF MEMS enabled tunable filters have been demonstrated in the literature
[28-30]. Excellent tuning performances have been achieved over wide frequency
ranges. However, the Q,, of planar resonators is generally still less than 400.

Ferroelectric materials, such as Barium Strontium Titanate (BST), can also be
used to make varactor at RF/microwave frequencies [31-34]. The permittivity of
the ferroelectric materials can be tuned with an externally applied electric field.
Therefore, voltage tunable capacitors can be readily made by sandwiching a thin
film of ferroelectric material between two mettalic electrodes. Material loss is a
particular problem for ferroelectric varactors. Although a lot of effort has been
spent on perfecting the deposition and fabrication processes, this type of varactor
still suffers from a relatively low Q, (50-100 at 1-10 GHz). Temperature sensitivity
is also a known issue for ferroelectric varactors.

In general, planar tunable resonators are well suited for low-cost RF/microwave
systems that require broad frequency coverage with Q,, of generally less than 250.
The insertion loss of these tunable filters is primarily limited by either the low
Q,, of the varactors or the low Q, of the resonators themselves. In order to make
even lower loss tunable filters, intrinsically high-Q,, resonators need to be used
for making tunable filters.

1.3.2 Ferrimagnetic Tunable Resonators

Many practical tunable filters are based on ferrimagnetic resonators, such as the
Yttrium-Iron-Garnet (YIG) crystal. YIG tunable filters find wide applications in
test equipment and base stations for cellular networks. The resonant frequency of
a YIG resonator can be tuned higher by increasing the external magnetic field. YIG
tunable filters offer a multi-octave tuning range (e.g., 2-18 GHz) and very high Q,
(200-1000 at 2-10 GHz). One disadvantage of the YIG filters is their large power
consumption (0.75-3 W) needed to generate the external magnetic field and to
maintain a constant temperature. It is, in general, difficult to integrate YIG filters
in portable wireless devices where size and battery life are critical concerns.

1.3.3 Evanescent-Mode 3-D Tunable Resonators

Tunable evanescent mode resonators, such as those discussed in this book are
known for their high-quality factors (>500-1000), wide tuning ranges (>2:1 up
to >3:1), linearity (IIP3 > 50 dBm), and power handling (>10-100+ W depending
on the design and actuators). Moreover, as shown in this book, multiple architec-
tures exist to synthesize complex transfer functions with tunable evanescent-mode
resonators. Their implantation, however, requires a fabrication technology that
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1.3 Tunable Resonators in Filters

permits substrate-integrated waveguides and their associated tuners (mechanical
or electronic).

The following bullet points concisely summarize the advantages and drawbacks
of tunable evanescent-mode resonators and compare them with planar tunable
resonators.

Tunable Evanescent-Mode Resonators:

e Size: These resonators are generally compact due to their resonator design,
which is beneficial for space-constrained applications. However, they require a
process that enables substrate integrated waveguides with appropriate tuning
elements.

o Loss: They exhibit low insertion loss, particularly in narrow-band applications,
which is crucial for maintaining signal integrity.

o Linearity: Mechanical tuning contributes to better linearity, making them ideal
for high-performance RF systems where signal quality is paramount.

o Power handling: Their 2.5D nature and associated tuning elements provide
greater design flexibility when high power handling is needed.

o Tuning speed: Tuning speed depends on the employed tuning elements. Faster
tuning speeds often require solid-state components that may limit other loss or
linearity of the filter.

Planar Tunable Resonators:

e Size: Planar resonators tend to be compact and they offer ease of integration
with other planar components.

o Loss: They tend to have higher insertion loss compared to evanescent-mode
filters.

o Linearity: They tend to be lower in linearity, particularly when solid-state tun-
ing elements are employed.

o Power handling: Power handling is limited by the 2D nature and tuning ele-
ments of the resonator.

o Tuning speed: The same above-mentioned considerations apply here.

Overall, tunable evanescent-mode resonators tend to excel in performance and
design flexibility, making them suitable for high-performance RF applications
where signal quality cannot be compromised. Tunable planar resonators offer
greater ease of integration and lower complexity, which can be advantageous in
certain systems. Both types of resonators play pivotal roles in the evolution of
wireless communication technologies.

Table 1.1 summarizes the performance measures of available tunable resonator
technologies in general. Evanescent-mode resonators show a feasible compromise
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Table 1.1 Performance comparison between tunable resonator technologies.

Evanescent-
Technology Active Ferrimagnetic Ferroelectric Microstrip  mode
Size Sub-mm 10 s cm? mm-cm mm-cm mm to cm
Quality Low (1-50) Very High Low (105s) Medium High
factor (100-1000) (10-400) (500-1000)
Power con- ~mW 1to10W ~0 ~0 ~0
sumption
Power Low (mW) High (10s W) Medium Medium High
handling (<1W) (<10W) (10-100+ W)
Maximum 10s GHz 10s GHz <3GHz <10GHz >100 GHz
Operating
Frequency
Frequency > octave > octave 20-30% 20-30% > octave
tunability

between size, Q,, power, and tunability. They are also relatively low-cost to pro-
duce. These features, along with their versatility in coupling types for complex fil-
ter structures, make them ideal for advanced reconfigurable filters serving numer-
ous practical applications.

For the remainder of this book, the principle of operation, fabrication technolo-
gies, and design procedures of evanescent-mode resonators are discussed in detail.
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Evanescent-Mode Resonators

2.1 Physical Structure

Traditional cavity resonators are briefly discussed first as an introduction to
evanescent-mode resonators.

A cavity resonator can be formed when a conductive sheet (e.g., copper)
forms the surface of a cuboid. The minimum resonant frequency for the cavity
resonator is dictated by its largest dimension, which should be >\/2, where A
is the wavelength. The resulting Q, is typically high (1,000s). Figure 2.1 shows
a cavity resonator at its lowest resonant frequency. In the dimensions shown in
the figure, the resonant frequency is approximately 21 GHz. While this can still
be useful in many applications, the majority of communication systems operate
within the DC-7 GHz regime. This means that for most practical applications the
corresponding resonator needs to be at least three times bigger than this one.

Another limitation of conventional cavity resonators is their limited possible
tuning. If the dimensions were tunable (using some form of mechanical actua-
tors), doubling the frequency would require halving the size, which is a significant
motion to be covered in a reasonable volume and speed.

To operate a resonator below its fundamental mode (or at the evanescent mode),
a conductive post can be added as shown in Figure 2.2. The loading post is typi-
cally placed in the middle of the resonator (which is the reason those resonators
are sometimes called coaxial cavity resonators). The loading post is in contact
with one end of the resonator and is in close proximity to its opposite end, creat-
ing capacitive loading (which is the reason those resonators are sometimes called
capacitively-loaded or highly-loaded resonators). With external dimensions simi-
lar to the cavity resonator discussed earlier, the evanescent-mode resonator has a
significantly lower resonant frequency (~4 GHz), with a reasonable penalty on Q,.

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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2 Evanescent-Mode Resonators

3 mm -field

10 mm 10 mm

Figure 2.1 Traditional cavity resonator along with its electric field distribution when it
is resonating at the TE,,; mode (fundamental mode).

T
_ ‘ field

Figure 2.2 Evanescent-mode resonator along with its electric field distribution at
resonance.

The resulting quality factor is still in the several 100s and can reach over 2,000
depending on the design and fabrication technology.

The presence of the post confines the electric field between the top wall of the
resonator and the surface of the post. This makes its resonance sensitive to the
effective loading capacitance. As a result, changing the distance between the post
and the cavity ceiling by as little as 10 s of micrometers can result in nearly an
octave tuning. Detailed analysis of the frequency and the quality factor are dis-
cussed in the following section.

It is important to notice that the structure of evanescent-mode resonators is not
necessarily cuboid. Depending on the fabrication technology, it can be a tapered
cuboid, cylinder, or tapered cylinder.

2.2 Analysis

2.2.1 Coaxial Cable Approximation

We can employ a simple model to analyze a coaxial evanescent-mode resonator
(Figure 2.3). First, the electric field distribution between the post and the cavity
ceiling is practically uniform. Consequently, we can represent the area above the
post as a lumped capacitor. Similarly, the concentrically circular magnetic field
surrounding the post implies that the electrically-small post and cavity sidewall
can be modeled as a shorted coaxial line, effectively functioning as an inductor.
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2.2 Analysis
Approximate electric Approximate magnetic
field distribution field distribution

Figure 2.3 Cross section of cylindrical (coaxial) evanescent-mode resonator along with
its electric and magnetic fields.

Cavity top
N
x‘;ﬁ’ &/ 1 Cpp \Z iﬁy
NI
(a) (b)
Figure 2.4 (a) Coaxial cable approximation of evanescent-mode resonators. (b) Cpust
consists of parallel-plate capacitance and fringing capacitance.
This approximation is illustrated in Figure 2.4(a). As a result, at resonance,
Zy+Z-=0 2.1)
JjZ, tan ph + ; =0 2.2)
]27[fcpost
h 1
Z, tan 27rf—> = — (2.3)
0 < ¢ 2ﬂ'fcpost

The symbols above are as follows: c is the speed of light, f is the design resonant
frequency, C,, is the post capacitance, h is the length (often referred as height) of
the post-formed transmission-line section, and Z;, is the characteristic impedance
of this line, which can be controlled by the parameters a (post radius) and b (cavity
radius) (Figure 2.3).

Although the parallel plate capacitance (Cpp) could provide a reasonable first-
order approximation of the post capacitance, a more careful full-wave simulation
that also captures the fringing-field capacitance (Cﬂ) is often required (Figure 2.4).

To tune the evanescent-mode resonator, it is necessary to alter C,,,,, in equation
(2.3). A mechanical actuator often achieves this by bending the often-thin cavity
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2 Evanescent-Mode Resonators

1.3¢ 1
> 1.2F J
8 *fRFcav
L1t |
&
s 1 :
(5]
N
= 0.9} -
£
2 0.8} E
0.7 N . ; . N ; ]
0.6 0.8 1 1.2 1.4 1.6 1.8

Gap g (normalized)

Figure 2.5 Example simulation of an evanescent-mode resonator as a function of the
critical gap between the post and cavity ceiling. The slope of the simulated line, which
represents the tuning sensitivity, depends on the design.

ceiling (membrane) towards or away from the post. Figure 2.5 shows an example
simulation of the normalized resonator frequency as a function of the normalized
gap between the post and cavity ceiling.

2.2.1.1 Unloaded Quality Factor
The unloaded quality factor Q,, is an essential figure of merit for resonators which
represents loss. A low Q, can translate to inferior filter performance, in terms of
insertion loss for example. In this section, we derive an approximate closed-form
expression for Q,, which will be used to optimize the structure of evanescent-mode
resonators. The analysis below is for the cylindrical evanescent-mode resonator.
In order to find Q,, a resonator is modeled as an RLC circuit. In the model
in Figure 2.6, the capacitance and inductance are as described in Section 2.2.1.
The resistances stem from the finite conductance of the sheet (or R, # 0). Once

Rrop Rrop

Crosr
o
==

R=Rrop+Rpor+Rposr+Rsipe

R
SIDE] % él‘cowﬂ/ % Rpost % Leoax % % Rsipe ~ 1. Cposr
—~~

M- -

Rgor Rgor

Figure 2.6 Cross section of an evanescent-mode resonator along with its approximate
RLC circuit model.
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2.2 Analysis

the values of the approximate RLC circuit are known, the quality factor can be
found using

wyL,

Q, = (2:4)

where @, is the design resonance, L
sents the effective resistance.

To find the inductance, in (2.2), the structure of the coaxial cavity is approxi-
mated as a short-length shorted transmission line. This yields

coax 1S the equivalent inductance, and R repre-

|Z,| = @L o = Zy tan (2ﬂf%) ~ ZOan% for h <\ (2.5)
From which
mezzoﬁ=2i ﬁ1n<9>h NI =2iyh1n<9>H (2.6)
c a a
T € T

—— —
M 1/c
where u and e are the permeability and permittivity of the cavity dielectric mate-
rial, b and a are the radii of the resonator and the post, respectively.
The equivalent resistance is found next. The post and the sidewall resistances
represent a sheet with a length of h and a width of 2za and 2zb. Consequently,

h

Rposr = Rs% 2.7
and
h
Rgipg = Rs% (2.8)

where Rpngr and Ry are as defined in Figure 2.6. For Ryp and Ry, the resis-
tance is calculated by integrating the resistances of infinitesimally thin rings. For
simplicity, the tip of the post is assumed to have the same radius as the post itself
a (no additional area is added, as discussed in later chapters)

ko= Ry = [ R ar= B (b (2.9)
ror = Bpor = | R = o a .
From (2.7), (2.8), and (2.9), the total resistance in the model is
R
=_S<ﬁ+ﬁ+zln<9)> (2.10)
2z \a b a

These results can now be used with (2.4) to find Q,
In (é >
U a
Q=wy5
Ro(1.1,2, (b
a b h a

(2.11)
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The expression in (2.11) gives several insights on how to increase Q,. Naturally,
having lower sheet resistance is desired, but this is typically dictated by the avail-
able materials and fabrication process. Increasing the height of the resonator also
increases Q,. The height cannot be increased arbitrarily it is often limited by the
substrate thickness for a given fabrication technology. Also, other resonant modes
might appear with a large h. While increasing a and b (simultaneously) increases
Q,, their effects independently are not easily comprehended from (2.11). Increas-
ing both of them increases the size of the resonator, which can be limited by the
form factor of the filter. As a result, we will assume that the external dimensions b
and h are constant and will investigate the value of a that will produce the largest
Q,- To do that, we set

-1/1 1 2 b b 1
—(—+E+Eln<—>>+ln<—> L
a \a a a/lps 2
Tu o B =0 (2.12)
9a K, 1.1 2, (b)Y
a b h a

which results in

a=be V(i) (2.13)

where W is the product logarithm function (or Lambert W-function). Numerically,
this translates to

a=0.27846b (2.14)

It should be no surprise that the result in (2.14) corresponds to Z; =~ 76.62,
which is the minimum loss impedance of a coaxial transmission line.

In Figure 2.7, the quality factor values are found for a constant b = 5mm and a
variable a. The maximum value of Q, corresponds toa = 0.27846 b, b = 1.39 mm,
regardless of the sheet resistance.

It should also be noted that the result in (2.14), while insightful, should be used
carefully since it implies several assumptions mentioned earlier. Furthermore, this
result was based on optimizing Q,, only, regardless of other performance measures
such as tuning range or manufacturability, which are discussed later.

2.2.2 Tapered Resonator Model

For relatively small-sized resonators (below ~5 mm), fabrication of tapered cylin-
drical structure can be more compatible with microfabrication techniques (more
on that in Chapter 4). Figure 2.8 illustrates a two-dimensional view of the tapered
resonator along with an approximate equivalent model. The tapered transmission
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2.2 Analysis
1400
12004
Q
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(9]
9 |
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600+ | .
| Cu conductivity = 2.8e7 S/m
| Cu conductivity = 3.8e7 S/m
400 | Cu conductivity = 4.8e7 S/m
i Cu conductivity = 5.8¢7 S/m

2 3 4
Post radius a (mm)

(e
—

Figure 2.7 Q, versus post radious a at different conductivities (sheet resistances). The
dimensions are b = 5mm, h = 3mm, the simulations are centered at 4.5 GHz by adjusting
the capacitive gap.

Moving membrane

; Cpoxt

I
1
1
v
|7 Tapered line

(a) b =

Figure 2.8 Schematic of a tapered evanescent-mode resonator with most critical
dimensions. A two-dimensional view (a) and an approximate equivalent circuit (b) are
shown.

line can be modeled through its impedance Z, based on the following equation
that gives its value at every position X,

x
Ho bo - tan (6)

€

Zy(x) = % In (2.15)

o tan (0)
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in which a,, and b, are the radii at x = 0 of the inner and outer conductors, respec-
tively, at x = 0, and 0 is the taper angle [Figure 2.8(a)]. Figure 2.9(a) summarizes
our modeling approach. First, we approximate the tapered transmission line as a
cascade of N short lines. Each such line has inner and outer conductors whose
radii are calculated at their mid points. Second, we calculate the equivalent ABCD
matrix for each short line, facilitating a direct computation of the entire ABCD
matrix. Third, we form an equivalent = network [35] that includes a series induc-
tance L,,,, and two capacitances C; and C, to ground (Figure 2.9(a)).

Figure 2.9(b) shows a numerical example with a, = 0.11 mm, by =2.4mm, h =
1.5mm, and 6 = 60°. The equivalent model parameters L,,,,, C;, and C, are plot-
ted normalized to their N = 1 values. As we can observe, we obtain reasonable
results as long as we consider at least 4 segments in our model. We also compare
our modeled values with full-wave modeled values. The modeled inductance value
L, represents a good approximation. At first glance, this is not the case for the
capacitances. We should expect this as we have not accounted for the capacitance
due to the inclined cavity walls. In reality, however, these contributions do not sig-
nificantly affect our final resonant frequency calculation. Indeed, C, is shorted and
so it does not play a role. Moreover, C, is added to C,,, as they are both in parallel.
However, since it is significantly smaller than C,,,, an accurate estimation of C;
is not needed.

In addition to the TEM mode, a portion of the electric field energy is retained
in an electric field distribution akin to the TM;,, mode. The additional capaci-
tance C,q, is introduced to model this part of the stored energy (Figure 2.10(a)).
This mode is relevant primarily under mild cavity loading conditions where C,,,
is not dominant (Figure 2.10(b)). To better understand the impact of Cp;,,,, We can
calculate w, by ignoring it, as

w, L (2.16)

Leoae (Cpost + C1)

coax ( posi

Comparison with simulated results (Figure 2.10(b)) indicates that neglecting C;4,
may result in an error of approximately 10%. If a more accurate estimate is needed,
full-wave simulations will be needed, as analytically estimating C,,,,, is often dif-
ficult.

In conclusion, C,,
onator capacitance as

C,, and Cpyy, (defined in Figure 2.10) form the total res-

late

Cresonazor = L post + Cl + Cplate (2'17)

In practice, we often try to load an evanescent-mode resonator very heavily to
minimize its volume and maximize its tuning range. This can lead to critical gaps
in the order of just a few micrometers (although it can be challenging to achieve

them from an implementation technology point of view). In such cases, C,,,, tends
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2.2 Analysis
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Figure 2.9 (a) Modeling approach of the tapered evanescent-mode resonator. The
tapered line can be approximated as a cascade of short uniform sections, each modeled
by its equivalent ABCD matrix. (b) A simulated example for g, = 0.11 mm, b, = 2.4 mm,
h =15mm, and # = 60°. The graph shows that the proposed equivalent circuit
converges after four or more transmission line segments are used to model the tapered
section.

1 2 3 4
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Figure 2.10 (a) Equivalent circuit of a tapered evanescent-mode resonator.
(b) Calculated and simulated resonance frequencies as a function of the critical gap
between the post and cavity ceiling.

to dominate. Even crude approximations of the tapered transmission line of N = 1
or 2 tend to yield accurate results (Figure 2.10(b)).

2.2.2.1 Frequency Tuning Ratio

Following the previous analysis and assuming that Cp,, >> C,, + C;, We can
compute the resulting tuning ratio as
1
Lor b 71T plae (2.18)
Wor, 8L + Agmax CpostL

in which g; and Ag,,,,, are defined in Figure 2.8, @,y and w,; are the high and low
frequencies, respectively. Notice that we have used C,,,;, to denote the capacitance
that corresponds to w,; , which is realized when the minimum gap g; is achieved.
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2.2 Analysis
This can be found using the parallel plate approximation
2
€,7a
CpostL ~ s (219)
8L

The selected tuning method governs the first part of (2.18). On the other hand,
the cavity geometry largely determines its second part. A smaller starting gap g,
results in a higher tuning range. It is therefore common practice to fix g; to the
smallest value g; .., possible as primarily determined by the manufacturing pro-
cess/tolerances and the needed RF power handling [36]. Once this critical gap
is determined, C,,,; only depends on a,. Additionally, the second part of (2.18)
demonstrates that a higher tuning range is correlated with a bigger C,,,,; . More-
over, we should remember that once we choose a, (and therefore C,,,; ), there is
aset of h and h that minimizes C; + Cpq in (2.18) resulting to the maximum tun-
ing range. The following equation from the coaxial cable analysis can be used to
approximate the capacitance C, as

c, ~ —2 _p (2.20)

o)

Using (2.6) and (2.19) for @ ~ 1/L,q, Cpog yields
2,
he 8L (2.21)
@2, aZe,uln b
OL™0 a

This can be a useful expression for h when we attempt to calculate C, through
(2.20).

To further clarify this design process, we will demonstrate it with a specific
numerical example and the resonator with vertical walls depicted in Figure 2.11.
For this resonator, we will select a very small initial gap of g; = 1 pm. We should
keep in mind though that such a gap is often hard to achieve in practice. Moreover,
it limits the maximum power handling of the resonator. We will also assume that
the maximum gap control available from the tuning method is Ag, ., =19 pm. The
initial resonant frequency is assumed to be w,; = 20 GHz. Moreover, we assume
that the post radius is a, = 90 pm. Based on these assumptions, we can use (2.21)
to identify a range of values for 4 and b for the cavity. Each set of these values yields
a different tuning range. The highest tuning range is obtained when h = 0.6 mm
and b = 0.83 mm (Figure 2.11(a)). It is interesting to observe from this figure and
analysis that, in general, lower aspect rato cavities result in higher tuning ranges.

Figure 2.11(b) plots all critical capacitances at the high end of the frequency
range of this resonator. We have used the above-mentioned equations for C; and
L Full-wave simulations have been used for C, . The most important con-

coax* post*
clusion from these capacitance calculations/simulations is that there is an outer
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Figure 2.11 (a) Unloaded quality factor as a function of frequency for an example
resonator with minimum gap of 1 pm, gap change of 19 pm, and post radius of 90 pm.
Notice that there is a set of values for h and b that yield the maximum possible tuning
range. (b) Calculated and simulated capacitances of the resonator at the high end of its
tuning range as a function of its outer radius. Note the existence of an optimal outer
radius b that minimizes C; + C,,,, and maximizes the highest achievable frequency and
thus the resulting tuning range.
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2.2 Analysis

radius b that minimizes the value of C; + C,, and, as a result, maximizes the
highest achievable frequency w,. Consequently, this optimal radius b results in
the highest tuning range.

2.2.3 Tuning Range and Quality Factor Co-optimization

In Section 2.2.1.1, we derived the quality factor expression in (2.11), and its geomet-
ric optimization in (2.14), assuming constant external dimensions b and h. Also,
this optimization targeted increasing Q,, regardless of the achievable frequency
tuning range. In this section, we discuss an alternative design approach to accom-
modate for both, Q, and tuning range.

From (2.4), we can conclude that Q, is directly proportional to L. Increas-
ing L, however, decreases C,,, according to (2.16), which decreases the tuning
range as concluded from (2.18). As a result, a tradeoff exists between Q, and the
tuning range. We have summarized below a practically-useful methodology that
satisfies a desired tuning range while maintaining an optimal quality factor. The
suggested design steps are:

1. Select the minimum critical gap g;,,;, of the resonator that will define the low
end of its tuning range. As mentioned before, this is often dictated by the fab-
rication process/tolerances as well as the required power handling.!

2. Set the post radius close to the minimum value a,,,;, allowed by the fabrica-
tion process. This choice will minimize C,,,; and maximize L, yielding the
highest quality factor.

3. Optimize the resonator cavity dimensions (Figure 2.11) to obtain the highest
tuning ratio.

4. If step 3 does not yield an acceptable tuning range, it will be necessary to
increase a, and repeat the process. This will result in a lower quality factor
but increased tuning range. On the other hand, if the calculated tuning range
exceeds the target, it may be advisable to relax some of the constraints to make
fabrication easier. For example, we can increase g;,,;, and repeat the process
until we achieve the required tuning range.

coax’

To demonstrate this process, we have optimized a cavity resonator in the
20-40 GHz range as shown in Figure 2.12. The primary design constrains are
shown in the figure. It is interesting to note than no designs with a, < 100 pm
satisfy the tuning range requirements. The solid line in Figure 2.12 shows the
optimized solution that corresponds to a, = 100 pm. This design achieves the
needed tuning range with the highest possible quality factor. Designs with
a, > 100 pm result in higher tuning ranges, but also exhibit lower quality factors.

1 High power results in a high voltage across the capacitive gap, which can cause a breakdown.
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Figure 2.12 A numerical example summarizing the presented design methodology for a
20-40 GHz resonator.

2.3 Coupling Techniques

In Section 1.2.2, the coupling routing diagram values and diagrams were presented
abstractly. In this section, we will take a detailed look at how they are physically
implemented in the evanescent-mode technology.

Coupling means that energy is transferred either from/to an external source/
load or within resonators. An interesting feature of the discussed evanescent-mode
resonator is that nearly all electric field energy is concentrated on top of its post
(Figure 2.2). Hence it is often easier to couple resonators through their magnetic
fields. External coupling is discussed first.

2.3.1 External Coupling

External coupling can be realized in various ways, some of which depend on
whether the filter is a bandpass or a bandstop. Figure 2.13 shows a few of the
common ones.

The aperture coupling is typically formed by an arc-shaped opening beneath
the transmission line. In a bandpass filter (BPF), the transmission line is typically
shorted to the ground beyond the aperture. This increases the current and, hence,
the coupled magnetic field. The main advantage of aperture coupling is simplicity
in fabrication and design. The out-of-band frequency response, however, is rela-
tively limited since the aperture structure itself can resonate. Radiation losses are
also higher compared to other sealed coupling structures.
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2.3 Coupling Techniques

Aperture Loop Aperture CPW Coaxial tap

Figure 2.13 Examples of common external coupling methods in evanescent-mode BPFs
and BSFs.

Coplanar waveguide (CPW) coupling is also common in BPFs. Its structure is
similar to that of aperture coupling, except that it does not require an extra metal
layer for the microstrip in the aperture structure.

Tapped coupling is also common in BPFs. Here, the RF signal is injected from
the top or the bottom of the resonator through the center conductor of a coaxial
cable. This maintains the resonator sealed, minimizing radiation losses, which is
desirable in high-frequency designs. This advantage comes at the cost of compli-
cated fabrication.

Loop coupling can be thought of as the tapped coupling of bandstop filters
(BSFs). The structure inside the resonator has to return to sustain the source-load
coupling. We sometimes prefer such a technique as it has a much higher
self-resonance frequency compared to aperture coupling. This means that a filter
can achieve a large spurious-free operating range.

While the external coupling methods mentioned above are very common, many
others exist. More examples are discussed in Part III of the book.

In Chapter 1, we noticed that in order to get a specific frequency response
from a filter, well-defined coupling values (M) are required. It is obvious that the
geometry of the coupling structure determines the coupling value. But how can
we tell what that actual value is? The method to determine the coupling value
depends on the filter type.

BSF External Coupling Extraction:

Similar to BPFs, evanescent-mode resonators are designed and optimized first.
Then, the external coupling is determined (as discussed below). This process can
repeat until both design criteria, for the resonator and the coupling, are satisfied.

In a BSF, a resonator is connected in a ‘shunt’ configuration. As a result, a
two-port test can determine the value of the external coupling. The external cou-
pling value depends on the value of the unloaded quality factor of the resonator
(which is the intrinsic quality of the resonator itself). The value of Q, can be
found in the two-port response, shown in Figure 2.14(a), using
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Figure 2.14 (a) Frequency response of a single resonator in a BSF configuration.

(b) A top view of an evanescent-mode filter with its simulated external quality factors in a
bandstop coupling structure configuration. Designers will often optimize the coupling
geometry to achieve the needed external coupling.
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2.3 Coupling Techniques

__hh
I -7l

where the frequencies f, and f; represent the resonant frequency and a frequency

close to f;, respectively. It is important to notice that the values of S,, are the abso-

lute values, rather than the dB values. Once Q,, is known, the external coupling
can be found as

1 /2(1 =51 (o)
M,, = 2.23
o \/ FBW Qu521(fo) ( )

Simulated results of these equations for an aperture coupling are shown in
Figure 2.14(b).

This method does not account for non-ideal effects, including passband inser-
tion loss and transfer function asymmetry resulting from passband mismatch.
Non-zero insertion loss can be accounted for by subtracting the passband loss from
the measured attenuation levels S,,(f0) and S,,(f1), as illustrated in Figure 2.14.
In cases of elevated reflection within the passband, the precision of this method
may be enhanced by performing multiple calculations of Q, and M,,,, followed by
averaging the results, utilizing frequencies for f; that are both above and below f;,.

BPF External Coupling Extraction:

Once the resonator is designed at the desired frequency and optimized, an
external coupling structure is chosen. The single-port response is tested or
measured, typically using an FEM simulation. Specifically, the group delay
is measured, which is indicative of the coupling value. The external coupling
depends on the external quality factor Q,. This is defined as the ratio of the peak
energy held in a resonator during a cycle of oscillation to the energy dissipated
per radian to the external circuit, excluding the internal losses of the resonator.
The external quality factor can be found as [14]

Q, = 275f0211(fo)
where 7, (f,) is the reflection group delay at resonance. Once we find Q,, the exter-
nal coupling for a bandpass structure can be calculated using

1

VFBW X Q,

For example, once a coupling structure is determined (assuming the FBW is
known), the structure is then simulated and the coupling value is found using

Q. (2.22)

(2.24)

My, = (2.25)
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Figure 2.15 A top view of an evanescent-mode filter with its simulated external quality
factors for a bandstop coupling configuration. We can achieve the required external
quality factor by optimizing the coupling geometric parameters.

(2.25). The designer can then determine whether this value needs to be increased
or decreased, to achieve the sought M, value. Figure 2.15 shows how external
coupling structure dimensions affect the external quality factor.

An alternative two-port method to calculate the external coupling for BPFs can
be found in [14].

Itis important to notice that having an external coupling in a resonator will shift
the resonance frequency and affect Q,,. Consequently, designs typically go through
several iterations between optimizing the resonator and getting the correct cou-
pling value.

To find Q, in a BPF structure, a weakly coupled single resonator response is
measured/simulated as shown in Figure 2.16. The 3-dB bandwidth dictates the
value of Q, by

_h
L1

Q, (2.26)

‘Weak external coupling 20

/ b 254 | ) 1 ——— = T8226 GHz
Vi _35 | : | v |
: -_".-P2 S, (dB) 40 | I | — | |
| - y | | 3dB| 9 1

—45 ¢

= 50 |

=55

60 + | 1 } 1 ! 1 }
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Figure 2.16 Weak external coupling is used to fund Q, in a BPF structure.
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2.3 Coupling Techniques

2.3.2 Inter-Resonator Coupling

Resonator-to-resonator coupling, often indicated as inter-resonator coupling, can
also be realized in many ways. The key point is that energy needs to couple from
one resonator to the other, typically in the form of magnetic mutual coupling. For
example, Figure 2.17(a) shows how an opening between two evanescent-mode res-
onators creates mutual coupling. If additional coupling is required, a structure
similar to aperture external coupling can be added between the two resonators
(Figure 2.17(b)).

i . gy, : . P .
=) =)

Increase width -> Increase inter-resonator coupling f ’-‘“\"_
: &.....- J
<tz . . y

—‘\n ) — & (b)

et
Decrease separation -> Increase inter-resonator coupling

(a

of ¥ %o

[ 0.05

Below J o o v 0.045
“-20dB 0.04
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Resonators center to center distance (mm)

(d) (e

Figure 2.17 (a) Coupling energy from one resonator to the next, often referred to as
inter-resonator coupling, can be accomplished by an appropriate opening between the
resonators. This opening allows for magnetic field coupling. (b) To strengthen the
inter-resonator coupling, an additional aperture between the resonators can be utilized.
(c) Inter-resonator coupling test requires weak external coupling, resulting in peaks in
M,, below 20dB. (d) The odd and even resonances should have a peak below ~ —20dB.
(e) An example of how the distance between two resonators dictates the inter-resonator
coupling.
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Inter-resonator coupling is typically required in BPFs, but sometimes they exist
in BSFs to expand their functionalities. Extracting the coupling value, however, is
similar in both cases.

Inter-Resonator Coupling Extraction:

The structure for testing/simulating inter-resonator coupling values is shown in
Figure 2.17(c). The two-port measurement setup requires two weak external cou-
plings (large Q,). The two resonators, while tuned to the same frequency, interact
with each other and end up resonating in even and odd modes (detailed analysis
in [14]).

The two resonant frequencies determine the inter-resonator coupling. The sim-
ulated results in Figure 2.17(d) show how the two resonant frequencies appear in
frequency response of the weakly coupled circuits. The peak of the values at the
resonant frequencies should be kept low (below ~—20 dB) to minimize the effect
of the external circuits. The inter-resonator coupling can now be calculated

1 fa=1f2

= — 2.27
©FBW f2 4 f2 @27

An example of how the distance between two coupled resonators affects the
inter-resonator coupling value is shown in Figure 2.17(e).

It is also worth noting that the polarity of the coupling values in (2.25), (2.27),
and (2.23) are not discussed yet. This is the topic of the next section.

2.4 Coupling Values Polarity

In a filter implemented with a specific resonator technology, it is typical for all
resonators to utilize an identical external coupling structure. One might normally
anticipate that all resonators employing the identical coupling structure will
exhibit the same relative polarity. However, it is noteworthy that this is not true.

In Section 1.2.3.1, we discussed how electric and magnetic couplings have oppo-
site coupling values. The exact polarity of the coupling, however, can be compli-
cated to find and might require thorough analysis of the fields, especially in mixed
couplings [14]. The relative polarity can be found without loss of generality in the
filter design. In this section, we will investigate how to determine the polarity of
coupling structures.

2.4.1 External Coupling Polarity

Let’s examine the filter depicted in Figure 2.18. It comprises two evanescent-mode
cavity resonators that are connected to a source-to-load microstrip transmission
line through coupling apertures located in the shared ground plane. Assuming an
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2.4 Coupling Values Polarity

Figure 2.18 Two
resonators are coupled to
a source-to-load line. The
two couplings have
opposite signs because of
their coupling apertures
locations with respect to
their posts.

Figure 2.19 A seemingly
minor difference of the
relative location of the
coupling apertures with
respect to Figure 2.18
results in the same
coupling signs for both
resonators.

energy flow from left to right, notice that the microstrip line excites the left cavity
after it passes over its post, while it excites the right cavity before it reaches its post.
The two coupling apertures achieve opposite coupling polarities as a result. This
is shown in the figure by plotting the relative directions of magnetic and electric
fields. For these plots, each resonator is excited independently while the other res-
onator is shorted out. The reference plane of the excitation is de-embedded up to
the midpoint of the coupling aperture.

Now compare this with the configuration illustrated in Figure 2.19. In this case,
the miscrostrip line couples energy to both cavities before it passes their posts. In
this case, both cavities exhibit the same sign of external coupling. The orientation
of the electric fields in this figure is indicative of their identical polarity.

2.4.2 Inter-Resonator Coupling Polarity

In Figure 2.20(a), an impedance inverter is used to couple resonators. The shown
circuit model of the inverter can be implemented with capacitors (B = wC,) or
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Figure 2.20 (a) Coupled resonators with a circuit model of an impedance inverter.
(b) The coupled resonator in even-mode oscillation. (c) The coupled resonator in odd-
mode oscillation.

inductors [B = —1/(wL,)]. The values of C, and L, can be positive or negative.
Since evanescent-mode filters typically couple magnetically, the analysis below
assumes inductive B.
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2.4 Coupling Values Polarity

The resonant frequencies of the circuit in Figure 2.20(a) are found using
even/odd analysis. For the even case, shown in Figure 2.20(b),

1 1 1
L (Lr_1 Vo=V 2.28
It is important to notice that since the resonant frequency is still dominated by the
resonator itself, it is safe to assume that L, > L.

As for the odd mode, we get

o, = CLR<L—1R+LL> |V, =V, (2.29)

Assuming L. > 0 (resulting in a negative B, typically considered negative cou-
pling), w, < w,. This causes a —90° insertion phase.

Assuming L, < 0 (resulting in a positive B, typically considered positive cou-
pling), w, > w,. This causes a +90° insertion phase.

As a result, in order to tell whether an inter-resonator coupling is positive or
negative, the resonator voltage polarity needs to be detected at the lower resonant
frequency. If the polarities are the same (even), then the coupling is negative and
vice versa. The polarities can be determined using FEM simulations.

To demonstrate the coupling polarity concept, Figure 2.21 shows the electro-
magnetic fields of coupled evanescent-mode resonators at the lower resonant
frequency. It can be seen that the standard coupling in Figure 2.21(a) results in a
similar electric field polarity, which translates to negative coupling. Figure 2.21(b)

Figure 2.21 Two evanescent-mode resonators coupled with two different techniques.
(@) The conventional iris-enabled magnetic field coupling leads to negative coupling and
resonator voltages of the same polarity. (b) A new coupling technique that results in
positive coupling and resonator voltages of the opposite signs.
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depicts a different coupling technique that results in a positive coupling sign,
which can be concluded from the fact that the fields are opposing each other in
the two resonators.

2.5 Advanced Evanescent-Mode Structures

The evanescent-mode resonators discussed thus far are sealed structures, with a
single post in the middle. While this structure is the most common one, others
exist with various properties. Below are some examples.

2.5.1 Dual-Mode Resonators

Dual-mode resonators differ from the traditional ones by having two posts. They
are typically symmetric around the center. A simplified structure is shown in
Figure 2.22(a). (Compare this structure to the one in Figure 2.3.)

The presence of two posts creates two distinct resonant modes, typically at two
different frequencies. This can be very beneficial for multi-band devices/systems.

Those two resonances are the fundamental or even one [Figure 2.22(b)], and
the secondary or odd one [Figure 2.22(c)]. In the fundamental resonance, the two
posts behave as one, with practically no magnetic field between them. The sec-
ondary resonance shows the two posts having opposite polarities, resulting in a
strong magnetic field between them.

The field distribution is important in order to couple to the intended mode. For
example, the region marked with “I” in Figure 2.22(d) contains fields from both,
the fundamental and secondary modes. As a result, coupling in region “I” reaches
both resonant modes. Similarly, coupling in region “II” reaches only the secondary
mode, and coupling in region “IIT” reaches only the fundamental mode.

t:’—':. : A, *a .
ff?.*,;:; e i e
b ER D i I I+ 101
ll:( ayppr ““\‘ I—----IL
¥y +prr "+ : S Yo
AR v A R s Py S
S Co o ; I

(a) (b) (©) (d)

Figure 2.22 (a) Structure of a dual-mode resonator [37, 38]. (b) Magnetic field
distribution in the fundamental mode. (c) Magnetic field distribution in the secondary
mode. (d) Available coupling regions.
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2.5 Advanced Evanescent-Mode Structures
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Figure 2.23 Simulated external coupling coefficient M, of a dual-mode resonator
coupled in different regions that can be realized with various aperture lengths and
angles.

The effect of different coupling locations is shown in Figure 2.23. For example,
while coupling in region “I” has a finite value for both modes, coupling in region
“III” has a finite value for the fundamental mode only, and a zero in the sec-
ondary mode.

It is important to notice that higher-order resonators (e.g., quad-mode with four
posts) are also achievable.

2.5.2 Fractional Mode Resonators

In Figure 2.24(a), we can see the magnetic field in a traditional evanescent-mode
resonator. The direction of the magnetic field allows for bisecting the resonator
along one of its symmetry planes, which is equivalent to a magnetic wall
(Figure 2.24(b) details this concept). This results in a half-mode evanescent res-
onator, as shown in Figure 2.24(c). Compared to the circuit model in Figure 2.3,
this bisection doubles the value of the inductance and halves the value of

49

D PUe SWid | 8U1 89S *[5202/0T/2T] U Akeiqiauljuo A8|Im * AISIBAIUN 92UBIOS 78 U)ESH U0BRIO - yunol xefe Aq /I0p/woo™Aa| 1M Aeiq1put|uoy/Sdiy woiy pspeojumod

Aoy

@5UB01 7 SUOLILIOD a8 3|cealjdde ay) Aq peusenob ae sappie O ash Jo SajnJ oy Aeiqiauliuo A 1M uo



2 Evanescent-Mode Resonators
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Figure 2.24 Basic idea of a half-mode resonator. (a) Simulated magnetic field of a
conventional full-wave evanescent-mode resonator. (b) The basic image theory ideas over
a magnetic wall [39]. (c) Simulated magnetic field of a half-mode evanescent-mode
resonator. Notice the similarity to (a). (d) Simulated fundamental and first spurious
frequencies for the full- and half-cavity resonators. These example simulations are
conducted for resonators implemented on a 100-mil TMM3 Rogers substrate. The post
radius is 3.1 mm and the cavity radius is 8 mm.

capacitance, resulting in ideally the same resonant frequency at half the volume.
This serves in reducing the size.

Figure 2.24(d) shows the performance of the half-mode resonator in comparison
with the full-mode resonator. The fundamental frequencies of both resonators are
approximately equal, with no effect on the first spurious resonance mode (which
typically dictates the upper limit on the usable frequency of a resonator). Due to
the reduced volume of the half-mode resonator, less energy is stored, resulting in
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2.6 Filter Examples

a lower Q,,. Radiation losses also contribute to the reduction of Q, since the fields
in the half-mode resonator are no longer contained within a closed volume.

While the structure in Figure 2.24 is for a half-mode resonator, quarter modes
are also achievable.

2.6 Filter Examples

We will discuss two examples of evanescent-mode filters, a BPF and a BSF. The
exact details of the fabrication, however, will be discussed in later chapters.

2.6.1 Chebyshev Bandpass Filter

The coupling diagram in Figure 1.2 represents an example of a second-order BPF.
The first response is dictated by the inter-resonator and external coupling values.
In this case, it is a Chebyshev response with 15-dB reflection ripple and 2.7%
fractional bandwidth around 900 MHz. The frequency-normalized response is
described in (1.6). The Chebyshev coefficients for this response are represented
in the following coupling matrix

0 1.037 0 0
1037 0 1287 0
M = 2.30
BPF 0 1287 0 1.037 (2.30)

0 0 1.037 O

In other words, the external couplings have the value of 1.037, and the
inter-resonator coupling is 1.287.

First, the dimensions of a single resonator are chosen. The external diameter is
set at 19 mm; the inner post and the tip of the post radii were chosen such that the
resonant frequency is at the required value with a maximized Q,.

Second, the external coupling is designed. For a BPF, a CPW coupling is typically
convenient. The size of the external coupling structure is swept until (2.24) and
(2.25) are satisfied.

The inter-resonator coupling is then realized by combining two similar res-
onators. The required inter-resonator coupling is not easily achieved by just an
opening between the resonators. As a result, an additional CPW inter-resonator
structure is employed to strengthen the coupling. The coupling dimensions are
also swept until (2.27) is satisfied. Fine tuning is required since the external
and inter-resonator couplings will affect the resonant frequency, in addition
to each other. Figure 2.25 summarizes the structure and dimensions of this
filter.
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Figure 2.26 Measured and simulated frequency responses of the example tunable filter.

The top of the resonator is flexible to bend, to allow tuning. Various tuning meth-
ods are discussed in Chapters 3 and 4. Figure 2.26 shows the results from this BPF.
Since the design is a second-order Chebysheyv, the reflection coefficient shows two
notches within the passband.
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2.6 Filter Examples | 53

2.6.2 Butterworth Bandstop Filter

Figure 1.3 shows the coupling diagram of a second-order BSF. The two external
coupling values are chosen such that the response follows a maximally flat Butter-
worth response.
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Figure 2.27 Example evanescent-mode second-order tunable BSF.
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Figure 2.28 Frequency response of the example evanescent-mode second-order BSF.
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The filter is designed at 1.5 GHz, with a 25 MHz bandwidth (1.67%). As a result,
the coupling matrix coefficients that deliver this response are

0 1189 0 1
1.189 0 0 0
M, = 2.31
BSE 0 0 0 1.189 (231

1 0 118 O

As we can see from the coupling diagram, we only have external couplings (in
addition to the source-to-load coupling value of one).

Figure 2.27 summarizes the geometry and dimensions of this filter. The res-
onator size and the external coupling values are derived in a similar fashion as
in the BPF example.

The filter is also tuned by bending the membrane of the resonator. The resulting
tunable response is shown in Figure 2.28. The Butterworth response shows no
ripple in the reflection coefficient (S;;), which is evident in the results.
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3

Printed Circuit Board Technology

3.1 Evanescent-Mode Resonator Structure

The cylindrical part of an evanescent-mode resonator is compatible with the stan-
dard printed circuit board (PCB) fabrication process. The resonator structures in
bandpass and bandstop filters are slightly different, primarily due to the required
external couplings or source-load coupling.

The BPF will be discussed first since it requires a single PCB substrate. The fab-
rication process starts with a bare PCB substrate as shown in Figure 3.1(a). A bare
PCB substrate is clad with thin copper layers (typically 17 or 34 pm thick). The first
step is to drill the vias that define the cylindrical structures, and then plate the vias
to ensure a good conduction between the top and the bottom layers. The result of
this step is shown in Figure 3.1(b).

The top and bottom metal layers are now ready to be patterned. This can be done
by etching or milling the areas where the copper is not needed. In Figure 3.1(c),
the top layer shows the coplanar waveguide (CPW) coupling into the resonators.
On the bottom layer, Figure 3.1(d), the loading post is also patterned. A tunable
membrane can now be attached to the finished PCB, which is discussed in the
next section.

For a BSF, the fabrication process is very similar to that of the BPF as shown
in Figure 3.1(a)~(d). The main difference is that an additional PCB substrate is
required for the microstrip as a part of the external and source-to-load couplings
as shown in Figure 3.1(e) and (f). The bottom layer of the microstrip substrate
and the top layer of the cavity substrate have similar patterns since they will be
laminated to deliver the BSF.

It is important to note that this fabrication process, while generally accurate,
is not unique. Filters might require different coupling structures as shown in

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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Inter-resonator coupling

Cu
RO PCB substrate
Cu

(@) (b)
External couplings
.!)o... ...ooo .
oae® ~ \_. ()
00 -
-
L

(c) (@

Figure 3.1 BPF fabrication process in a PCB technology. (a) Bare PCB substrate. (b) PCB
substrate after drilling and plating the vias that define the shape of evanescent-mode
resonators. (c) Top and (d) bottom views of the PCB substrate after patterning the shapes
that define the external coupling in a BPF and the center loading post of the resonator.

Figure 2.13. It is also customary to plate the PCB with gold to prevent copper
corrosion and oxidation.

3.1.1 Practical Considerations

The through-hole vias shown in Figures 3.1 and 3.2 should, ideally, be placed as
close as possible to each other, resembling a cylinder. The spacing between the vias,
however, cannot be arbitrarily reduced and is dependent on the board thickness
and the via diameter. The density of the vias then should be studied carefully in
the simulation stage against the specifications of the PCB fabrication.

The substrate of the filter is typically required to have several properties,
including (1) low loss tangent, (2) appreciable thickness (frequency dependent),
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Figure 3.2 BSF fabrication process in a PCB technology. (a) Bare PCB substrate. (b) PCB
substrate after drilling and plating the vias that define the shape of evanescent-mode
resonators. (c) Top and (d) bottom views of the PCB substrate after patterning the shapes
that define the external coupling in a BPF, and the center loading post of the resonator.
(e) Top and (f) bottom view of the signal substrate which is laminated on the cavity
substrate to form the BSF. (g) Final structure of the BSF after laminating the substrates in
(c) and (e).
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(3) multilayer compatibility (some PCB materials are too brittle to handle the
pressure from lamination), and (4) thermal stability. Consequently, material
selection is a critical part of the design process and should not be overlooked.

The PCB copper thickness is typically 17 pm before processing, and 34 pm
after plating the vias. Both of these numbers are much larger than the skin
depth at typical frequencies of interest (e.g., the copper skin depth at 1 GHz
is approximately 2 pm). As a result, increasing the metal thickness will not
substantially reduce its ohmic loss. Increasing the thickness, however, might
be beneficial in spreading out thermal energy in some active applications (see
Chapter 11). One way to reduce resistive loss is by using rolled copper rather
than the standard electrodeposited copper. Rolled copper has a smoother surface,
which can decrease ohmic loss at higher frequencies [40].

3.2 Tunable Membrane

The structures in Figures 3.1 and 3.2 do not include a tunable membrane. A
tunable membrane is needed when tuning is required. Several technology options
exist depending on the required tuning range, speed, and power handling to
mention a few common requirements. This section discusses two attractive
possibilities.

3.2.1 Piezoelectric Disk Tuners

A piezoelectric material has the ability to convert mechanical stress to electric
charge, and vice versa.! This behavior translates to the ability of a laminate of
piezoelectric disks to deflect under voltage bias as shown in Figure 3.3(a). This
deflection is used to tune the gap between the post and the membrane, which
tunes the frequency.

In order to maintain a sealed conductive surface on the cylindrical structure of
an evanescent-mode resonator, a silver disk is attached to the piezoelectric disk
before it is fastened to the PCB. This step is illustrated in Figure 3.3(b). The attach-
ment can be done with a standard soldering method, or using conductive epoxy.

The cross section of the final assembly is shown in Figure 3.3(c). Sometimes
it is necessary to electroplate outside the post with thicker copper to center the
piezoelectric tuner in the middle of the gap. The thickness of the conductive epoxy,
with the small required deflections, typically makes this extra electroplating step
not necessary.

1 A more accurate definition of piezoelectricity exists in the physics communities. The given
definition, however, is sufficient for filter applications. Piezoelectric materials are very common
in spark generators and inkjet printers. The phenomenon is observed in many materials
including table sugar.
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3.2 Tunable Membrane

Figure 3.3 (a) Piezoelectric laminate disks can bend under voltage bias. (b) The
piezoelectric disk is attached to a silver disk, and the silver disk is attached to the
evanescent-mode PCB, creating a tunable resonator. (c) A cross section of the assembled

filter.

In order to prevent an electric short between the post and the silver disk, an insu-
lating material is deposited on the post. The most common example is Parylene

using chemical vapor deposition (CVD).

While piezoelectric devices require relatively high voltages (10s to 100 s V), they

consume practically no current. As a result, their power consumption is limited to

charging and discharging their equivalent capacitance, which is often negligibly

small.

3.2.2 Contactless Mechanical Actuators

Recent advancements in micro linear actuators, particularly in size and accuracy,
have enabled their use as tuning elements in filters. Due to their ability to move
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over a wide range, maintaining a contact structure is neither necessary nor opti-
mal, especially if a wide tuning range is required. As a result, a contactless design
was adopted.

In a contactless design, shown in Figure 3.4(a), extended sidewalls are added to
enhance the quality factor. The electric field distribution in the contactless design
is shown in Figure 3.4(b). As noted, the majority of the field is still above the post.

To study the effect of the contactless design on the quality factor, Figure 3.4(c)
shows the results for various designs. The contactless design (without the extended
sidewall) suffers from a significant drop in the quality factor, primarily due to radi-
ation losses. The contactless design with sidewalls shows a reasonable reduction
in Q, compared to the contact design, especially if the gap d, is reduced.

Contactless designs using linear motors are also PCB compatible. The structure
requires additional substrate to form the sidewalls. The moving disk can also be
fabricated from a PCB substrate as shown in Figure 3.5.

Linear motor/actuator

&

7 g
400 = S ~.
Rl S
", Contactless =~ " ™ _
" with ESD s i
300 = Contact design | ., @

= dy= 100 um r Contact less
- dy=500
200 |- @=>Wum

~0- dy=1000 ym
.
|*#* Contact-less | g

100 ‘
0.9 1.1 1.3 1.5 1.7 1.9 2.1

Unloaded resonator Q-Factor

Frequency (GHz)
(©)

Figure 3.4 (a) Contactless evanescent-mode resonators with extended sidewall
structure. (b) Exploded view with the electric field overlaid. (c) Quality factor comparison.
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3.2 Tunable Membrane

Figure 3.5 Contactless
evanescent-mode resonator
structure in PCB technology.

Table 3.1 Tuning mechanism comparison.

Piezoelectric Mechanical actuators
Advantages e Compact e High accuracy

e Low cost o Digital interface

e Low power e Repeatable
Disadvantages e Hysteresis e High cost

e High voltage e Bulky

Table 3.1 summarizes the advantages and the disadvantages of using the tuning
mechanisms discussed in this chapter.
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4

Silicon Microfabrication

4.1 Generic Structure

An example structure of a silicon microfabricated bandpass filter (BPF) with a
MEMS tuner is shown in Figure 4.1. The cavity top ceiling is a silicon substrate
sputter-coated with a layer of gold film. This forms two flexible diaphragms
(for the two resonators) that control the resonant frequency. A pair of elec-
trodes (gold-coated silicon-etched posts) are placed above the tuning diaphragms
through appropriately etched via holes on the back side of the diaphragms. A layer
of silicon dioxide electrically isolates the electrodes from the silicon substrate. The
bias on the electrodes creates an electric field that generates an electrostatic force,
pulling the membrane closer to the electrodes, and further from the post. This
allows independent control of each diaphragm. As an additional design detail
to be noted, the height of the bias electrode determines the initial electrostatic
bias gap, which accordingly defines the maximum applied actuation voltage for a
given diaphragm deflection. Two feeding pins are inserted into the filter cavities
through the etched via holes and coupled to the cavity resonator by means of
magnetic coupling (coaxial tap external coupling in Figure 2.13). It should be
noted that the feeding pins always maintain DC contact with the upper ceiling
of the cavity for optimal mechanical stability, lower fabrication uncertainty, and
stronger magnetic field coupling.

Additional silicon substrate is needed to form the resonators and the
inter-resonator coupling. The lamination of these structures forms a BPF as
shown in Figure 4.2. For the rest of this chapter, the design aspects of silicon
microfabrication and related issues are discussed.

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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. Micro-corrugated diaphragm
Bias via hole

Resonator
Coaxial probe
Back side ground plane

Inter-resonator couple iris

Si0, isolation layer

Figure 4.1 3-D exploded view of an evanescent-mode tunable BPF filter implemented
in silicon microfabrication.

Figure 4.2 Assembled filter
from Figure 4.1.
A& o 4111111
/ - Lo

4.2 MEMS Tuner Design

The bending behavior of a flat membrane can be described by:

at, Eqt] E,ty 3
Ppo = Ré <00 +1.33 4R§ ) Ag+2.83 ( Rz > Ag 4.1)
where Pp,, is the pressure imposed on the flat diaphragm and Ag is the
out-of-the-plane deflection. E;, t;, and R; are the Young’s modulus, diaphragm
thickness, and diaphragm radius respectively. o, is the diaphragm residual
stress. Scaling such a design into a smaller resonator cavity operating at a higher
frequency demands further reduction of R;. This increases the required Py,
which results in a higher actuation voltage. Using softer material (lower Young’s
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Intrinsic
stress o,
o — -
Fixed Center of
anchor ] symmetry

Figure 4.3 Micro-corrugated diaphragms (MCDs) which reduce the required electrostatic
actuation voltage.

modulus) can mitigate the problem. The scaling bottleneck, however, still exists
since R, remains at the highest power among all parameters.

To overcome this problem, an alternative approach employing micro-corrugated
diaphragms (MCDs) is used. The MCD exhibits significantly lower tensile rigid-
ity in the radial direction [41]. Instead of stretching the material, bending of an
MCD elongates its corrugation sections and effectively reduces the radial tensile
stress. As a result, an MCD demands lower bias voltage and suffers less material
stretch for the same amount of deflection. This concept is shown in Figure 4.3. The
bending behavior of an MCD can be modeled as the superposition of a stress-free
corrugated diaphragm and a flat diaphragm with initial stress [41], which yields:

Ej3 4B, (1—-p?)ty E,t
Pyen=(A —¢4+5 L 7 ° +B —Ldpg 4.2
Mcep ( PRCY 283R PR & (42)

In the above equation, P, represents homogeneous pressure on the corru-
gated diaphragm. The small deflection stiffness coefficient A, and large deflection
stiffness coefficient B, are both related to the corrugation profile factor, which is
dominated by the ratio of t; to corrugation depth H,. The electrostatic pressure
induced by two parallel DC biased electrodes is given by (assuming the dimensions
of the electrodes are much larger than the DC gap)

%eOV2
8pco — A8
where V, ¢, gpco, are the bias voltage, vacuum permittivity, and initial gap
between the electrode and diaphragm, respectively. Equating (4.2) and (4.3)
yields the relationship between bias voltage and diaphragm deflection. Solving
the equation d(V) = d(Ag) = 0 yields the pull-down voltage and the continuous

tuning range.

Pyep = — 4.3)
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4 Silicon Microfabrication
4.3 Microfabrication Process

The structure of silicon-based filters can vary drastically, depending on the cou-
pling requirements, tuning requirements, and the filter architecture. As a result,
the required fabrication steps may vary from design to design. Nevertheless, we
describe below a fabrication process that includes the basic steps and the three
substrates that typically need to be processed.

4.3.1 MEMS Tuner Microfabrication

The following steps assume a double-sided polished silicon (Si) wafer whose crys-
tal orientation is <1 0 0>. The first step defines the corrugations using photolithog-
raphy followed by a buffered-oxide-etch (BOE) process. This makes the top silicon
dioxide layer a hard mask of the corrugation pattern. Wet-etching the silicon in
a tetramethylammonium hydroxide (TMAH) bath forms trapezoid corrugation
profiles. Additional materials such as Triton X-100 surfactant retain the corru-
gation geometry and surface smoothness. The outcome of this step is shown in
Figure 4.4(a).

In the second step, the remaining sacrificial silicon oxide is etched with a pho-
tolithography and BOE etching process, resulting in the cross section shown in
Figure 4.4. It is important to keep the silicon oxide outside the membrane since it
acts as a DC insulator in the third step, the membrane metal is sputtered on top
of the corrugations. This metal is typically gold or a gold alloy, due to its chemical
stability and relatively low tensile stiffness (Young’s modulus). As can be seen in
Figure 4.5(a), this metal layer takes the shape of the corrugations formed earlier
in the silicon. The metal sputtering is typically preceded with a thin (~1-10 nm)
seed layer of titanium, to enhance adhesion.

The sputtered metal is then patterned with photolithography and etching in the
fourth step. The etching removes a large area of gold on the die boundary as well
as small releasing holes in the diaphragm area. The release holes are used later to
access the silicon beneath the metal layer (the last step in the MEMS tuner fab-
rication). They also help in reducing the air drag when tuning the membrane.

Diaphragm area
5102; e E _ C'ﬂ.\l Il\l;\l
- )
Silicon =/

(a) (b)

Figure 4.4 MCD fabrication (a) step 1: Silicon wet-etch to pattern the corrugations.
(b) step 2: Oxide-etch removes oxide under MCD area.
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4.3 Microfabrication Process
Au 1 um - Release holes
(@) (b)

Figure 4.5 MCD fabrication (a) step 3: Metal sputtering (Au in this case). (b) step 4:
Patterning the metal sputtered in step 3.

(a) (b)

Figure 4.6 MCD fabrication (a) step 5: DRIE is used to etch the back side of the wafer
with vertical walls. (b) step 6: Final step. The membrane is released with Xenon difluoride
silicon etching process.

Additional etching might be required to remove the Ti seed layer. The outcome
of this step is shown in Figure 4.5(b).

In the fifth step, a recess is formed on the back side of the wafer, beneath the
membrane. This is done with deep reactive-ion etching (DRIE). This eases the
next and final step in fabricating the MEMS tuner, which is etching the remaining
silicon beneath the membrane metal. This is done with a Xenon difluoride silicon
etching process. At this point, the membrane is released and is bendable, as shown
in Figure 4.6.

4.3.2 Evanescent-Mode Resonator Microfabrication

Starting on a double-sided polished silicon wafer with crystal orientation <1 0 0>,
a TMAH etching technique creates a cavity with a post in the middle. This is typ-
ically preceded with photolithography. The RF feed holes (external coupling) at
the bottom of the cavity are etched with the DRIE process. Subsequently, BOE
etching removes all remaining silicon dioxide. Metal is then sputtered on the top
and bottom sides of the cavity, forming the resonator structure. These steps are
summarized in Figure 4.7.

4.3.3 Bias Electrode Microfabrication

The electrode is also fabricated on a double-sided polished silicon wafer. First,
a DRIE process on the front side of the wafer creates the biasing posts. Metal
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SlO2

(Depth 400 pum) . l I ‘ ’

(a) Au (b)

NS

©)

Figure 4.7 Evanesceent-mode resonator fabrication. (@) TMAH silicon etching to form
the resonator. (b) DRIE is used for the external coupling structure. (c) Metal sputtering
(Au in this case).

Step 1 DRIE the electrode Step 2 Gold deposition Step 3 SiO, Deposition

Si0, 2 um

Si0,

e

Figure 4.8 Bias electrode fabrication.

sputtering then coats the electrode post and side walls. Finally, the gold is covered
with silicon dioxide to protect against accidental short between the bias electrode
and the MEMS membrane. Figure 4.8 demonstrates these steps along with sample
photos.

4.3.4 Filter Assembly

Each one of the three wafers discussed above is diced with the correspond-
ing dimensions, and then cleaned to prepare them for the assembly of an
evanescent-mode filter structure.

First, the MEMS tuner is laminated on the resonator. Typically, the MEMS
release process (last step in Section 4.3.1) is done after the lamination, to minimize
the mechanical stress on the membrane. One common method to laminate the
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4.3 Microfabrication Process

diced pieces is based on thermal compression. Conventional thermal compres-
sion, however, requires relatively high temperatures (>300 °C) and pressures that
can damage the components. As a result, surface activation is typically used,
where plasma irradiation roughens the surface slightly [42]. This can reduce the
required temperature to approximately 150 °C.

Lastly, the bias electrode is fitted on top of the laminated structure, resulting in
the tunable evanescent-mode resonator shown in Figure 4.9.

As we can see in Figure 4.9, no source-to-load coupling exists. This is an indica-
tion that this structure is for a BPF. A BSF structure would require an additional
substrate for a transmission line structure to couple source and load. An example
for such a stack up is shown in Figure 4.10. We would like to note here that the
BSF in Figure 4.10 combines the MEMS tuner and the bias electrode processes
into a single wafer. The fabrication steps involved for this, however, are similar to
the ones discussed above.

Figure 4.9 Assembled silicon
microfabricated evanescent-
mode resonator for a BPF.

Copper bias electrode

Tuner
substrate

Cavity
substrate

Signal
substrate

Microstrip signal line

Figure 4.10 Assembled silicon microfabricated evanescent-mode resonator for a BSF.
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4 Silicon Microfabrication
4.4 Mechanical Model and Power Handling

When a resonator is excited by high RF power, non linear behavior may emerge.
This section focuses on RF self-actuation in evanescent-mode tunable resonators,
which is one of the non-linearity concerns. To that end, an understanding of the
mechanical behavior of the MEMS membrane needs to be developed. A simplified
model for this is shown in Figure 4.11(a).

The mechanical behavior of the thin membrane tuner can be approximated by a
simple 1-D spring-mass model shown in Figure 4.11(b). The diaphragm actuator
is primarily subject to three forces:

1. The electrostatic force Fj~ from the bias electrode. Assuming an electric
field only exists in the overlapping area between the bias electrode and the

SOl wafer ~ Figure 4.11 (a) Concept
Au drawing of MEMS

/ evanescent-mode tunable

resonator. (b) Spring-mass

model of the MEMS

diaphragm actuator.

(c) Equivalent circuit of the

MEMS evanescent-mode

tunable resonator.

Bias electrode

(@)

W—
v
diaphragm
k2 < Fy
\‘
P
Z R, Ly ¢ Z

(©
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4.4 Mechanical Model and Power Handling

diaphragm actuator, F,. can be approximated by
W2V,
F DC= 5 7 L2
2(dy +x)
where W is the width of the bias electrode, V), is the bias voltage, d, is the
initial gap between the bias electrode and the membrane, and x is the deflection
of the diaphragm. This equation neglects the effect of the fringing field, which
can be taken into account by the nonlinear circuit model.

2. The electrostatic force from the RF signal power Fpp [43]. Using parallel-plate
capacitance for C,, the resonator capacitance, Fgy is given by

(4.4)

2
B €07 a*| V|
RE= 4.5)
4(8y —X)
where a is the post radius, Vi, is the peak-peak RF voltage between the post and
the diaphragm and g, is the initial gap between the post and the membrane.
Again, the fringing field contribution to Fg is not taken into consideration
here.

3. Mechanical restoring force F). Assuming linear deflection, F, is given by
F, = kx (4.6)
where k is the spring constant of the diaphragm.

Within a resonator’s tuning range, electromechanical equilibrium is achieved
between these forces

Fpe+Fpp+F, =0 4.7

Atlow input RF power, the deflection of the diaphragm actuator is dominated by
the electrostatic force between the diaphragm and the DC biasing electrode. When
the input power is increased, the RF-induced electrostatic force (Fyp) starts to
affect the deflection of the diaphragm. Because the DC actuation electrode is sep-
arated from the RF signal path, the equivalent electrostatic force from RF power
counteracts the DC electrostatic force, therefore pulling the diaphragm toward the
capacitive post causing nonlinear responses. In a narrowband resonator/filter, this
nonlinear response is “amplified” by the input and output transformers. Inserting
equations (4.4), (4.5), and (4.6) into equation (4.7), we get

W2, euna|Vig|*

2(d,, + x)? 4(g, — x)?
Note that the DC bias increases the capacitive gap and, therefore, reduces Fg.
In other words, when a DC bias is applied to increase the resonant frequency,

the power handling capability will also increase. As a result, the power capabil-
ity is the lowest when no DC bias is applied. In the following analysis, without

+kx=0 (4.8)
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loss of generality, we assume no DC bias and look at the nonlinear response of the
evanescent-mode tunable resonators solely due to RF power. With no DC electro-
static force, (4.8) is simplified

€oma@?|Vis|* = 4hox(gy — x)? (4.9)
Vgr can be calculated by linear circuit analysis of the model in Figure 4.11(c)
2 2Pgpp

1,1\, 2 \n4
joL, " R,) " nz,

r

Vip = (4.10)

<ij, +

where n is the transformation ratio, Z, is the port impedance, and Pg is the RF
power from the input port. Inserting equation (4.10) into equation (4.9), and
€07

using parallel-plate approximation for C, = P and rearranging both sides of
the equation, we get ’

2 _\? N2 2 2
x (3>_go_x +(g_x> (2>L2=<2)F @11)
8o 2 8o &o wy ) Q o)
where

w0 = 1 &
°7 L,C,  eymaiL,

is the small-signal resonant frequency of the resonator,
1

wnL L+L
r\R, n2z,

is the doubly loaded quality factor of the resonator and

Q=

— 2P RFLr
kn2Z,g2
We now define a normalized gap
s_ 80X
g=22=
8o

and normalized frequency

2

. w

o=|—
Wy

Equation (4.11) can be now simplified as
{0}

0| = OF (4.12)

1- [(d) -9+
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4.4 Mechanical Model and Power Handling
A A
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Figure 4.12 Frequency responses of the nonlinear MEMS evanescent-mode resonator
with different input power levels. (a) Symmetric response with very small input.
(b) Frequency distortion with medium input power. (c) Onset of bifurcation. (d) Bifurcation.

Equation (4.12) is a nonlinear equation describing the relationship between the
normalized deflection of the membrane and the RF power. It is a third-order
equation in terms of § and has three solutions in the complex domain. Among the
three solutions, the ones in the real domain give the amplitude of the normalized
diaphragm deflection under certain external RF power.

For small input power, i.e., small F, only one solution is in the real domain.
This corresponds to the case of small signal input (Figure 4.12(a)). In the limiting
case of F — 0, the frequency response of the resonator is symmetrical around the
resonant frequency.

As F increases, the resonant frequency shifts to a lower frequency, and the fre-
quency response starts to “bend” toward lower frequency as well.

From this conceptual experiment, it is obvious that the evanescent-mode res-
onator reacts differently to input RF signals below and above the resonant fre-
quency. The consequence of such different behaviors is the asymmetrical response
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shown in Figure 4.12. This can be intuitively explained as follows: below the res-
onant frequency, the capacitor in Figure 4.11(c) has a slightly higher impedance
than at resonance. This results in higher RF voltage showing across the capaci-
tor, causing higher pulling voltage from the RF signal. The opposite effect occurs
above the resonant frequency.

When the input power becomes even larger, the situation becomes more com-
plex as F reaches a critical value F,. It is noted that there is still a one-to-one
correspondence between g and & for F < F,. For F > F,, however, all three solu-
tions to equation (4.12) can be real. In this case, there are three possible g values for
a certain range of frequencies @, < @ < @, (Figure 4.12(d)). Such a phenomenon
is often referred to as “bifurcation” [44].

While further analysis can result in closed-form values for RF power and fre-
quency at which bifurcation occurs, the expressions are involved and do not give
any further insights. As a result, numerical and approximate analyses are used to
find the power handling and bifurcation frequency by analyzing the expression
08/06 — oo.

It is also possible to engineer the bias voltage to enhance the transient response
of the tunable membrane (reduce overshoot and minimize the transient time) [45].
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5

Injection Molding

5.1 Manufacturing Technology

In recent years, much interest has been shown to generate high-performance
devices for wireless communications through new technologies such as additive
manufacturing [46]. In [47], state-of-the-art performance is demonstrated with a
measured Q, between 1,638 and 3,520 on a novel monolithic air-cavity bandpass
filter using additive manufacturing. Simultaneously, 3D printing technologies
continue to generate improved results as the industry delivers machines that
can match higher standards in geometrical tolerances and expand into new
materials with a broad portfolio of properties. Emphasis has been placed on their
performance while maintaining low manufacturing cost, from design to end
product.

Injection molding of thermoplastics is used widely on everyday-use products.
In recent years, micro-injection molding technology has advanced to deliver parts
with tight tolerances on the order of micrometers. These can be successfully
metalized with finely finished surfaces while producing parts with complex
3D geometries, providing a significantly lower cost per part and lower weight
per volume, with the same or better characteristics of a machined part. More-
over, micro-injection molding has the potential to generate components for
higher-frequency bands as they can maintain the required micrometer-scale
tolerances.

5.1.1 Device Concept

The conceptual structure of a tunable evanescent-mode air-filled cavity resonator
is shown in Figure 5.1. Tunable evanescent-mode cavity resonators have two
essential parts: (a) a static cavity with a post located in the center, and (b) a flexible

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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Flexible ceiling for ~ Figure 5.1 Conceptual structure of an
evanescent-mode air-filled cavity
resonator.

. actuation

ceiling that serves as a tuning element. The walls of the air-filled cavity must be
formed using conductive metal. To realize such a cavity, we need to manufacture
two parts and assemble them at a later step. Moreover, the tuning element requires
a method of actuation that has been previously demonstrated using electrostatic
[48], magneto-static [49], and piezo-static [50] technologies. Because our goal is to
demonstrate the technology related to device performance, actuation is realized
using a commercially available submicron linear positioner. The positioner’s cost
is not taken into consideration, given that it can be chosen in accordance with the
desired application. Finally, one crucial structural parameter is the bonding of the
two parts to create an air cavity. Different methods have been demonstrated using
mechanical pressure, conductive epoxy [51], and thermo-compression bond-
ing, as reported in [48]. In this chapter, we incorporate a mechanical bonding
technique.

Technological limitations and capabilities are considered to define the best
possible design for part manufacturing, part assembly, and device performance.
One critical parameter is the flexible upper wall of the air-filled cavity, which
serves as a tuning element. An external actuator facilitates its accurate movement
to control the resonant frequency of the device. As such, the large diameter of
the tuning membrane allows for higher deflection, which dictates the tuning
range. The geometrical characteristics, such as the diameter of the post, the
diameter of the cavity, the depth of the cavity, and the actuation length of the
membrane, are considered in the RF design and are explained later in this
chapter.

5.1.2 Injection Molding Technology

Injection molding technology is widely used to manufacture products we use in
our everyday lives by injecting molten thermoplastic into a mold. It is the most
commonly used mass manufacturing process, capable of providing competitive
characteristics for the manufactured parts, such as surface finish, tolerance, and
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geometrical features. Moreover, it offers the capability of mass-producing parts
at the lowest cost and fastest production time. The analysis conducted by Karania
and Kazmer [52] clearly shows the advantage of injection molding compared to
sister technologies when large-scale manufacturing is taken into consideration.
Despite having a high initial setup cost, it is the most competitive technology
when marginal cost and production time are considered, as shown in Figure 5.2
[52]. Their results for a simple experimental part showed that conventional
injection molding is most suitable for quantities above ~10,000 parts. As shown in
Figure 5.3, there is a threshold beyond which the injection molding cost per part is
significantly lower than that of other competing technologies, such as Computer
Numerical Control (CNC) machining. Moreover, injection molding can deliver
parts that maintain precision in the order of micrometers [53], good surface
finish, and excellent structural strength. Table 5.1 highlights the advantages of

Figure 5.2 Manufacturing cost High,
comparison of plastic technologies [52]. | /" Selective
[ laser
sintering
Vacuum
Z ] castin
8 CNC £
s machining |
&b Prototype
S moldin
= Direct .
fabrication
Modular { | Injection
tooling molding
Low |
Low Initial cost

Figure 5.3 Cost cut-off point in
comparison between injection molding and
CNC machining.

Injection molding

Cost per part

== CNC machining

Cut-off point

Quantity
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Table 5.1 Additive manufacturing technology comparison [52].

Resin Surface Part Part
availability finish integrity complexity
Conventional injection molding ™1 ™" ™t 1
Fused deposition modeling (FDM) N 1 | ™
Selective laser sintering (SLS) 1l N 1 "
CNC machining ™ ™" ™ 1

the injection molding technology compared to other manufacturing methods
available for fast production. For this discussion we note that high-Q resonators
manufactured using PCB technology require drilling via holes, which are realized
using a high-speed CNC machine. Consequently, we place them in the CNC
milling category.

5.1.3 Material Selection

The broad utilization of plastics to produce end-use parts and products has led
to the development of polymers as critical materials in modern manufacturing.
There is a versatile category of materials with thousands of polymer options and
properties for use. In some applications, thermoplastics are direct substitutes for
metal parts, delivering reduced weight and cost without compromising perfor-
mance [54]. In contrast to thermosets, thermoplastics can go through numerous
melt and solidification cycles without significant degradation, allowing for maxi-
mum product utilization and minimal production cost.

Acrylonitrile butadiene styrene (ABS) is one of the most common plastics used
in injection molding manufacturing. It has the valuable property of not burning. It
rather liquefies upon reaching its melting point, which makes it ideal for injection
molding applications. Simultaneously, it is possible to cool and reheat it without
significant degradation. This characteristic provides a cost-effective option, as it
reduces manufacturing waste. It is a tough, versatile, engineering thermoplastic
that combines strength and durability with good heat resistance. Moreover, ABS
is one of the best options for plating on plastic because of its high chemical resis-
tance. Adherent metal finishing can be deposited through chemical pretreatment
and further metalized without compromising the structural and surface character-
istics. In contrast, this metal layer enhances material attributes related to strength
and heat resistance, a vital aspect to consider in high-power applications, where
the generated heat is a critical parameter impacting performance. The general
material properties of ABS are listed in Table 5.2 [55].
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Table 5.2 ABS general material properties.

Physical properties ASTM' test method Units Nominal value
Density D1505 g/cc 1.03
Tensile strength @yield D638 psi >6000
Elongation @break D638 % 40
Flexural modulus D790 psi 300,000
Flexural yield strength D790 psi 10,700
Durometer D785 R scale 102
Izod impact D256 ft Ibs/in? 7.7
Vicat softening temp. D1525 °F 219
Heat deflection temp.

(66 psi) D648 °F 201
Flammability UL9%4 UL9%4 HB

*American Society for Testing and Materials.

5.1.4 Design for Moldability

There are three main principles that one needs to consider when designing a struc-
ture that will be injection molded: (1) undercuts, (2) uniformity, and (3) drafts [ 56].
The mold in our case is composed of two parts: a cavity and a core. When they
come together, their enclosure forms the cavity to be filled by the molten ther-
moplastic, and their contact forms the parting line. They are machined with high
precision in order to guarantee a tight-fit enclosure. Complex molds require slides
or handloaded cores to form intricate shapes. This increases the complexity of the
mold and, in rugged designs, the limit at which the parting line of the mold is
located. Figure 5.4 shows the parting line located in the proposed design and how
it can be modified to simplify the design of the mold and guarantee a successful
injection-molded part.

Uniformity refers to the wall thickness of the injection-molded plastic part. It
should be the same across it in order to maintain cosmetic and structural integrity.
A sink occurs when a thicker area of a part cools at a different rate, pulling the faces
toward its center. As depicted in Figure 5.5, a poor design results in sinking marks
that can be avoided by modifying it to have a wall of uniform thickness.

Figure 5.4 Parting line location Poor design Improved design
for the mold. Poor design versus ; : IM part cavity
improved design. w

Parting line
Core

No undercut

Undercut
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Poor design Improved design ~ Figure 5.5 Wall uniformity
considerations for the mold. Poor

design versus improved design.

Sink mark
-/_, &7 <&
Poor design Improved design ~ Figure 5.6 Draft angle considerations for the
cavit cavit mold. Poor design versus improved design.
Core Core
no draft 15° draft

The draft angles are necessary for the part to be released from the mold. A deep
cavity increases the length of the pull, and a lack of draft causes drag marks or
scratches on the sides of the part. In this design (Figure 5.6), a small draft of 15° is
recommended to allow for a more accessible release of the part.

Geometrical characteristics are essential in the design of evanescent-mode
devices and have been considered in the construction of resonators and
second-order BPFs. Any possible undercuts are eliminated, and the part is
designed to have a uniform thickness of 1 mm.

5.2 Resonator and Filter RF Design
This section is adopted from [167].

5.2.1 Resonator

Figure 5.7 presents a 3-D view of the cavity resonator and shows three critical
dimensions of its geometry for design optimization: (1) the RF gap (hg) between

Figure 5.7 Injection-molded
cavity resonator.
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5.2 Resonator and Filter RF Design

Table 5.3 Designed evanescent-mode cavity
resonator parameters.

Parameter Value
Post radius, a 3.0mm
Gap (min-max), hy, 45.7-540 pm
Post height, h,, 6.8 mm
Cavity radius, b 10.0 mm

the flexible membrane and the center post; (2) the height of the post (h,); and
(3) the 105° angled walls, which are critical for maintaining smooth surface
roughness during the injection molding process. The tuning element on top of the
post-loaded cavity resonator is implemented using a liquid crystal polymer (LCP)
membrane metalized with copper on one side (Ultralam 3850 by Rogers Corp.).
A commercial linear actuator (M3L-S by New Scale Technologies) controls
the membrane movement by changing the gap (h,) vertically. Based on the
dimensions of the evanescent-mode air-filled cavity summarized in Table 5.3,
its resonance frequency (fy) can be calculated using the analysis derived in
Section 2.2.1.

The analytical equation of Q,, for a traditional evanescent-mode cavity resonator
is derived in [57]. As discussed earlier, resonators suffer losses due to conductor,
dielectric, and radiation losses. With an air-filled cavity, the injection molding res-
onator has the lowest possible dielectric loss. Radiation loss is also low because of
the close contact between the flexible ceiling and the cavity. To minimize conduc-
tor loss, the injection molding technology implementation requires a high surface
finish for the part, which is maintained during metalization by utilizing a reverse
power plating (RPP) method (R, = 0.31 pm) [58].

5.2.2 Filter

A two-pole reconfigurable BPF utilizing the evanescent-mode cavity resonator is
designed using standard coupling synthesis techniques to demonstrate the pro-
posed manufacturing method and validate its performance. The design procedure
for tunable evanescent-mode cavity filters has been extensively reported in the lit-
erature [59-61], thus, only a brief discussion is included here. A 3-D sketch of the
filter is shown in Figure 5.8 with final design dimensions summarized in Table 5.4.
The flexible membrane that encloses the cavity serves as the tuning element. A
section cut of the device shows the internal structure of the cavity and its design
parameters.
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Figure 5.8 Injection-molded
cavity filter.

Table 5.4 Designed evanescent-mode cavity
filter parameters.

Parameter Value
Post radius, a 3.0mm
Gap (min-max), hg 101-588 pm
Post height, h,, 6.8 mm
RF input height, b, 3.5mm
Cavity radius, b 10.0 mm
Post distance, dp 16.0 mm
Iris width, w, 13.0mm

The filter response type and fractional bandwidth (FBW) depend on the cavities’
external input/output and inter-resonator couplings. The external couplings are
evaluated by the external quality factor Q,, and the inter-resonator coupling k,,
is evaluated by the even-mode (f,,) and odd-mode (f,) resonance frequencies
of a coupled-resonator system [62]. For this particular design, a Chebyshev
BPF response at 2.8 GHz (h, = 101 pm) with 7.6% FBW and 30 dB minimum
return loss is initially designed, with calculated coupling values Q, = 4.76 and
ky, = 0.22.

The required external coupling is realized by an RF connector inserted through
the sidewall of the cavity and short-circuited on the metalized sidewall of the
capacitive post. The coupling strength is controlled by the distance of the pin
from the top of the post, as shown by dimension h; in Figure 5.8. The closer
the pin is to the top of the post (smaller h;), the stronger the external cou-
pling becomes. Ensuring that the tip of the pin makes good contact with the
sidewall of the post is also important. If the contact between the pin and the
post is poor, the coupling is reduced. To determine the dimension h;, a single
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5.3 Fabrication and Measurements

evanescent-mode cavity resonator fed by an RF connector is simulated, and the
required Q, for a given h; is extracted from S;; using the group delay method,
where Q, = 2xf,7(f,)/4, and z(fy) is the reflection group delay at resonance [63].
For this design, the pin is located 3.5 mm below the top of the post to achieve the
desired Q,.

The iris located between the two resonators implements the necessary
inter-resonator coupling, where the dimensions W; and d,,, shown in Figure 5.8,
along with the overall shape of the iris, determine the coupling strength [59].
The closer the two posts are together (smaller d,), or the wider the iris opening
becomes (larger W;), the stronger the coupling is. To determine the dimensions
W; and d,, two iris-coupled evanescent-mode cavity resonators without RF
connectors are simulated. For a given set of dimensions W; and d,, the even-
and odd-mode resonance frequencies are extracted and the coupling coefficient
is calculated using k, = (f> — f2)/(f? + f2) [62]. The iris dimensions providing
the desired k,, are determined to be W; = 13 mm and d,, = 16 mm. A more com-
prehensive design procedure for tunable evanescent-mode cavity BPFs has been
reported in [59], with considerations for a constant bandwidth or constant FBW
across the entire tuning range. Although not implemented here, the proposed
structure allows for such improved performance features.

Finally, a flexible membrane is used to enclose the cavity top to provide ver-
tical movement and control the air gap (h,) to tune the filter. An LCP layer is
mechanically pressed against the sidewalls to achieve good contact, thus main-
taining a high Q,. Two external microactuators individually control the two sep-
arate tuners, changing h, from 101 to 588 pm, thus tuning the filter from 2.8 to
5.2 GHz.

5.3 Fabrication and Measurements

5.3.1 Resonator

A cavity core is manufactured in aluminum through precision CNC machining
and used in industrial-level injection molding equipment by Proto Labs Inc. Dur-
ing the manufacturing process, molten ABS material is injected through the mold,
and the part is released at the end of the cycle. The produced cavity parts are shown
in Figures 5.9 and 5.10, for the resonator and BPF, respectively. The manufactured
parts are solvent-cleaned, and the surface is prepared for metalization. Initially,
the surface is treated with an argon plasma for 60 seconds in a desktop reactive
ion etcher (RIE) to increase the adhesion of the seed metal. Next, the samples are
inserted in a magnetron sputtering equipment to deposit a total of 0.5 pm seed
layer of Ti/Au (20 nm of Ti) to electroplate a thick copper layer. The samples are
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Figure 5.9 ABS injection molded
cavity resonator. (a) Molded cavity,
(b) copper electroplated cavity.

Figure 5.10 ABS injection molded
cavity filter. (a) Molded cavity,
(b) copper electroplated cavity.

. E |
* all dimensions in mm

(a) (b)

placed in a copper sulfate bath, and an RPP method is used to obtain a high den-
sity and fine surface finish [58]. The LCP membrane used as a tuning element is
25 pm thick and is metalized with a 9 pm copper layer.

The final assembly also has a connector launch pad to facilitate the transition of
the SMA connector inside the cavity. It has been CNC machined from bulk cop-
per and serves as a pressure plate for the cavity and membrane seal. In addition, a
CNC-machined fixture is produced to align and hold the microactuators in posi-
tion. The microactuator pillars are fixed on top of the tuning membrane using
a conventional fast-drying adhesive layer. These fixtures can be eliminated from
the final product by integrating into one piece with the injection molding cavity.
Images of the assembled devices are shown in Figure 5.11(a) and (b).

A weakly coupled evanescent-mode cavity is also manufactured to evaluate the
Q, of the tunable resonator. Referring to Figure 5.7, the feeding pins are discon-
nected from the post to achieve weak coupling. The resonator is tuned to different
gap heights by adjusting the position of the membrane above the post using a
microactuator. Figure 5.12(a) shows the measured results compared to simula-
tion. The measured Q, is extracted from the measured S,; for different tuning
gap heights using the well-known equation Q, = Q. /(1 — S, (fy)) [64], where Q,
is the loaded quality factor, and S, (f;) is the measured insertion loss at resonance
frequency f,, as shown in Figure 5.12(b). The simulated Q, of the resonator is
evaluated without including the effect of the connectors, likely accounting for the
discrepancy between simulation and measurement, which includes SMA connec-
tor loss. Furthermore, the ideal bulk conductivity of copper (¢ = 5.8 x 107 S/m)
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5.3 Fabrication and Measurements

(b)

Figure 5.11 Assembled manufactured devices. (a) Resonator and (b) bandpass filter.

is used for all simulations; in comparison, the measured cavity suffers further
losses due to copper surface roughness and other fabrication tolerances or assem-
bly errors. The actual conductivity of the electroplated copper was not measured.
The resonator is tuned from 2.0—5.0 GHz using gap heights (h,) of 45.7—520 pm,
respectively, and achieves a measured Q,, of 1,548-2,573.

5.3.2 Filter Performance Measurements

In Figure 5.13, the measured performance of the fabricated two-pole injection
molding evanescent-mode cavity bandpass filter is compared with the simulation
results, with good agreement. Adjusting the simulated gap height from 101-588
pm, the filter’s center frequency is tuned from 2.8—5.2 GHz, for a tuning range of
1.9:1. The return loss (|Sy;]) of the fabricated device is shown in Figure 5.13(a),
with each tuning state achieving better than 20 dB matching. In Figure 5.13(b),
the insertion loss (]S, |) of the filter is shown, with two insets giving a closer look
at the in-band response for the lowest and highest bandpass frequencies. A cop-
per conductivity of ¢ = 5.8 X 107 S/m has been used in the simulation, along with
the Teflon of the SMA connector with dielectric constant ¢, = 2.08 and loss tan-
gent tan 6 = 0.001. The measured results include SMA connector loss. At a center
frequency of 2.8 GHz, the measured filter has a minimum in-band insertion loss
of 0.07 dB and a 3 dB FBW of 7.6%, while at a center frequency of 5.2 GHz, the
measured filter has a minimum in-band insertion loss of 0.07 dB and an FBW of
8.4%. The minimum insertion loss across the entire tuning range varies between
0.06—0.1 dB. A smoothing function on the measured data has been used to remove
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Figure 5.12 (a) Measured and simulated extracted Q, of the weakly coupled single
cavity resonator, and (b) measured insertion loss (|S,,|) of the weakly coupled single
cavity resonator, with the colors representing different tuning gap heights (h,) used to
extract the measured Q, at several resonance frequencies across the resonator’s tuning
range.
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Figure 5.13 (a) Measured and simulated return loss (|S,,|) of the tunable cavity filter,
and (b) measured and simulated insertion loss (|S,,|) of the filter, with insets showing a
closer view of the in-band insertion loss for the lowest and highest bandpass filter
responses (results include SMA connector loss).
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measurement uncertainty of +£0.01 dB when extracting the reported insertion loss
values above.

5.3.3 Power Handling

Power handling is a critical characteristic of high-performance cavity filters. Power
handling of evanescent-mode cavities has been extensively investigated, and three
main limitations have been identified: (1) nonlinearities, (2) self-heating, and (3)
gas discharge [65]. Due to the significant RF tuning gaps implemented within
the proposed design, nonlinear behavior resulting from tuner self-actuation is not
significant. Furthermore, this behavior depends not only on the RF gap but also
on the tuning method of the resonator. This design uses an external microactua-
tor with a 0.5N holding force to maintain the tuner position and counteract the
RF-generated force.

Evanescent-mode cavities traditionally show great power handling due to
their geometrical structures and significant gaps available during tuning.
However, high-power resonators designed to handle 100s of watts may fail
because of gas breakdown [66-68]. Semnani et al. studied gas breakdown and
power handling of evanescent-mode cavities and validated their theoretical
and experimental findings [67]. It was shown that the main mechanisms
of gas breakdown for relatively large air gaps (>10 pm) under atmospheric
pressure were due to electron-induced ionization and secondary electron
emission. In [69], a proposed method of predicting the maximum power
handling of an evanescent-mode cavity was investigated. The same method
is used to predict power handling of the injection molding evanescent-mode
cavities.

For evanescent-mode cavities, most of the electric field is concentrated within
the small air gap between the top of the post and the tuner. Gas breakdown occurs
when the electric field density in this region reaches a specific value. When this
occurs, the resonator shorts, thus defining the maximum power handling of the
device. The maximum power handling P, ., of an evanescent-mode cavity can be
calculated as [69]

E 2
Pmax= <Ebreakdown> % 7 1 (5'1)

max-norm stored-max

where Ej,,.ii0wn 1S the electric field breakdown threshold of air, E,, ;. 0 iS the
maximum magnitude of the simulated electric field inside the cavity using the
eigenmode solver of HFSS normalized to 1 nJ, and W, ;.. . iS the maximum
stored energy inside the cavity in nanojoules. For air gaps on the order of a few 10s
of micrometers, Ey ... qown Nas been reported to be 7.9 V/um [66].
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The maximum stored energy inside the evanescent-mode cavity can be calcu-
lated from

2% Lo v2 (5.2)

stored-max = 5 eqv

where C,,, is the post-equivalent capacitance. By exciting the simulated cavity with
1 W of input power, the nodal voltage V across C,,, can be extracted by multiplying
the maximum magnitude of the electric field by the gap height.

In Figure 5.14, the simulated electric field distribution on the post for an air gap
h, = 43.1pm is shown, along with the calculations of P,,,, for three different air
gaps. A close-up of the top of the post is also shown in Figure 5.14(b), where it is
clear that the majority of the field is located within this region. The calculated val-
ues for P, were 41.9, 55.9, and 260.4 W for air gaps hg =43.1,48.1,and 92.8 um,
and cavity resonance frequencies 2.0, 2.1, and 2.8 GHz, respectively.

The power handling of the manufactured resonator is investigated to compare
the predicted power handling with measurements. A weakly coupled resonator
reflects too much power and does not provide a good indication of the resonator’s
power handling. Thus, the amount of input/output coupling of the resonator was
increased by adjusting the feed pin location to make contact with the post and

E field [V/pm]

@ .
o A ad
NN R
Air gap hg (Hm) Emwc—norm (V/ Hm) Wstored/max (nJ ) P max (W/ dBm)
43.1 0.65 3.51 41.9/46.2
48.1 0.60 3.10 55.9/47.5
92.8 0.35 1.96 260.4/54.2

Figure 5.14 (a) Simulated electric field distribution for air gap h; = 43 pm on the post
inside the cavity (tuner is not shown for better display) and (b) a closer view of the field
strength on the top of the post, along with the calculated maximum power handling P,
for three different air gap sizes.
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Figure 5.15 High-power measurement setup.

achieve critical coupling. Figure 5.15 shows the high-power experimental setup. A
single continuous wave (CW) power-swept stimulus from 33 to 47 dBm is applied
at the input of the resonator over a time period of 185 ms, with the forward
transmission (S,;) versus input power measured at the resonance frequency
of the cavity corresponding to a particular gap height. This measurement is
conducted over short periods of time to focus on breakdown-induced failure
[66]. For longer measurement times, other high-power effects become more
prominent.

In Figure 5.16, the measured power handling of the resonator is shown for two
different gap heights. The gap heights are estimated using the simulated model
by correlating the measured frequency with the equivalent simulated gap. At a
resonance frequency of 2.004 GHz, with an estimated gap height of 43 pm, no
breakdown is observed at a power-sweep time of 185 seconds up to 47 dBm. This
indicates that the simulated power handling shown in Figure 5.14 is a conserva-
tive estimate. Increasing the power-sweep time to 20 seconds, breakdown occurs
at 43.7 dBm, and at 60 seconds, breakdown occurs at 42.2 dBm. At a resonance
frequency of 2.104 GHz, with an estimated gap height of 48 pm, breakdown did
not occur at any measured sweep time.
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Figure 5.16 High-power measurement results for the critically coupled cavity at
(a) 2.004 GHz and (b) 2.104 GHz.

The method in [69] is also used to predict the power handling of the
evanescent-mode cavity BPF. The filter response at 2.8 GHz with a gap of 101 pm
is evaluated because it has the narrowest FBW and smallest gap height, resulting
in the worst-case scenario for power handling with the longest group delay
and thus the largest amount of stored energy [70]. First, the maximum electric
field magnitude for each individual resonator of the filter is extracted from the
simulation model, noting that the peak field occurs at the edges of the passband
and has a different magnitude for each resonator. By exciting the model with an
input power of 1 W, the first resonator is found to have a greater field magnitude.
From this value, the maximum stored energy, W, ,cq_mar> iS Calculated using
(5.2) and is found to be 2.32 nJ. Next, the filter is simulated normalized to
1 nJ, and the maximum normalized electric field E,, . .. 1S extracted with
a value of 0.33 V/pm. Using (5.1), the estimated power handling P, of the
evanescent-mode cavity BPF is determined to be 244 W, or 53.9 dBm.

5.4 Discussion

Tables 5.5 and 5.6 relate this work’s manufactured resonator and filter, to
state-of-the-art evanescent-mode resonators and filters in the literature. The
implementation of injection molding technology provides a high surface finish
cavity, which is essential for a high-Q performance. In conjunction with applying
a soft adhesive to ensure optimal contact with the flexible membrane, mechanical
pressure bonding allows for superior electrical connections by eliminating
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Table 5.5 Comparison of this work with the state-of-the-art evanescent-mode tunable
cavity resonators with respect to power handling and tuning range.

References Manufacturing and tuning technology P (W) Tuning range (GHz)
[60] PCB + microactuator >100 1.3-3.6

[71] Machining + RF MEMS 0.004 4.07-5.58

[72] PCB + piezo disk 10 2.2-2.8

[73] 3D printing + microactuator — 1-3

[74] Machining + liquid metal — 2.9-9.9

This work Injection molding + microactuator >100 2-5

Table 5.6 Comparison of this work with the state-of-the-art evanescent-mode cavity
filters with respect to insertion loss and quality factor.

References FBW (%) IL (dB) Tuning range (GHz) Quality factor
[47] 13 0.35 5.2 3257
[75] 8.8 0.08 3.53 1833
[76] 8.4-9.1 0.77-0.26 2.2-4.2 500-700
[48] — 3.14-0.78 18.9-39.6 265-510
[73] 4.1-8.5 <1.3 1.3-2.2 >500
[74] — <1 34-7.5 120-625
[77] 5.1 21 10.26 214

[78] 1.1 3.57-1.56 0.98-3.48 300-650
This work 7.6-8.4 0.06-0.1 2.8-5.2 1548-2573

the air gaps and radiation leakage, resulting in the best possible performance.
The simplicity of the assembly minimizes manufacturing errors and produces
measured results that are in good agreement with the simulated results.

Figure 5.14 presents the simulated breakdown of the evanescent-mode resonator
based on different tuning gaps. These results are in good agreement with the mea-
sured results presented in Figure 5.16(a) and (b). In addition, Figure 5.14 shows the
expected breakdown power of the resonator at 2.8 GHz (92.8 pm gap height), the
lowest measured frequency response of the filter. The simulated breakdown of the
evanescent-mode BPF at 2.8 GHz is also determined, with only a slight decrease
in power handling compared with the resonator. Thus, based on the designed
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5.6 How to Choose the Right Manufacturing Technology

and manufactured tunable filter’s minimum gap of 101 pm, along with the good
correlation between the single resonator’s simulation and experimental results
conducted at smaller gap heights, we can reliably extract the filter’s high-power
handling (>100 W) capabilities within its tuning frequency range.

In summary, both manufactured devices show outstanding performance.
The resonator and filter exhibit simultaneously low insertion loss, wide tuning
range, high-power handling, and high unloaded quality factors. In Table 5.5, one
can observe these tradeoff characteristics. In [60], insertion loss was sacrificed
for higher power handling, and in [74], the quality factor was sacrificed for a
wider tuning range. In [75], a comparable insertion loss was shown but with
a fixed-frequency device. Table 5.6 also summarizes a comparison with the
state-of-the-art taking into consideration the insertion loss and the quality
factor.

5.5 Conclusion

This chapter investigates the potential use of injection molding technology as a
large-scale low-cost manufacturing method to realize high-Q high-power tunable
filters. For demonstration, an injection-molded tunable evanescent-mode cavity
resonator and a bandpass filter were manufactured and tested. The measured fil-
ter achieved an insertion loss between 0.06—0.1 dB within a tuning range from
2.8—5.2 GHz, and an unloaded quality factor of 1,548—2,573, which is compara-
ble to existing state-of-the-art devices for a fraction of the cost per part produced.
To demonstrate the power handling of the proposed technology, a strongly cou-
pled resonator was shown to handle high-power loads at small gap heights. The
presented results confirm the potential of this technology for low-cost mass pro-
duction of high-performance tunable filters in the sub-6 GHz range.

5.6 How to Choose the Right Manufacturing
Technology

As already discussed in the previous three chapters, there are several manufactur-
ing technologies available for implementing evanescent-mode tunable filters. We
recommend the designer consider the following key questions when choosing the
appropriate technology:

o Operating frequency: High-frequency filters require smaller dimensions and
tighter manufacturing tolerances. Consequently, silicon micromachining and
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micro-injection molding may be best for filter cavities in the range of 100s pm
or less, which will likely be required for frequencies above 40 GHz.

o Production cost and volume: While CNC machining or 3D printing may be
attractive for prototyping purposes, injection molding or micro-injection mold-
ing may be optimal for high-volume applications (10s of millions to billions
of units). PCB manufacturing is best suited for medium-volume applications
(thousands to a few million units).

e Tuning mechanism: Mechanical tuners will, in general, result in the best
possible RF performance in terms of loss, linearity, and power handling.
Consequently, they can be a good choice when highest system performance is
desired. However, tuning speed and manufacturing costs will be sub-optimal.
Conversely, electronic tuning (using switches or varactors) offers lower perfor-
mance, but it can be acceptable, particularly when we consider the increased
tuning speed, lower cost, and improved integration.

In practice, there will be several additional questions to consider such as tem-
perature range, manufacturing repeatability, and vibration/shock requirements to
name a few. The optimal choice will often be a compromise of various require-
ments, performance, and fabrication technologies.

5.7 How to Choose the Right Actuator for the Filter

Similar to selecting manufacturing technology, a few parameters need to be con-
sidered when selecting tuning actuators. In general, the designer will select actu-
ators based on

e Size: Linear mechanical actuators can have sub-micrometer resolution. Their
volume, however, might prohibit their use in size-constraint applications.

o Repeatability: Mechanical actuators with built-in motion closed-loop control
are typically preferred.

e Mechanical rigidity: A filter may need to tolerate substantial mechanical
vibrations, shocks, and/or temperature variations. Its tuning actuators will
need to handle such constraints.

e Power consumption: While some mechanical actuators can achieve
all design parameters mentioned so far, this might come at the cost of
DC power consumption. As a result, the designer has to keep in mind
the acceptable amount of power that can be consumed by an actuation
device.
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5.7 How to Choose the Right Actuator for the Filter

Chapter 12 discusses some closed-loop control methods that are specifically
designed for evanescent-mode resonators. Although these are not an exhaustive
list, they do present a strong potential for tuning evanescent-mode filters with
minimal overhead on the wireless system.
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6

Absorptive Bandstop Filters

6.1 Design Principles of Absorptive Filters

6.1.1 Analysis of a Two-Pole Absorptive Bandstop Filter

A schematic representation of a two-pole absorptive bandstop filter is shown in
Figure 6.1(a). This circuit was first disclosed in [79, 80].

The filter consists of two resonators coupled to a source-to-load transmission
line of length # with denormalized coupling coefficients ky, ,,' and coupled to
each other with coupling coefficient k;,. Though represented as shunt-parallel
RLC resonators in Figure 6.1(b), the resonators can be implemented as any res-
onators, which have paralle]l RLC equivalent circuits near resonance. The coupling
elements are implemented as admittance inverters scaled by the resonator and
system characteristic impedances as defined in [24], and the source-to-load cou-
pling is assumed to be an ideal TEM transmission line. With the sign convention
used in this analysis, positive coupling provides a +90° insertion phase, whereas
negative coupling yields a —90° insertion phase. The source and load impedances
are assumed in this analysis to be identical to the characteristic impedance of the
transmission line. The expressions in Figure 6.1 are defined as follows

1 1
=—| = iB 6.1
resl,2 ZR (Qu +p i.] > ( )
,
p=j<3——°> (62)
(24 w
Jp=kyu/Zy (6.3)

1 The k coupling coefficients are sometimes used instead of M from Chapter 1. For external
coupling k,,, = FBW x M, and for inter-resonator coupling k;,, = VVFBW X M.

int —

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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(a)

Figure 6.1 (a) Schematic representation of a two-pole absorptive bandstop filter.

(b) Equivalent circuit of (a). Source-to-load coupling is implemented by a transmission
line of characteristic impedance Z, and electrical length 6, resonator coupling elements
are implemented by admittance inverters, and resonators are represented as parallel RLC
resonators.

Tena = kio/ VZoZy (6.4)
Zz=+/L/C (6.5)
w=1/VLC (6.6)
Q, = wyRC (6.7)

Y,.s1, Tepresents the admittance of each resonator and is simply the parallel
combination of the inductor, capacitor, and resistor, which model each resonator,
slightly rearranged and reduced using the definitions for the frequency variable
(6.2), the resonators’ impedances (6.5), and the resonators’ unloaded quality
factors (6.7). The capacitors are differentially tuned by a factor of 1 + B, which
allows for asynchronous tuning of the resonators if B is chosen to be nonzero.
The frequency-invariant reactance B in equation (6.1), which appears as a
result of this differential capacitance tuning is only approximate - in reality, the
reactance would have frequency dependence, but in the narrowband case it can
be approximated as constant.

To obtain the transmission and reflection coefficients (S,, and S;,) of the circuit
in Figure 6.1(b), all components are first converted into their representative ABCD
matrices (Figure 6.1(a)) using the expressions in Figure 6.2.

The elements in the bottom branch of the circuit (the resonators and cou-
pling elements) are cascaded together by multiplying their ABCD matrices
(Figure 6.3(b)). The resulting matrix is converted into its equivalent Y-parameter
matrix (Figure 6.3(c)), which is then added to the Y-parameter matrix of
the transmission line due to their parallel configuration (Figure 6.3(d)). The
resulting Y-parameter matrix is converted into its equivalent S-Parameter
matrix (Figure 6.3(e)). The resulting transmission and reflection coefficients are
extracted using symbolic math tools and are shown in Figure 6.4. Inspection of
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Figure 6.2 ABCD parameters for each block in A, =cos(h) Ays=1
Figure 6.3. B, = jZsin(6) Bys=0
Cy = J/Zysin(0) Cs= Y1
D, = cos(0) Dy 5=
A6=0 Ay=
By =g 5 By=—/,
Cz,«s:_j']El,z Cy=-J),
D,,=0 D,=0

Figure 6.3 Step-by-step
process for calculating the
S-parameters of the circuit
in Figure 6.1.

e ¥ (p"‘ + %p +B + i, + ﬁ + k|2k£lk£‘255!l3)

Sn = o

P+ .1+tlp.§—ir_-.-}Q:-p+jﬂ'ﬁhﬂkm (Kiz + zlkglkmsixl(ﬁ}} + ﬁ + ﬁ?(ki,, +kL,) + B+ K, +jf—: (K2, — kL)
S = —3 (ks + e ki) +p
) 2, Ak, kL) o Z ; 2 i

p? + Iy ¢ e Pk (kia + Fhmkmsing®) + g + gy (¥ + k) + B2+ R + 54 (K, — k)

e ki, (-2+2iBQu + k1, Qu) K (2+ 2iBQu + k,Qu)
4Qu 4Qu

p=—je P kigkpke +
Figure 6.4 S,; and S,; of the circuit in Figure 6.3.
the expression of S,, = 0 at the filter’s center frequency (w — w,, or alternatively
p =0)yields

é + B2 + 2, + Ky ki Ky SIn(0) = 0 (6.8)
u

If this equation is satisfied, the filter has theoretically infinite attenuation even
with finite Q, resonators, and thus it is the basic governing equation for absorptive
bandstop filters.
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Many combinations of k; ,, k15, B, Q,, and @ can provide valid solutions to (6.8),
and thus it is instructive to examine the bounds placed on each variable and to see
how the choice of each variable affects the filter’s transfer function. Those bounds
are studied in detail in [81].

6.1.2 W-Band Absorptive Bandstop Filter

Recent advances in millimeter-wave components such as antennas, LNAs, and
power amplifiers have made functional radar and communication systems pos-
sible at Ka through W-band frequencies. An important characteristic of robust
communications systems is the ability to operate in the presence of strong, unpre-
dictable interfering signals, but this often requires the use of dynamic filtering to
prevent distorting LNA gains. There are multiple ways to achieve this, but one
promising method is to place a tunable narrowband, high-isolation bandstop fil-
ter in front of an otherwise wideband receiver. Key characteristics of such a filter
are low-loss in the passband, high levels of isolation in the stopband, high selectiv-
ity (narrow passband to stopband transition), and wide tuning range. This section
proposes an absorptive W-band bandstop filters, which exhibits these qualities.

6.1.2.1 Filter Design

Although tunable evanescent-mode resonators with relatively high quality factors
have been demonstrated, it is still usually not easy for tunable bandstop filters to
achieve very high levels of attenuation (>50 dB) with narrow bandwidths (<3%
fractional bandwidth). One technique to overcome the limitations of limited res-
onator quality factor is to add a small amount of interresonator coupling between
the two resonators, resulting in the absorptive response.

It is interesting to note that with this topology, the maximum attenuation of
the filter is not limited by the quality factor of the resonators, but the minimum
bandwidth is. The external coupling must be at least 1/2/Q,,, which limits the
minimum possible 3-dB fractional bandwidth to 2/Q, [96].

The absorptive evanescent-mode filter for W-band requires a fine fabrication
process. As a result, it is designed and fabricated using the microfabrication
process, as discussed in Chapter 4. A conceptual drawing of that is shown in
Figure 6.5.

The evanescent-mode resonators are realized with gold-plated wet-etched
silicon cavities each containing a conical post in the center. This structure approx-
imates a short length of coaxial transmission line loaded with a capacitance.
The source-to-load coupling is realized with a 270° microstrip transmission
line on a high-resistivity silicon substrate, with apertures in the ground plane,
which implement the external coupling by allowing a portion of the transmission
line’s magnetic field to couple with the magnetic field of the cavity at resonance.
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6.1 Design Principles of Absorptive Filters

Figure 6.5 Conceptual
drawing of a W-band
tunable bandstop filter.
The top element is a
MEMS electrostatic
actuator, the middle
element is the cavity
substrate, and the bottom
element is the signal
substrate.

The inter-resonator coupling is created by introducing an iris between the two
resonators, coupling the magnetic fields of the two resonators.

The strength of the external coupling is determined by both the width and length
of the coupling aperture and can be extracted from the S-parameters obtained from
fullwave EM simulations, as discussed in Section 2.3. The size of the coupling aper-
tures was chosen to be 0.18 mm X 0.34 mm, yielding a coupling coefficient k,,, =
0.13 at 95 GHz in order to realize a 1.5% 3 dB fractional bandwidth notch.

The apertures in the ground plane present series inductance to the through
transmission line, which can seriously degrade the passband performance of the
filter. This effect can be mitigated by adding capacitive patches to the transmis-
sion line directly over the ground plane apertures [82]. However, this combina-
tion of series inductance and shunt capacitance adds a significant phase shift to
the through-line, which must be taken into account when designing the through
transmission line. Using 3D EM simulations to determine the actual phase of the
through-line, including the phase shift from the coupling apertures, the distance
between the two coupling apertures is chosen to be 0.71 mm so that the total phase
shift between coupling slots (center to center) is 270° at 95 GHz.

It was observed through 3D EM simulations that above 100 GHz, a significant
amount of power is to parasitic propagating surface modes. To mitigate this
problem and reduce passband insertion loss, the substrate on either side of the
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microstrip line was etched away, preventing the propagation of these spurious
modes.

The inter-resonator coupling is realized with an inductive iris, which is essen-
tially a section of below-cutoff waveguide, which allows the magnetic fields of the
resonators to couple with each other at resonance. Increasing the width of the
coupling iris increases the strength of the coupling, as does reducing the spacing
between the resonators. Because the resonator spacing was fixed after choosing
the length of the through transmission line, the only free variable was the width
of the coupling iris. The resonator quality factor is estimated to be 400 from simu-
lations, and thus the desired inter-resonator coupling value is 1/Q, = 0.0025. The
coupling iris width is chosen to be 0.5mm in order to attain this coupling value.
Those dimensions are shown in Figures 6.6 and 6.7.

Figure 6.6 Signal-side of
cavity substrate.

Wys = 0.155mm,
W, = 0.060 mm,
d, =0.710mm.

Figure 6.7 Cavity-side of
cavity assembly.
b=1.68mm,

a=0.060 mm,

Lg=0.340 mm,

W =0.500mm,

W¢ = 0.180 mm,

dy, =0.330mm.
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6.1 Design Principles of Absorptive Filters

6.1.2.2 Fabrication and Measurements

The 200-pm high-resistivity silicon substrate used for the signal substrate is
bonded to a 300-pm silicon substrate using a gold intermediate layer, and the
cavities are wet-etched using a TMAH and Triton X-100 solution [83]. The
cavity and transmission lines are metalized and patterned with a 1 um layer of
sputtered gold.

The tuner’s bias electrodes are created by wet-etching cavities in the backside of
the tuner substrate, which are then electroplated with a thick layer of copper. The
corrugated diaphragm is created by etching circular corrugations in the silicon
substrate, metalizing the corrugations, then etching the silicon from under the
diaphragm using the XeF2 dry-release process to leave a flexible, free-standing
diaphragm.

After release, the tuner is aligned and bonded to the cavity structure using
gold-to-gold thermocompression bonding. Those steps are summarized in
Figure 6.8. SEM images of the fabricated device are shown in Figure 6.9.

Figure 6.10 shows the measured response of a filter tuned to 96 GHz. Its notch
depth is greater than 70 dB, and the passband insertion loss varies from 1.7 dB at
71 GHz to 3.25dB at 109 GHz. The relatively high passband return loss (8 dB) is
due to parasitic reactances caused by the CPW to microstrip transition required to
measure the device with RF probes. From simulations, the return loss of the filter
itself would be better than 15 dB across the passband if the effects of the transition
were removed.

The measured responses of two assembled filters are shown in Figure 6.11. The
two filters are identical in all respects except for the initial gap between the tuning
diaphragm and the posttip. The first filter has a capacitive gap, which ranges from
3 to 10 pm, and the second filter has a gap, which ranges from 6 to 13 pm. The first
filter has an analog tuning range of 75-103 GHz with an applied bias of 0-90 V. The
second filter tunes from 96 to 108 GHz with 0-80V applied bias. Below 90 GHz,

Copper bias electrode
J Tuner
substrate
<«— Cavity Corrugated Cavity
Capacitive post— diaphragm substrate
Signal
substrate

“\Microstrip signal line

Figure 6.8 A cross section of the final filter structure showing the tuner substrate with
the bias and corrugated diaphragm (top), cavity substrate (middle), and the signal
substrate (bottom).
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Figure 6.9 SEM images of fabricated device. (top left) Corrugated tuner diaphragm. (top

right) Cavities with capacitive posts and coupling apertures. (bottom) Photograph of

assembled filter.

S-Parameters (dB)

—10-

204/

-304"
—40-
~50-
—60-
-70-

70

80

90
Frequency (GHz)

100

110

Figure 6.10 Measured
response of the W-band
bandstop filter, exhibiting
>70dB notch depth and
<3.25 dB passband
insertion loss up to

109 GHz.
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6.2 Triplet Quasi-absorptive Topology

Figure 6.11 Performance 0
of the measured filters.
(a) Filter with 3-10 pm -10+
tuning gap covering
75-103 GHz. (b) Filter with —204
6-13 pm tuning gap 304
covering 96-108 GHz. @ B
40+
&'
504
—60 -
_70 T T T T T T U
70 75 80 8 90 95 100 105 110
Frequency (GHz)
0
10/ ﬂ
~ —20
g
>, 304
z -40
.
3 —50+
e
60
70

70 75 80 85 90 95 100 105 110
Frequency (GHz)

the filters are not able to obtain deep notches because the through-line is no longer
270° and the phase relationship, which is required for absorptive operation is no
longer valid. The unloaded quality factor of the resonators are extracted to be 290,
and the filters have a 1.5% 3-dB fractional bandwidth (calculated after deembed-
ding the passband insertion loss) at 95 GHz.

6.2 Triplet Quasi-absorptive Topology

The quasi-absorptive architecture is similar to the absorptive one in the sense that
it can achieve a theoretically infinite rejection with a limited quality factor. The
tuning range of the absorptive filter, however, is limited by the 90/270° transmis-
sion line between the employed resonators. The triplet quasi-absorptive architec-
ture does not suffer from this limitation.
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Figure 6.12 (a) Coupling diagram of the triplet absorptive topology with admittance
inverters. (b) Circuit topology (a) with admittance inverters. (c) ABCD matrix
representation of (b).

Mixed-parameter analysis can be used to describe the response of this filter as
shown in Figure 6.12, and also discussed earlier in this chapter. Two independent
conditions, however, can be satisfied. Setting S, to 1 yields an all-pass filter. On the
other hand, setting S,, to 0 yields a quasi-absorptive condition with a theoretically
infinite rejection even with a finite quality factor. The difference between the two
is merely the de-tuning of the two resonators [84].

In the case of a continuously tuned resonator, such as the evanescent-mode one,
the transition between the two functions is smooth. As a result, it is theoretically
possible to get any rejection using this architecture.

The quality factor primarily affects the insertion loss in the all-pass as shown in
Figure 6.13. For the quasi-absorptive response, it slightly affects the bandwidth as
shown in Figure 6.14.
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6.2 Triplet Quasi-absorptive Topology

-
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Frequency (GHz)

Figure 6.13 All-pass state response with three different resonator Q,: 50, 100, and 400.
The coupling k, is 0.2.

40
0.8 0.9 1 1.1 1.2

Frequency (GHz)

Figure 6.14 Simulated absorptive bandstop state response with three resonator Q,: 50,
100, and 400. The coupling k; is 0.2.

6.2.1 Quasi-absorptive Filter Design and Implementation

The evanescent-mode filter is designed with a frequency range from 1 to 2 GHz.
The resonators are tuned with piezoelectric actuators. The gap is designed to
tune from 10 to 50 pm. The exploded view of the model for the filter is shown in

111

@5UB01 7 SUOWILIOD A8 3|cealjdde ay) Aq peusenob ae sapie YO ‘s Jo Sa|nJ 1oy Aiq1 auluQ AS|IM UO (SUONIPUOI-pU-SWBIAL0D AB | IM A eq 1 U |uo//sdi) SUORIPUOD pue SWiB | 8Ly 88S *[SZ0z/0T/2T] uo ARiqiauluQ Aa|IM * AiseAIuN 30U 1S 79 YieaH uobalQ - yuno( xafe Aq /1op/wod A8 1m Aselqipuljuo//sdiy wolj papeojumoq



112

6 Absorptive Bandstop Filters

Figure 6.15 Exploded view of the model and the dimensions in mm for the
evanescent-mode quasi-absorptive cavity filter.

Figure 6.16 Fabricated bandstop-to-all-pass cavity filters without and with
piezoelectric actuators.

Figure 6.15. The top layer with a 50 Q-microstrip line source-to-load coupling is
designed on a 0.508-mm thick Rogers 4003 substrate. The cavities are designed
on a 1.524-mm thick Rogers 4003 substrate. The filter couplings are realized
through slots at the ground plane between the microstrip lines and the cavities.
The pads on top of the coupling slots add shunt capacitance to the microstrip line
to compensate the series inductance introduced by coupling slots. The simulated
unloaded resonator Q-factor is approximately 440. The fabricated filter is shown
in Figure 6.16.
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Figure 6.17 Measured
bandstop response with
tunable attenuation levels
from 80 to 2.16 dB.

Figure 6.18 Measured
frequency response of

(a) all-pass state across its
entire tuning range and
(b) absorptive bandstop
state.

6.2 Triplet Quasi-absorptive Topology
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6.2.1.1 Measured Results
The filter can continuously tune from all-pass response to absorptive bandstop
response with high isolation (80 dB) across its entire frequency range from 1.1 to
2 GHz. Figure 6.17 shows the measurement results for various attenuation levels.
The tuning range of this filter can be improved by reducing the initial gap of
the cavity. The measured all-pass state insertion loss is decreasing from 3.14 dB at
1.1 GHz to 2.27 dB at 2 GHz as the resonator Q, factor increases along frequency.
Figure 6.18(a) shows the frequency response of all-pass states across its tuning
range. This filter demonstrates a 70-dB attenuation across its entire tuning range.
The measured 3-dB bandwidth is 4.3% at 1.1 GHz, and it monotonically increases
to 9% at 2 GHz. The measured 10-dB bandwidth is 2.3% at 1.1 GHz and increasing
to 4.9% at 2 GHz. Figure 6.18(b) shows the frequency response of quasi-absorptive
bandstop state.
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7

Bandwidth and Passband Control

7.1 Bandwidth Control for Bandpass Filters

Controlling a bandpass filter’s bandwidth in addition to its center frequency is
often crucial for many applications. This is due to the fact that filter bandwidth
can vary greatly over a large tuning range since it is proportional to its center fre-
quency [85]. Varactor diodes [86, 87] or micro-electromechanical systems (MEMS)
cantilevers [88] are examples of tunable components that can be added to dynami-
cally control a filter’s interresonator coupling as a function of its center frequency.
Unfortunately, this is not always possible as the performance of a high-Q filter
can be severely deteriorated by low-Q tunable components, which is typically the
case for most lumped components. This section presents a different strategy that
is especially impactful for high-Q narrowband filters where insertion loss is par-
ticularly sensitive to loading of low Q tuning components.

The key idea is that the bandwidth of a narrowband filter can be changed
significantly with only a small variation in its inter-resonator coupling. Conse-
quently, low-Q tuning varactors do not have to dominate inter-resonator coupling.
Instead, tuning varactors can be incorporated in parallel with a static low-loss
inter-resonator coupling, which sets the initial bandwidth of the filter. To achieve
a good impedance match to this bandwidth control scheme, a tunable external
coupling design using similar low-Q varactors also needs to be implemented.
This design method has the additional advantage of allowing control over
the shape/group delay of the filter. The tunable resonators that control center
frequency tuning are shielded from these low-Q varactors through impedance
transformers. In summary, bandwidth and external coupling dynamic control
can co-exist with high-Q resonators and excellent filter performance.

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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Figure 7.1 Basic design of a second-order filter with center frequency and bandwidth
control. Note that the external couplings are also adjustable.

To better illustrate this, we will focus on a basic second-order reconfigurable
filter design as shown in Figure 7.1. The displayed design allows for both center
frequency and bandwidth tuning. At its center frequency (w,), the filter primarily
consists of two high-Q tunable resonators that are approximated as lumped
resonators with a tunable capacitor C,,, and a static inductance L,,,. The filter’s
initial bandwidth is set by the impedance Z,,,;,,, Which indicates the low-loss
static inter-resonator coupling between the two resonators. For a narrowband
filter, we need Z,,jing > @oLos OF Zyp1ing > 1/(00C,) for inductive or capaci-
tive coupling, respectively [24]. Lumped varactors C,,, are employed in parallel
with Z i, to adjust the filter bandwidth. These varactors are coupled to each
resonator via transformers with N, turns. Without loss of generality, a transformer
simulates a coupling that excludes a —90° phase shift.

At each port of the filter, we have included a transmission line with impedance
Z, and length L to set the primary external coupling values. Moreover, we inte-
grate lumped varactors C,,,, to regulate the external couplings over the filter tuning
range. Similar to the bandwidth control capacitors, these capacitances are iso-
lated from the high-Q resonators by transformers of N, turns. It should be clear
now that, for sufficiently large values of N; and N,, neither bandwidth control nor
impedance control varactors severely degrade the performance of the filter as they

do not dominate its high-Q resonators.

7.1.1 Filter Design

7.1.1.1 Bandwidth Variation
Let us now quantify these ideas with simple design equations. The even and
odd modes of the filter, shown in Figure 7.2(a) and (b), respectively, provide
insight into how C,,, affects the filter bandwidth. Since C,,, only modifies the

filter’s odd mode, it may be used to alter the filter bandwidth. Equations (7.1) and

(7.2) describe the odd modes of the filter for inductive (i.e., Z soupling = wOLcoupling)
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7.1 Bandwidth Control for Bandpass Filters
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Figure 7.2 Equivalent circuit displaying the filter resonant modes for (a) the even mode
and (b) the odd mode.

and capacitive coupling (i.e., Z g =

equation (7.3) describes the even mode.

1/(@oCoupiing)) networks, whereas

1 1
Jodd cap = Py (7.1)
g Cour
Cres +— + 2CC0uplmg>
( N2
1 1
Jodd ma = e (7.2)
LCoupling Cvar
Lres ” T Cres + INE
2
Foven = fros = 5= —— (7.3)
Even —Jres — 5T /—— .
Lrescres

When we select small coupling Values (i.e., large values for N, and N,), we will
yield a narrowband filter such that = ““’ + 2Ccoupiing K Cres OF Legupling > Lygg

Consequently, (7.1) and (7.2) can be approx1mated as

C, Ceoupli
Joda Cap & fres (1 - ar__ S0 mg) (7.4)

ZNZZC,ES Clres

@5UB01 7 SUOWILIOD A8 3|cealjdde ay) Aq peusenob ae sapie YO ‘s Jo Sa|nJ 1oy Aiq1 auluQ AS|IM UO (SUONIPUOI-pU-SWBIAL0D AB | IM A eq 1 U |uo//sdi) SUORIPUOD pue SWiB | 8Ly 88S *[SZ0z/0T/2T] uo ARiqiauluQ Aa|IM * AiseAIuN 30U 1S 79 YieaH uobalQ - yuno( xafe Aq /1op/wod A8 1m Aselqipuljuo//sdiy wolj papeojumoq



7 Bandwidth and Passband Control

L C
fodd ma = fres | 1+ 7—— = ==~ (7.5)
" " LCoupling 2]\]22 Cres

Using (7.3), (7.4), and (7.5), we can quantify the percentage change of the filter
bandwidth due to C,,, by calculating the percentage change in its odd mode as
follows:

ded Ind _ded Ind(cvar =0) — -1 Cvar (7 6)
ded Ind(cvar = 0) _feven 2kcouplingind sz Cres

ded Cap _ded Cap(cvar =0) _ 1 Cvar (7 7)
feven _f Odd Cap(Cvar = 0) 2kcouplingcap N. 22 Crgs

The symbols ke,piingina and k,

couplingeap TEPTEsent the denormalized coupling
coefficients in the absence of C,,,. For narrowband filters, these values increase
approximately proportionally to the fractional bandwidth (FBW) of the filter [24].
The percentage change in bandwidth is inversely proportional to these coupling
coefficients, as per (7.6) and (7.7). This suggests that for a given value of C,,,, a
greater percentage change would be possible with a narrower starting bandwidth,
which corresponds to a smaller coupling coefficient. Using (7.6) and (7.7) as a
guide, the minimum value of the varactor capacitance is determined by the least
desirable percentage bandwidth change from the original bandwidth, represented
by A

min*

C,o(min) = 2A,. k

coupling

N3C,e (7.8)

min

7.1.1.2 Quality Factor Impact
Next, we need to estimate the impact of the lumped-element varactor Q on the
original filter Q, denoted by Q,,;;;,;- This is done as follows:

Qnew = wO (Rres ” szRvar> Cres (7-9)

The resistance R,,, represents the shunt equivalent resistance of C,,. We can
develop additional intuition here by simplifying equation (7.9) as follows:

1
1 C

var

+
2
Qinitial N. 2 Qvarcres

Quew & (7.10)

As expected, the tuning varactor adversely affects the unloaded quality factors
of the filter resonators. By setting the minimum desirable Q,,,, we can decide the

maximum capacitive load C,,,(max) we can tolerate.

new?
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7.1 Bandwidth Control for Bandpass Filters

7.1.1.3 Impedance Matching

To enable impedance matching to this adjustable bandwidth across wide tuning
ranges, external coupling control must be achieved. The external quality factor
Q, = 1/k? for a bandpass filter can be written as [24]

1

_— (7.11)
FBW x M2,

Q.=
According to (7.11), a higher Q, is needed to achieve a reduced fluctuation of
bandwidth in a wide range of settings. In order to achieve excellent impedance
matching, it is necessary to reduce the external coupling at the upper end of the
tuning range. This is accomplished by tailoring the external coupling as a function
of the tuning range using a short transmission line (see Figures 7.1 and 7.3(a)) of
length L < 4/4 and impedance Z, > Z,. Additionally, dynamic control over exter-
nal coupling is achieved by using the varactor C,,,. By comparing the real compo-
nents of admittances Y;,, ., and Y, .4, as illustrated in Figure 7.3(a) and (b), we
can estimate the impact of this external coupling section. The real part of Y;, may
be connected to Q, using

N2w,C
.= 170 res (7'12)
Re(Y,,)
Assuming that N, remains constant, we have
Qe new __ Re(Yin old) (713)

Qe old Re(Yin new)

Figure 7.3 External coupling L
section model (a) with and < >

(b) without an additional 4—\

external coupling network.
Port 1 ~_ C Y;
Zp /Z ext in new

(a)

Port 1 %I Zo Yin old = 1/Z()

(b)
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By standard transmission line theory, we can rewrite this as

2
Qe new ZIﬁL >
Qe old ZO

The expression above demonstrates that an increase in the value of C,,, results
in a reduction of Q,. To assess the impact of the transmission line independently,
lets us examine the specific scenario where C,,, = 0. In this case, equation (7.14)
simplifies to

2
%:H(Z‘Z—M) (7.15)
e old 0

Consequently, a short high-impedance line can be used to increase Q,, as
desired. Additionally, the linear dependency of # on w will result in a significantly
greater reduction of the external coupling at the upper end of the tuning range.
As a result, a good impedance match to the decreased bandwidth fluctuation will
be possible. Although the transmission line alone helps, the external coupling
fluctuation as a function of frequency cannot be easily altered. Therefore, we
seek the solution of dynamically controlling the external coupling by adding the
varactor C,,, before the transmission line. Over wide tuning ranges, the filter
response may be adjusted to produce the required out-of-band attenuation/group
delay using the two variable controls (T-line and C,,,) of the external coupling.
Another benefit of this design is that C,,, can be a low-Q varactor since the input
and output coupling transformers with N, turns protect it from the high-Q tank
resonators.

= (1 - ZtﬂLa)cext)z + < (714)

7.1.1.4 Simulated Results

To further illustrate these concepts, we choose a specific high-Q filter at 1.5 GHz
with C,,, = 20 pF. The quality factor, Q,,; = 500, is the initial Q for this filter with-
out the inclusion of the low-Q varactors. Using a coupling coefficient of k., =
1.9%, a filter bandwidth of 40 MHz is selected. The maximum coupling coefficient
K coupiing(max) of the filter may be calculated using (7.8) and (7.10) for a given A,,,;,
and Q,,,,,/ Q,4- Additionally, using (7.8) and (7.10), A,,;, and Q,,,,,/ Q. may be cal-
culated as a function of C,,, for a given k,,,;;,; and N,. The estimated change in
A,in and Q,,,,/Q,q of the filter upon increasing C,,, (Q,,, = 20 at 1.5 GHz) for N,
= 3 is displayed in Figure 7.4. The bandwidth from the original value of 40 MHz
is reduced by up to 50% (A,,;,, = 0.5) when C,,, is increased to 3.4 pF, as shown in
Figure 7.4. The new quality factor remains 68% of the old one (Q,,,,,/Q,;; = 0.68).
Using the typical filter design equations in [24], L ;g and L, may be calculated
as 29.7 and 0.57 nH, respectively, for k,,,j;,, = 1.9% and C,,; = 20 pF.

The adjustable external coupling in Figure 7.1 is achieved using the varactor

C,,,,» which is represented as a tunable capacitor with a quality factor of 20 at

ext?
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Figure 7.4 Simulated 1.0 = 1.0
changes in quality factor . "3
and bandwidth as a " ......... g
function of C, fora 3 081 U T e 08 =
specific numerical S] ) e
example. £ 064 — A,,;, (Theoretical) {06 2
Q m  Circuit simulations =
(= T s Qr1ew! O o1y (Theoretical) Z
£ 044 {04 2
() =]

on

: E
& 02 {02 E
g
1 =

0.0 T T T T T T T T T T T T — 0.0

0.0 05 1.0 1.5 20 25 3.0
CVUV (pF)

1.5 GHz and a maximum capacitance of 1 pF, which is needed to provide adequate
impedance matching to this tunable bandwidth. The transmission line parameters
are set to Z, = 100 Q and an electrical length of 30° (L = 1/12) at 1.5 GHz. As the
bandwidth decreases with rising C,,, the external coupling should be decreased
from 1 to 0.1 pF because a bigger value of C,,, leads to an increased external cou-
pling. When C,,, = 0 and C,,, = 1 pF, the number of turns N; may be found using
(7.11) and (7.12) for the starting bandwidth of 40 MHz. A value of 2.5 is found for
N, in the case of a second-order maximally flat filter.

Now that every parameter in Figure 7.1 has been established, linear simulators
may be used to acquire the filter response. Figure 7.5 plots the simulated results.
By increasing C,,, from 0 to 3.4 pF, the bandwidth can be decreased from 40 to

20
10
0
-10 @
20w
-30
20d /7 & e Cu=0.C =1 N
4 '(, e Cmr: 1.7 pF, Cﬂ.wzo's pF\‘\‘ —40
--«- C,,=34pF, C,,=0pF
25 T D TP P TR 50
1.450 1.475 1.500 1.525 1.550

Frequency (GHz)

Figure 7.5 Simulated results as a function of important control parameters.
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21 MHz. At the same time, the insertion loss varies from 1.3 and 2.3 dB. As the
bandwidth is narrowed, the value of C,,, is accordingly decreased from 1 to 0 pF
in order to preserve acceptable impedance matching. Since the bandwidth reduc-
tion primarily impacts the odd mode resonance, the filter’s center frequency is
somewhat lowered. Tank resonators can be tuned to compensate for this.

Figure 7.4 compares the simulated and theoretical findings for four distinct C,,,
values. The return loss (S;;) in Figure 7.5 varies slightly as the filter bandwidth is
reduced, which causes a small discrepancy (<5%) between the simulated and the-
oretical results. This is because the tunable input and output coupling networks
are not perfect transformers since they also contain a reactive admittance compo-
nent. However, as shown in Figure 7.5, this reactive component has no effect on
the placement of the even and odd mode resonances. The reason is that since the
effective inductance of 55.3 nH, derived from the shunt reactance of the external
coupling network, is much greater than the resonator inductance of 0.57 nH, it is
effectively absorbed into the resonator circuit. Consequently, a good impedance
match across a controllable bandwidth can be achieved through the use of a tun-
able external coupling network based on C,,,.

7.1.2 Filter Implementation

This section applies the previously discussed design principles to develop a
high-Q evanescent-mode cavity filter with tunable bandwidth. By varying the
capacitance introduced by the tuning post, the filter can be adjusted across a
wide frequency range. Combining this broad tunability and high-Q performance
with precise control of inter-resonator and external coupling enables the filter
response to be tailored to specific design requirements.

Figure 7.6 illustrates the layout of a high-Q evanescent-mode cavity filter that
uses low-Q varactors to control both inter-resonator and external couplings. The
filter is implemented on a 3.175-mm thick Rogers TMM substrate with a dielectric
constant of 3.2 and a loss tangent of 0.002. Two resonators, each with a central
capacitive post, are formed by conductive vias and are connected via a coupling
iris (Figure 7.6(a)).

A post-radius of 3.5mm is selected, yielding a resonator capacitance C,,, of
approximately 50 pF for a 5 pm gap. Membrane deflection is achieved using a
commercially available piezoelectric disc actuator, 0.38 mm thick and 12.7 mm in
diameter, capable of providing up to 40 pm of displacement.

As seen in Figure 7.6(b), the inter-resonator and external coupling control
networks are located on the substrate’s backside. Because of the coupling iris’s
frequency-dependent characteristics, the filter’s bandwidth can change substan-
tially over wide tuning ranges. The varactors C,,, in the inter-resonator coupling

var
control network (Figure 7.6(b)) can compensate for this bandwidth variation.
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Figure 7.6 Two-pole
filter formed by two
resonators, each with a
central capacitive post.

(a) Top side. (b) Bottom
side. Notice the feed lines
and the sections
implementing the tunable
bandwidth and external
coupling.

Decoupling
caps @)

{m Vi {m

(b)

Proper design can achieve a constant absolute bandwidth (ABW) across the
entire tuning range. The same voltage, V,,, is used to bias both varactors in
Figure 7.6(b). The slots in the bandwidth control network can be viewed and
modeled as transformers (N, turns).

To minimize bandwidth variation across a wide tuning range, external coupling
is also controlled using varactors corresponding to C,,, in Figures 7.1 and 7.6(b).
Independent bias voltages, V., and V,,, are applied to the input and output var-
actors to shape the filter response and control group delay. A high-impedance
(Z, = 100 Q) transmission line segment of length L = 5.3 mm is used to moderate
external coupling across the tuning range. Commercially available BB857 varac-
tors from Infineon Technologies are used for both C,,, and C,,,, enabling control of
inter-resonator and external couplings. These varactors offer a capacitance range
of 0.5-6.5 pF at 1 MHz as the reverse bias V, varies from 28 to 1 V. At 470 MHz and
Vr =5V, we have C,,, ~ 2.5 pF with a series resistance of 1.5 Q, yielding a Q of

123

@5UB01 7 SUOWILIOD A8 3|cealjdde ay) Aq peusenob ae sapie YO ‘s Jo Sa|nJ 1oy Aiq1 auluQ AS|IM UO (SUONIPUOI-pU-SWBIAL0D AB | IM A eq 1 U |uo//sdi) SUORIPUOD pue SWiB | 8Ly 88S *[SZ0z/0T/2T] uo ARiqiauluQ Aa|IM * AiseAIuN 30U 1S 79 YieaH uobalQ - yuno( xafe Aq /1op/wod A8 1m Aselqipuljuo//sdiy wolj papeojumoq



124

7 Bandwidth and Passband Control

6

Figure 7.7 Measured
filter results showing the
effect of bandwidth
control.

9

—12

—15] BW—34t022MHz BW - 40t0 27 MHz

S-parameters (dB)

—18 4

214

24

14 15 16
Frequency (GHz)

about 60. The estimated Q,,, is approximately 30 at 1 GHz and 20 at 1.5 GHz for
the same capacitance. Measured results demonstrating bandwidth control using
only C,,, are shown in Figure 7.7.

The filter bandwidth is continuously adjusted by approximately 33%: from 34 to
22 MHz at 1.23 GHz, 40 to 27 MHz at 1.44 GHz, and 45 to 30 MHz at 1.6 GHz. This
occurs by varying the varactor reverse bias between 2.7 and 25 V. At the narrower
bandwidths, where the varactor capacitance is higher, the simulated resonator Q
ranges from 71.4% to 78.5% of the Q at the wider bandwidths. This level of con-
trol enables near-constant ABW across a wide tuning range. Measured results for
a filter tuned from 0.88 to 1.47 GHz are shown in Figure 7.8. Simulations esti-
mate that achieving this tuning range requires approximately 25 pm of membrane
deflection. Over this range, the varactor bias is swept from 25V at 0.88 GHz to

Figure 7.8 Measured
filter scattering
parameters. Notice the
near-constant bandwidth.

S-parameters (dB)

Frequency (GHz)
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Figure 7.9 Measured
filter insertion loss and
bandwidth across its
tuning range. Source: With
permission of Joshi et al.
[114]/IEEE.

Figure 710 Measured
(a) scattering parameters
and (b) group delay as a
function of frequency.

Insertion loss (dB)

Group delay (ns)
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2.9V at 1.47 GHz. As shown in Figure 7.9, the bandwidth remains nearly constant
at 25 MHz, with a variation of only +0.2 MHz. Insertion loss remains below 3 dB
throughout the tuning range, indicating a high filter Q (>250) despite the use of
low-Q (<30) varactors for bandwidth control.

As shown in Figure 7.9, insertion loss increases with frequency. The external
coupling varactors (C,,,) in conjunction with C,,, enable control over out-of-band
attenuation and group delay. This is demonstrated in Figure 7.10, where the filter
response can be configured as either maximally flat or Chebyshev for the same
bandwidth. As expected, the Chebyshev response exhibits greater out-of-band
attenuation (Figure 7.10(a)), while the maximally flat configuration provides a
more uniform group delay across the passband (Figure 7.10(b)).

7.2 BSF Bandwidth Control

While numerous high-quality tunable bandstop filters have been demonstrated,
most suffer from significant bandwidth variation across wide tuning ranges. A
brief survey of the literature highlights this issue. In [89], a filter tuning from 0.65
to 1.65 GHz exhibits a FBW ranging from 1.2% to 3.2%. The design in [90] covers
1.3-2.3 GHz with a FBW of 8.6%-11.3%. Similarly, the authors of [91] report a filter
with 4.0%-5.9% FBW over an 8.9-11.3 GHz range, while the authors of [92] present
a design with 1.6%-4.2% FBW across slightly more than an octave of tuning.

The variation in FBW across the tuning range is primarily attributed to the cou-
pling structures. Consider, for instance, a first-order Butterworth lossless bandstop
filter comprising a shunt parallel resonator coupled to a source-to-load transmis-
sion line via an external coupling element of magnitude k,. The FBW depends
solely on the external coupling, as shown in [93]:

2
0

BWyip = - (7.16)
Although practically important factors such as finite unloaded quality factor
and nonideal transmission line lengths (i.e., not exactly 90°) complicate the
analytical expressions for the bandwidths of higher-order bandstop filters, the
bandwidth remains primarily governed by the strength of external coupling.
Common microwave structures used to implement this coupling include coupled
microstrip lines, lumped capacitors or inductors, and cavity apertures. Physical
implementations of these circuit elements are structures with specific geometries,
such as coupled microstrip sections or cavity apertures (Figure 2.13), which
exhibit frequency-dependent behavior due to changes in electrical size with
frequency. Similarly, lumped element couplers introduce frequency variation on
the coupling magnitude through the inherent frequency-dependent reactance of
capacitors and inductors.
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7.2 BSF Bandwidth Control

Maintaining a constant ABW across a wide tuning range is often even harder,
as ABW is defined by the product of FBW and the center frequency f;. As a result,
even if FBW remains constant, ABW will double over an octave tuning range. To
achieve constant ABW, FBW must decrease linearly with frequency. The external
coupling coefficient must be inversely proportional to the square root of frequency
to yield this.

Several approaches have been proposed to address bandwidth variation. The
authors of [94] and [95], for example, address this question for absorptive bandstop
filters with about an octave tuning range. Inductive admittance inverters com-
bined with capacitively tuned resonators yield relatively constant ABW in this
case. However, due to the reliance on lumped inductors and capacitors, this tech-
nique is limited to low frequencies (e.g., below approximately 2 GHz).

Another approach involves breaking the dominance of either electric or mag-
netic coupling in the external coupling sections. For example, this can be done
using an electrically long section of a coupled transmission line. By optimizing
the length of this coupling line, electric and magnetic couplings can be blended,
and their opposing frequency dependencies can partially cancel out, resulting in
a relatively stable bandwidth. This technique is demonstrated in [96] and [97],
with [96] achieving a 92% center frequency tuning range and only 24% variation
in its 3-dB bandwidth. Nevertheless, this method is limited to microstrip or other
electrically long resonators capable of supporting both electric and magnetic field
couplings.

Using adjustable coupling elements to lower coupling at higher frequencies and
preserve constant ABW is a third method for creating constant-bandwidth filters.
For example, microstrip resonators loaded with varactors at both ends are used
in [93] and [98]. The resonator’s voltage and current distributions can be altered
by differentially tuning the varactors, which also modifies the filter’s bandwidth
and external coupling coefficients. The capacity to tune the 3-dB bandwidth
from 70 to 140 MHz and sustain a steady 100 MHz 3-dB bandwidth over a center
frequency tuning range of 1.2-1.6 GHz is demonstrated in [98]. In [93], the
presented filter can adjust its 3-dB bandwidth between 26 and 143 MHz and keep
it steady between 0.67 and 1.0 GHz. A through-line with varactors is connected to
substrate-integrated-waveguide cavity resonators in [99], which enables the filter
to sustain a steady 83 MHz 3-dB bandwidth over a tuning range of 0.77-1.25 GHz.
Despite these demonstrations, it is also important to consider the associated
limitations. More specifically, although tunable coupling components may allow
filters to have a fixed bandwidth, they may also reduce filter linearity, increase
loss, and add control complexity.

The bandwidth fluctuation of high-Q evanescent-mode cavity resonators could
not be passively controlled until recently. This kind of resonator is incompat-
ible with the lumped element coupling mechanism of [94], especially at high
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frequencies where lumped-element components can become prohibitively lossy.
Moreover, it is challenging to simultaneously realize both electric and magnetic
couplings. The approach taken by [97] is inapplicable because the magnetic field
is approximately evenly distributed throughout the resonator’s volume, whereas
the electric field is concentrated into a very small portion of it (see Figure 2.3).
Although tunable coupling components can be employed, as in [99], in practice it
is often advisable to keep things simple and avoid complexities arising from such
extra tuning elements. This makes passive compensation techniques particularly
interesting.

In [100], a passively compensated coupling technique for evanescent-mode
bandstop filters was introduced, enabling bandwidth control for evanescent-mode
bandstop filters. In contrast to the usual coupling method for these filters, this
paper demonstrated a constant-ABW filter with only 27% variation in its 3-dB
ABW over an octave center-frequency tuning range. It also introduced a method
for passively compensating for the frequency variation of the filter’s coupling
coefficients. Building on this work, this chapter examines this new bandwidth
control method in greater detail, explains how it works, and assesses design
considerations for the method, including the relationship between bandwidth
variation and tuning range, as well as the effects of transmission line length and
coupling sign. We demonstrate that this coupling technique not only significantly
minimizes bandwidth fluctuation but also lessens the phase variation of the
transmission line between a two-pole bandstop filter’s resonators. This lessens
the variance in the transfer function’s shape. Four filters with tuning ranges
centered around 4.5 GHz are designed using the coupling method: a two-pole
constant FBW filter, which has an octave tuning range and a 3-dB bandwidth
of 1.16%-1.3%; a two-pole constant ABW filter, which has an octave tuning
range and a 3-dB bandwidth of 50.3-56.5 MHz; a two-pole constant ABW, which
has a 50% tuning range and a 52-54MHz 3-dB bandwidth; and a constant
ABW octave-tunable four-pole filter, which can maintain a constant (to within
measurement limits) 50 MHz 10-dB bandwidth.

7.2.1 Constant Bandwidth Coupling Concept

This chapter’s coupling topology is depicted in Figure 7.11. Originally proposed
in [100] for constant-bandwidth filters, this circuit was initially shown in [93] to
realize intrinsically-switchable bandstop filters.

The circuit of Figure 7.11(a), which consists of a resonator coupled twice to a
through line of length 6, with coupling elements kj; and k,, can be demonstrated
to be equivalent to the circuit of Figure 7.11(b), which consists of a resonator cou-
pled to a through-line with only one coupling element kj, followed and preceded
by transmission lines of lengths 6, and 6,. Since we are utilizing widely tunable

@5UB01 7 SUOWILIOD A8 3|cealjdde ay) Aq peusenob ae sapie YO ‘s Jo Sa|nJ 1oy Aiq1 auluQ AS|IM UO (SUONIPUOI-pU-SWBIAL0D AB | IM A eq 1 U |uo//sdi) SUORIPUOD pue SWiB | 8Ly 88S *[SZ0z/0T/2T] uo ARiqiauluQ Aa|IM * AiseAIuN 30U 1S 79 YieaH uobalQ - yuno( xafe Aq /1op/wod A8 1m Aselqipuljuo//sdiy wolj papeojumoq
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Figure 7.11 (a) Twice- 1

coupled resonator thatis % O
key for realizing constant
bandwidth filters.

(b) Equivalent circuit of (a).

k2 kg

(a) (b)

resonators that can correct for small frequency offsets, we may ignore the slight
resonant frequency offset between the resonators in Figure 7.11(a) and (b). The
following equations connect the expressions in the original circuit and the equiv-
alent circuit:

i = /K2, + K2, + 2Kk cos (0,) (7.17)
@ + e—j90
0, = % 7 —arctan|——22— (7.18)
ZEL 4 it
E2
0,=6,—-0, (7.19)

If the frequency dependence of the two coupling elements kj, and k, is approx-
imately the same, but one is a fraction of the other, for example,

kg ~ rkg, (7.20)
where r is a constant, then (7.17) can be approximated as

ky ~ Fkg, (7.21)

F= \/1 + 12+ 2rcos (6,) (7.22)

The total equivalent coupling coefficient is now equal to one of the initial cou-
pling coefficients times a shaping factor F. This has a sinusoidal-like frequency
dependence since the electrical length of the transmission line 6, is proportional
to frequency. Figure 7.12 shows a plot of the shaping factor F’s frequency depen-
dence. It is evident that F has a negative-sloped frequency dependency for 0° <
0, < 180° and a positive frequency dependence for 180° < 6, < 360° when the two
coupling coefficients have the same sign, that is r is positive. On the other hand,
the opposite tendency is seen when the two coupling coefficients have the opposite
sign, that is r is negative: F has a negative frequency dependency for 180° < 6, <
360° and a positive frequency dependence for 0° < 6, < 180°. The key idea is that
it is possible to at least partially offset the positive frequency dependence present
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in the original coupling structure by using the regions where F has negative fre-
quency dependence (0° < 6, < 180° when the coupling coefficients have the same
sign, and 180° < 6, < 360° when they have opposite signs).

We will now apply this method to a frequency-dependent coupling coefficient
and examine how the different design parameters impact the frequency variation
of the composite coupling coefficient. This will help us understand how we can
realize constant coupling coefficients for constant-FBW filters and coupling coef-
ficients that decrease with frequency for constant-ABW filters. To simplify the
analysis that follows, we define kj,; so that it has a nominal value of 1 at the lowest
tuned frequency of the resonator and rises by 50% over an octave tuning range:

kg =1+40.5 <ff—° - 1) (7.23)

This frequency dependence is a realistic approximation of the practical cou-
pling coefficients found in many filters considered later. Figure 7.13 illustrates how
altering r, the ratio of the two coupling elements, affects the coupling coefficient
fluctuation. As we can observe, the composite coupling coefficient k; increases
by 50% throughout an octave tuning range and is equal to that of a single coupling
element when r is zero. The coupling increases at lower frequencies and decreases
at higher frequencies when r is increased. Notice that we can obtain a wide range
of frequency dependencies. The coupling coefficient reaches zero at the frequency
where 6, equals 180° when r = 1. This makes intuitive sense because a net zero
coupling coefficient should arise from the cancellation of two coupling structures
of equal magnitude that are separated by a 180° transmission line.

Figure 7.14 plots the coupling variation as a function of the length of the
transmission line 6, that separates the coupling elements. The specified 6, values
are defined at 2 Hz. It is evident that the coupling coefficient has a concave-down
form for lengths of 6, less than 170° and a concave-up shape for lengths of 6, more
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Figure 7.13 The 1.6

equivalent coupling
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than 170°. A transmission line of length 170° at 2 Hz and coupling ratio r = 0.28
produces a nearly-constant coupling coefficient as required for constant FBW
for the particular frequency dependence considered in this example. Moreover,
a transmission line of length 180° at 2 Hz and coupling ratio r = 0.6 causes the
coupling coefficient to decrease with frequency as required for constant ABW.

7.2.1.1 BW Variation Versus T-Line Length and Tuning Range

The shaping factor F can lessen the amount of coupling fluctuation over large tun-
ing ranges since it has a negative slope with respect to frequency. However, over
narrow ranges of 6, the slope of F is much more linear (in the neighborhood of
6, = 90° when r is positive and 6, = 270° when r is negative). As a result, it is
expected that this method will be even more effective when used over narrow tun-
ing ranges. The reduction in bandwidth variation is generally a nonlinear function
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of the tuning range optimized for bandwidth variation. We demonstrate this by
using the coupling coefficient model provided in (7.23). We optimize the transmis-
sion line length 6, and coupling ratio r to offer the least amount of bandwidth vari-
ation for a number of tuning ranges. The calculated ABW variations are displayed
in Figure 7.15. As expected, the bandwidth fluctuation is substantially improved
for all tuning ranges. Furthermore, narrower tuning ranges demonstrate superior
outcomes relative to broader ones.

Figures 7.16 and 7.17 illustrate the lowest achievable bandwidth variations
(FBW and ABW, respectively) in relation to the tuning range. These variations
are defined as:

AFBW = 100 (M - > (7.24)
min(FBW)
1.8 Figure 7.15 Calculated
161 frequency dependence of
o the improved and
< 1.4 uncompensated absolute
T 5] bandwidths for different
= tuning ranges. Notice that
E‘E 1.0 while improvement is
< 0.8 possible for all tuning
,@ 1 — 1.2 : 1 tuning range ranges, narrower tuning
'T‘g 0'6j — 1.5: 1 tuning range ranges demonstrate
£ 0.4 2.0 I tuning range superior outcomes
Z 02 — %5 o1 tu“‘“gtrznge relative to broader ones.
L — uncompensate
0.0 . T
1.0 1.5 2.0 2.5

Normalized center frequency (Hz)

Figure 716 Minimum
achievable FBW variation
as a function of the center
frequency tuning range.

100

—
(=]

Fractional bandwidth variation (%)

1:
E —— AFBW, r>0
] —— AFBW, r< 0
e —— AFBW, uncompensated
0.1 T T
1.0 1.5 2.0 2.5

Tuning range (X:1)
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Figure 717 Minimum .
achievable ABW variation
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frequency tuning range. g E
5
§ i
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© 14
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<
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Figures 7.16 and 7.17 illustrate the extent to which the suggested strategy mitigates
bandwidth variance. The proposed approach can diminish the FBW variance from
150% to 3.5% and the ABW variation from 350% to 12% over an octave (2:1) tuning
range. Halving the tuning range to 1.5:1 significantly diminishes bandwidth vari-
ation. The FBW fluctuation can be diminished to around 0.7%, while the ABW
variation can be lowered to about 2%.

The presented data also illustrate the difference between employing coupling
elements of identical polarity, necessitating a transmission line of approximately
180° at f,,,.» and utilizing coupling elements of opposing polarity, which requires
a transmission line of approximately 360° at f,,,,. It is obvious that considerably
lower bandwidth fluctuation can be achieved when employing coupling elements
of identical sign. In contrast to a nominally 180° transmission line, the nominally
360° transmission line undergoes double the phase variation across a specified
frequency tuning range, resulting in a more nonlinear shaping factor F that is less
effective in compensating for the linear frequency dependence of the coupling ele-
ment. Consequently, it is preferable, when feasible, to employ coupling elements
of identical polarity to facilitate the utilization of a <180° transmission line. This
may not always be feasible, particularly at higher frequencies or when employing
high-permittivity substrates (as referenced in [101] and [102]), which could ren-
der it physically impracticable to achieve a transmission line with less than 180°
between the coupling elements. Figure 7.18 illustrates the frequency dependence
of the coupling coefficient for a 360° transmission line in comparison to the 180°
realization.
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Figure 7.18 Coupling
coefficient as a function
of frequency for 180° and
360° transmission lines.
Notice also the
uncompensated case.

—r>0,0~180°at2 Hz
r<0,6=360°at2 Hz
—— Uncompensated

Normalized ABW (Hz)
o

1.0 1.2 1.4 1.6 1.8 2.0
Normalized center frequency (Hz)

7.2.1.2 Phase Variation

A two-pole absorptive bandstop filter based on the coupling topology of
Figure 7.11(a) can be realized based on the topology illustrated in Figure 7.19(a).
A transmission line of length 6, is required between the two resonators to
achieve a 90° phase difference, essential for a symmetric bandstop response [103].
Substituting the twice-coupled resonators in Figure 7.19(a) with their equivalent
circuits Figure 7.11(b) results in the circuit depicted in Figure 7.19(b). From this
equivalent circuit, it is clear that the phase contributed by the constant coupling
structure must be considered when determining the length of the transmission
line 0,. Substituting equation (7.20) into equation (7.18) allows for calculating 6,
as follows:

1 r+ e%
6, = 2 <7r—arg <_—r+ef90 >> (7.26)

Equation (7.26) remains the same for 6,.

Figure 7.19 (a) Two-pole
bandstop filter based on
the constant-bandwidth
coupling structure of
Figure 7.11(a).

(b) Two-pole filter
equivalent circuit based
on the equivalent circuit
of the coupling structure
from Figure 7.11(b).

(b)
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Figure 7.20 Frequency 180
variations of phase 160:
lengths 6, and 6, from 1
Figure 7.19. Notice the 140+
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portions of the frequency e 1
range. & 100+
0]
g 80+
= |
~ 60-
40+
20+
0 T n T f
1.0 1.2 1.4 1.6 1.8 2.0

Normalized frequency (Hz)

The equivalent transmission line lengths that establish the coupling reference
plane are influenced by both the length of the transmission line in the coupling
section and the ratio of the two coupling values. Upon analyzing the frequency
variation of 0, and 6, across different values of r (illustrated in Figure 7.20), we
observe that for 0° < 6, < 180°, the effective phase length nearest to the larger
coupling aperture (6,, as depicted in Figure 7.19(b) when |r| < 1) exhibits a neg-
ative frequency slope at certain frequencies. It is also interesting to note that 6,
consistently equals zero when 6, is 180°.

The negative phase-versus-frequency slope is advantageous, as it diminishes
the frequency variation of the phase length between the two resonators. The
total phase between the two resonators, comprising the additional transmission
line length 6, and twice the length 6,, exhibits reduced phase variation within a
specified tuning range compared to a single Transverse Electro-Magnetic (TEM)
transmission line. This is illustrated in Figure 7.21. For a coupling ratio of r =0,

Figure 7.21 Frequency
variation of the total 120
phase between the
resonators of the two- 100+
pole filter. This phase is 804
equal to #; because of the ¢
physical transmission line g 60-
between the resonators =
plus 26, which is the = 40l 0%
phase contributed by the =09
coupling structure. 20
0 T T T T
1.0 1.2 1.4 1.6 1.8 2.0

Normalized frequency (Hz)
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indicative of a singular coupling aperture, the total phase variation between the
resonators exhibits a 100% change across an octave tuning range (from 63.6° to
127.3%), as anticipated, since 6, is 0 and the entirety of the phase between the res-
onators is attributed to the TEM transmission line 65. As r increases, the variation
in phase diminishes, potentially reaching as low as 38% (from 68.5° to 94.7° for
r =0.6). The decrease in phase variation is advantageous, since it enables the filter
to preserve a symmetric transfer function across an extensive frequency range.

7.2.2 Constant Bandwidth Filter Design

We demonstrate five evanescent-mode filter examples to clearly assess the
effectiveness of the methodology outlined in this section. Filter A is a 1.25%
constant FBW filter with a tuning range of 3-6 GHz. Filter B is a 53 MHz constant
ABW filter with a tuning range of 3-6 GHz. Filter C is a 53 MHz constant ABW
filter with a tuning range of 3.5-5.5 GHz. Filter C is designed to illustrate that
significantly reduced bandwidth variation can be achieved within a narrower
tuning range. Filter D is a four-pole filter formed by a back-to-back Filter C
units. Filter E is an uncompensated filter that employs a single coupling element
rather than the constant-bandwidth coupling approach presented above. This
filter facilitates a clear assessment of the performance improvements achieved by
the constant-bandwidth coupling scheme. An absorptive bandstop filter design
is employed to enhance stopband rejection. By selecting an external coupling
coefficient above 4/2/Q, and an interresonator coupling coefficient of 1/Q,,
where Q, denotes the unloaded quality factor of the individual resonators, the
filter can theoretically attain infinite stopband attenuation, even with finite-Q,
resonators. Chapter 6 presents a comprehensive analysis and design of absorptive
filters.

7.2.2.1 External Coupling

This section discusses a coupling structure where the microstrip feeding line is
converted to a coplanar waveguide (CPW) transmission line integrated within the
common ground plane of the evanescent-mode cavity. This structure is illustrated
in Figure 7.22. The magnetic field of this CPW segment interacts with the cavity’s
magnetic field, achieving the intended external coupling. The coupling strength is
defined by both the length and width of the CPW line segment integrated within
the cavity’s ground plane. To enhance the coupling coefficient, radially oriented
stubs may be incorporated into this segment of the CPW line to augment the
area of the CPW section within the cavity. Figure 7.23 illustrates the frequency
dependence of the external coupling coefficient k;; generated by this coupling
structure for a number of lengths of the CPW section and angles of the radial
stubs (length /; and angle ¢ in Figure 7.26). The coupling coefficient has a nearly
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Figure 7.22 Detailed view of the
different layers needed to realize
the two-pole constant-bandwidth
filters.

Figure 7.23 Simulated 0.15
frequency dependence of
the coupling coefficient
kg, for various [, lengths.
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linear relationship with frequency, increasing by approximately 50% across an
octave tuning range, so validating the model for the coupling coefficients outlined
in (7.23).

The needed value of kg, is significantly smaller than kg,, necessitating the uti-
lization of a thinner and shorter CPW coupling line. This is realized by controlling
the size L, in Figure 7.26. The frequency dependence of this coupling element is
illustrated in Figure 7.24 for various CPW lengths.
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7.2.2.2 External Coupling Structures: Polarity Design

Figure 7.12 illustrates that knowledge of the relative sign of the external coupling
elements is essential for the design of a constant-bandwidth coupling structure.
When a cavity utilizing the previously described coupling structure is excited
by a signal from the left side, and the excitation is de-embedded to establish
the reference plane at the midpoint of the coupling section, as illustrated in
Figure 7.25, the magnetic field within the cavity aligns with that of the transmis-
sion line, oriented in a counterclockwise direction. In the event that the coupling
section is positioned on the opposite side of the cavity while applying the same
excitation, and subsequently de-embedding the reference plane to the center of

TR 3 Figure 7.25 Current
NN . density on the microstrip

e N A A . line and the magnetic

R g T I R ' field within the cavity
=g r?ﬂ: S | when the incident signal
e e\ QS T T 1 | propagates (a) from the
AN PGS | exterior of the cavity to
3 S NE the interior, and (b) from

e the interior of the cavity
i to the outside. The
) : magnetic fields’ opposing
directions in the two cases
result in opposite signs
for the two couplings.
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Figure 7.26 Detailed
layouts of Filters A, B, and
C. The following
dimensions are in
millimeters: a = 1.9,
a=138,d,=0.2,
ds=05,d,=1,d, =15,
dg =1.5,9; =0.15,

wy = 0.86.

(b)

the coupling element, the magnetic field within the cavity exhibits an orientation
that is opposite to the previous configuration. Consequently, the two coupling
structures, identical in shape, can produce opposite coupling signs based on
the direction of signal propagation through the coupling section relative to the
cavity’s orientation (Figure 7.27).

It is clear that to utilize a nominally 180° transmission line within the coupling
structure for the purpose of minimizing bandwidth variation, both coupling ele-
ments must exhibit the same polarity of coupling. As a result, the orientation of
the coupling sections must ensure that the direction of signal propagation through
each element is consistent, either from the interior of the cavity to the exterior or
from the exterior to the interior of the cavity. To achieve this, the transmission line
connecting the coupling elements is configured in a loop around the smaller cou-
pling section. This arrangement ensures that a signal initiated from the input will
propagate from the interior of the cavity to the exterior for both coupling elements.

Utilizing the frequency-dependent coupling values kg, and kg,, along with the
length of the transmission line connecting them, equation (7.17) was applied to
optimize the structure. The objective was to minimize the variation in the coupling
coefficient for Filter A and to ensure the ABW for Filters B-D remained consistent
throughout the tuning ranges of the filters.
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Figure 7.27 Detailed
layout of the four-pole
filter. This layout is a
back-to-back cascade of
two Filter Cs.

Table 7.1 Summary of all important dimensions of the designed filters in millimeters.

Filter d, d, dy g, g, 1y 1,

A 0.71 2.0 10.2 0.21 0.24 2.35 14.0

B 1.8 1.11 6.9 0.19 0.23 3.3 13.7

C 1.8 1.29 7.0 0.19 0.23 3.13 14.3
¢ W, w, w, W, W

A 0° 1.0 1.9 1.4 2.0 —

B 63° 1.33 2.2 1.83 2.61 1.5

C 63 1.33 2.2 1.83 2.61 1.5

7.2.2.3 Inter-Resonator Coupling

The inter-resonator coupling between evanescent-mode cavity resonators is often
achieved through a coupling iris, which comprises a below-cutoff section of
a substrate-integrated waveguide, as illustrated in Figure 2.17. To implement
an absorptive bandstop filter, a transmission line measuring 270° in length is
required between the resonators. This configuration facilitates destructive signal
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interference, resulting in significant levels of stopband attenuation [104, 105].
On the other hand, utilizing a 90° length of transmission line is advantageous,
as it leads to reduced passband insertion loss. More significantly, it provides an
extended tuning range for the filter to maintain high stopband rejection. This
is due to the ability to preserve the necessary phase relationship between the
inter-resonator coupling and the transmission line across a broader tuning range.
The inter-resonator coupling must assume the opposite sign for this effect.

The approach implemented in this filter is based on the techniques for obtaining
negative inter-resonator coupling as outlined in [106, 107]. An array of vias con-
nects the top and bottom conductors of the coupling iris section, while a slot is cut
into the copper of the upper conducting layer. The slot obstructs the current on
the upper conductor and redirects it to the lower conductor through the vias. This
action reverses the current direction in the coupling section, resulting in a cou-
pling value that is opposite to that of the original coupling iris. The inter-resonator
coupling dimensions, such as the spacing between the vias and the width of the
coupling iris, were determined through full-wave electromagnetic simulations in
order to yield the coupling required for the absorptive bandstop filter (k;, = 1/Q,,).
The final dimensions are presented in Figure 7.26.

7.2.3 Fabrication and Measurements

The filters were produced utilizing a commercial printed circuit board (PCB)
milling, laminating, and plating system. The dimensions for the filters are
summarized in Table 7.1. The signal and cavity substrates were constructed from
Rogers 5880 and were laminated together utilizing Rogers 2929 bondply material.
A 12.7 mm diameter piezoelectric disk (Piezo Systems T216-A4N0O-273X) was uti-
lized as the tuning element. The disks were coated with copper and affixed to the
cavities utilizing low-temperature solder paste. Figure 7.28 illustrates the fabri-
cated filters. A voltage source of +£200 V was utilized to bias the piezoelectric discs.

Figure 7.28 Pictures of
the manufactured filters.
Notice the piezoelectric
disks for their tuning.
Source: With permission
of Hickle et al. [135]/IEEE.
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0 Figure 7.29 Measured
scattering parameters of
-10+ Filter A at 4.8 GHz.
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7.2.3.1 Constant FBW Filter

Figure 7.29 illustrates the measured response of Filter A at a tuning frequency of
4.8 GHz. The filter exhibits a stopband rejection exceeding 70 dB, attributable to
its absorptive design. The passband demonstrates low-loss of less than 0.5dB up
to 7 GHz. It also has good impedance matching with a passband return loss greater
than 15 dB for the same frequency range. The full scattering parameters of Filter
A throughout its tuning range of 3.2-6.4 GHz are plotted in Figure 7.30. The filter
achieves a stopband rejection of over 60 dB across the tuning range.

To assess the improvement achieved through the constant-bandwidth coupling
method, measurements of the 3-dB and 10-dB bandwidths for both the uncom-
pensated filter (Filter E) and the constant FBW filter (Filter A) were conducted
across their tuning ranges. The results are presented in Figure 7.31. The uncom-
pensated filter exhibits 3-dB and 10-dB bandwidths that range from 1.25% to 2.3%

0 - Figure 7.30 Measured
[ scattering parameters of
-10+ Filter A across its octave
tuning range.
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m 20
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(an 84% variation) and from 0.43% to 1.16% (a 170% variation), respectively. The
constant FBW filter has significantly minimized bandwidth variation, achieving a
3-dB bandwidth range of 1.16%-1.3% (representing a 12% variation) and a 10-dB
bandwidth range of 0.5%-0.6% (indicating a 20% variation). The constant FBW fil-
ter demonstrates an 86% reduction in 3-dB FBW variation and an 88% reduction
in 10-dB FBW variation when compared to the uncompensated filter.

7.2.3.2 Constant ABW Filter

Measurements were conducted on two filters optimized for constant ABW:
Filter B, which operates over a 2:1 tuning range, and Filter C, which operates over
a 1.5:1 tuning range. The S-parameters are illustrated in Figure 7.32.
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scattering parameters of N N

two constant absolute -10+ ” 'n| \ P.

bandwidth filters: Filter B 20 I [ |82 =
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(optimized for 1.5:1 tuning & i

range). % 404 —35 F%lter B
g ——8;,, Filter B
3—50 R Sy, Filter C
%—60— 811, Filter C

Il
30 35 40 45 50 55 60 6.5

Frequency (GHz)
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The measured ABW values for both filters, as well as for Filter E, are presented
in Figure 7.33. The 3-dB and 10-dB ABWs of the uncompensated Filter E are mea-
sured at 39-142 MHz, indicating a variation of 264%, and 14.4-71 MHz, indicating
avariation of 393%, respectively. The filter designed for constant bandwidth across
a 2:1 tuning range (Filter B) exhibits significantly reduced ABW variation, with a
3-dB bandwidth ranging from 50.3 to 56.5 MHz (resulting in a 12.3% variation) and
a 10-dB bandwidth spanning from 20 to 25.8 MHz (yielding a 29% variation). Filter
B achieves a 95% reduction in 3-dB bandwidth variation and a 93% reduction in
10-dB bandwidth variation when compared to the uncompensated filter.

The filter, optimized for a 1.5:1 tuning range, exhibits minimal bandwidth vari-
ation, with a 3-dB bandwidth ranging from 52 to 54 MHz (a variation of 3.8%) and
a 10-dB bandwidth ranging from 21.8 to 24 MHz (a variation of 10%).

It is important to note that the unloaded quality factors of the resonators vary
throughout the filter’s tuning range, making it unfeasible to minimize both the
3-dB and 10-dB bandwidths at the same time. The designs discussed here opti-
mized the filters for a constant 3-dB bandwidth; however, it is also possible to
optimize the filters for minimal variation in the 10-dB bandwidth.

7.2.3.3 Four-Pole Filter
The four-pole constant ABW filter was evaluated with the notches of each
stage tuned synchronously to achieve maximum attenuation, as illustrated in
Figure 7.34. The 3-dB, 10-dB, and 20-dB bandwidths were measured and are
presented in Figure 7.35. Similar to the two-pole filters, it exhibits a relatively
stable ABW throughout its octave tuning range.

The four-pole filter provides an enhanced level of reconfigurability compared
to the two-pole filters. This is achieved through its design, which includes two
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cascaded absorptive notch sections, allowing for independent control of the cen-
ter frequency for each notch. The filter is capable of generating multiple transfer
functions, as illustrated in Figure 7.36. The notches may be adjusted to the same
frequency to achieve optimal attenuation, or they can be tuned asynchronously
to deliver a Chebyshev frequency response. Asynchronous tuning of the notches
allows for slight adjustments to the filter’s bandwidth. This tunability can be uti-
lized to address any remaining bandwidth variations that may occur following the
implementation of the constant-bandwidth method discussed in this chapter. The
filter was tuned from 3 to 6 GHz using this method, while the notches were asyn-
chronously adjusted to ensure a consistent 50 MHz 10-dB bandwidth was main-
tained. The 10-dB bandwidth remains consistently stable, with limitations arising
solely from the precision of the tuning of the two notches. Figure 7.35 illustrates
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the 3-dB and 10-dB bandwidths. To achieve a consistent 10-dB bandwidth, the
stopband ripple exhibited a range from a minimum of —55 dB at 4 GHz to a maxi-
mum of —15dB at 5.5 GHz.
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High-Order and Fractional-Order Evanescent-Mode Filters

8.1 High-Order Evanescent-Mode Filters

Dual-mode resonators are briefly discussed in Section 2.5.1. In this section, we will
discuss their applications to filters.

8.1.1 Independently Tunable Dual-Mode Evanescent-Mode Filter

Tunable dual-mode resonators are suitable for realizing a wide variety of
multi-band reconfigurable filter responses while maintaining a compact size [37].
More specifically, the ability to control the resonant frequency of each mode
independently is quite attractive for adaptive systems.

This section discusses a dual-mode evanescent-mode resonator with a high-Q.
Two vertically movable tuners above the resonator are used to regulate it, allow-
ing each mode to be independently tuned. Over a 59% tuning range from 1.7 to
2.7 GHz, the even resonant mode maintains a Q of more than 200. Over a 94% tun-
ing range from 1.7 to 3.3 GHz, it remains higher than 150. With a tuning range of
more than 27% and a Q higher than 260, the odd mode’s frequency can be adjusted
to be lower or higher than the even mode’s frequency.

A reconfigurable second-order bandpass filter, based on a doublet structure,
is implemented using the designed resonator. With this setup, the filter can be
placed on the upper or lower side of the passband, giving it a configurable finite
transmission-zero (TZ). Over the whole tuning range, the filter’s insertion loss
(IL) is better than 1.1 dB, and its center frequency can be adjusted between 2.3 to
2.2GHz.

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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8.1.1.1 Resonator Design

The general coupling diagram in Figure 8.1(a) uses a dual-mode resonator. In this
illustration, there is no inter-resonator interaction between the resonator’s two
parallel modes. In Figure 8.1(b) and (c), the proposed resonator’s side view and
3D view are displayed together with its primary physical dimensions. Two center
patches are electrically isolated from the top of a traditional Substrate Integrated
Waveguide (SIW) cavity resonator and connected to the cavity bottom via two
shunt vias to create the resonator. According to [108], this resonator can be rep-
resented as two TEM-mode resonators with dispersed coupling. However, since it
is sufficiently precise for this work, we shall assume a basic LC resonator model.
Therefore, the modes’ resonant frequencies can be described by

1 1
fom=—— fF =
27+/L,C, 274/L,(Cy +2C,)
The inductance values for the odd and even modes are denoted by L, and
L,, respectively. According to Figure 8.1(c)), C, represents the capacitance
between the two center patches and the resonator top layer, and C, represents the
capacitance between the two center patches themselves. It is discovered that the

(8.1)

Center

patches

1
Dual-mode .. .patches Contactless

tuners

resonator

(a) (b)
Tuner 2

(fo/ fe)

Tuner 1 Tuner 1

(fe)

A\
Cyl

Copper

cladding w, Center o
shunt vias

via walls

©

Figure 8.1 (a) The coupling diagram of a dual-mode resonator. (b) Dual-mode SIW
resonator implementation. (c) A cross section of the implementation in (b).
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8.1 High-Order Evanescent-Mode Filters

inductance and capacitance ratios are directly proportional to the ratio between
the modes’ resonant frequencies, as demonstrated in

b JE_G (8.2)
fe L,C, +2C,

The distance between the center vias (s) determines the inductance ratio (L, /L,).
Additionally, C, primarily depends on the patch width (w,) prior to the tuners
being added. Figure 8.2 shows the frequency ratio dependence that results from
simulating the resonator without the tuners in order to illustrate how these factors
affect the frequency ratio.

A convenient method to separately tune f, and f, is provided by the frequency
dependency on capacitance displayed in (8.1) and (8.2). Two flat tuners with con-
ductive surfaces are placed on top of the resonator to allow for this tuning, result-
ing in two distinct adjustable gaps (g;, g,)- Both capacitances, C; and C,, are altered
by the tuners’ presence (Figure 8.1). Changing g, in the resultant structure modi-
fies C;, which adjusts f, and f,. The frequency ratio is tuned by changing g,, which
only modifies C,, which only modifies f,. The tuning capacity is demonstrated by
varying g; from 20 to 1000 pm and sweeping g, from 10 to 1000 pm. The results of
the tuning simulations are displayed in Figure 8.2(b). Clearly, g, can tune f, to a
lower or a higher value than f, at any value for g;.

Pad width, wp (mm)
1 1.5 2 2.5

1.29'5

4
1.2
35
1.15
1.1 5 3
3 :
“21.05 <55
l /
24
0.95 .
wp =2.5 mm
09 . i . | 1.5
2 3 4 5 6 10 100 1000
Post separation, s (mm) Tuner 2 gap, g, (um)
(@ (b)

Figure 8.2 (a) The effect of the dimensions s and wp on the modes frequency ratio.
(b) Both frequency modes are tuned versus the gaps (g,, g,).
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Table 8.1 Summary of dimensions of the designed filters in millimeters.

Dimension a b c s h w, w, P, é,

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

This dual-mode resonator is designed on a Rogers TMM3 substrate that is
5.08 mm thick and has the dimensions listed in Table 8.1. A 0.75 mm thick Rogers
4003 substrate with 17.5 pm thick copper is used to cut the tuners.

8.1.1.2 Filter Design
A reconfigurable bandpass filter is implemented using the resonator previously
described. This resonator is well suited for the doublet configuration depicted in
Figure 8.3(a). A second-order bandpass filter with a finite transmission zero can be
achieved with this topology. The following two requirements must be met in order
to have a transmission zero [109]: First, only one of the topology’s four connections
needs to be polarity opposite. Second, there should be a discrepancy between the
external quality factor values (Q,,, Q,,). In addition to the value of f,, the differ-
ence between Q,, and Q, , determines the location of the transmission zero.

This topology is achieved by coupling both modes to the input/output ports via
a grounded coplanar waveguide (GCPW) on the cavity’s bottom, as illustrated in
Figure 8.3(b). Figure 2.23 illustrates the coupling slots that are placed where the
magnetic field for both modes is present. Q,, and Q,, are determined by the slot
width, ws, slot angle, 6, and slot inner radius, 7. Figure 8.3(c) illustrates how r and
6 affect the external quality factor. In contrast to Q,,,  has a negligible impact
on Q,,. This effect gives us some control over the strength of the connection to

=y Slot angle, 6 (°)
[ \}
2 ;(0\ %e o° 80 90 100
e T IR EN
Sl I~ . A
O @ oo 3 250/ ¢ @
. QA \J -
N Qe,o 0,, - e . —a
(@) £ 200} ~~ e —
£ e
Bottom view _ge®®**%0a, > s
e, = e L — —
2 % = 150 ot —
o % = -
s % ws.. < "
==y r =
qug \)/‘H%.IIII £ e
L ole . g
oo i s _ . et
IGCPWF.. ..a B 50 E \_\.\{L—(
L feed 8 7/ s T
—_— . i e Q '“
I\Couplmg/ ..' ok T | . L L L
O...Slols ..I. 4 4.5 5 55 6 6.5 7 7.5 8
Slot inner radius, » (mm)
(b) (©

Figure 8.3 (a) A bandpass filter implemented in a doublet configuration. (b) Bottom view

of resonator with external coupling slots (c) Q,,, O, , dependence on r and 6.
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8.1 High-Order Evanescent-Mode Filters | 151

each mode separately. The input/output GCPW here has a 1.94 mm-wide signal
line and a 0.2 mm-wide gap. The dimensions chosen for the external coupling are:
r=8mm, 6= 100° and ws = 1.5 mm.

8.1.1.3 Experimental Validation

The tuning ranges and the modes quality factors (Q,,,, Q, ,) were assessed by fabri-
cating and measuring a weakly coupled resonator design. To generate the vertical
motion needed to tune both resonant modes, each tuner was connected to a linear
actuator. Tuner 1 was used to keep f, at a specific value for each measurement,
while Tuner 2 was used to adjust f, around it. Figure 8.4(a) displays a sample of

mf,=17GHzmf,=225GHz  f,=2.6GHz 8 f,= 3 GHz W f, =33 GHz

20
A fe e
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Figure 8.4 A weakly coupled measurement of the dual-mode resonator (a) S,; with f,
tuned to minimum (dashed line) and maximum (solid line) frequencies for each value
of f,. (b) Mode frequency ratio versus f, over the tuning range.
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Figure 8.5 (a) The fabricated filter with fixture and the tuning actuators. (b) Measured
results and simulation for two of the tuning states. Source: (a) With permission of
Abdelfattah and Peroulis [110]/IEEE.

these results, with f, set to five distinct values in the 1.7-3.3 GHz range. f, was
adjusted from the lowest to the highest possible frequencies for each of these val-
ues. Furthermore, the frequency ratio f, /f,’s minimum and highest values were
noted at various locations and plotted in Figure 8.4(b). The maximum ratio ranges
between 1.1 and 1.18, while the minimum ratio ranges between 0.72 and 0.92.
The extracted Q,, is between 150 and 400 over the full tuning range. The measured
Q,, is between 260 and 400 over the full range.

Additionally, the design of the doublet-based bandpass filter was constructed
and measured. Figure 8.5(a) displays the filter with the actuators and fixture
assembly. Both transmission zero tuning and center frequency tuning were shown
in the measurement. As can be observed, the answer uses a single dual-mode
resonator to exhibit a second-order filter. With the transmission zero to the right of
the passband, the filter’s center frequency can be adjusted between 2 and 3.2 GHz,
and with the transmission zero to the left, between 2.2 and 3 GHz. Figure 8.6
displays measurements at a number of center frequencies with the transmission
zero on either side. According to the measured results, the insertion loss ranges
from 0.65 to 1.1 dB, and the return better than 10 dB for all tuning states.

8.1.2 High Selectivity Dual-Mode Filters

This section presents a novel application of evanescent-mode dual-mode res-
onators to efficiently achieve a tunable filter with constant absolute bandwidth
and high selectivity. When compared to traditional filters, the suggested approach
accomplishes both objectives without requiring more tuning elements or
larger size. The reflection zeros and transmission zeros are generated by the

@5UB01 7 SUOWILIOD A8 3|cealjdde ay) Aq peusenob ae sapie YO ‘s Jo Sa|nJ 1oy Aiq1 auluQ AS|IM UO (SUONIPUOI-pU-SWBIAL0D AB | IM A eq 1 U |uo//sdi) SUORIPUOD pue SWiB | 8Ly 88S *[SZ0z/0T/2T] uo ARiqiauluQ Aa|IM * AiseAIuN 30U 1S 79 YieaH uobalQ - yuno( xafe Aq /1op/wod A8 1m Aselqipuljuo//sdiy wolj papeojumoq



8.1 High-Order Evanescent-Mode Filters

=]

L
T

S parameters (dB)
& b

S S

[ |

5

I I I I I I I I I I
1.6 1.8 20 22 24 26 28 3.0 32 34 3.6 3.8
Frequency (GHz)

(a)

S

|
[e]
|

S parameters (dB)
L
T

do
=)
|

&

L L
1.6 1.8 20 22 24 26 28 3.0 32 34 3.6 3.8
Frequency (GHz)

(b)

Figure 8.6 Measured response of the doublet-based bandpass filter (a) transmission
zero to the left of the passband (b) transmission zero to the right of the passband.
Different curves represent a different frequency.

even- and odd-resonant modes, respectively, through the use of an L-shaped
coupling system. One contactless tuner that simultaneously tunes both modes
is built into each resonator. The dual-mode resonators and their tuners can
generate a regulated separation between the transmission zeros and reflection
zeros across the tuning range with the suggested structures. These filters use
methods to either increase selectivity and widen the rejection bandwidth close
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to the passband or to improve the out-of-band rejection away from the passband.
A quick synopsis of the idea and the actual performance of each of the four filters
is given below:

1) Filter A, which is part of the principle filter topology, covers the 2.2-3.4 GHz
range with a constant 3-dB absolute BW of 130 MHz and realizes a transmission
zero on each side of the passband.

2) Filter B spans the 2.5-3.4GHz range with a constant 3-dB absolute BW
of 130 MHz. It does this by using additional source-load coupling, which
adds one more transmission zero on each side of the passband for increased
out-of-band rejection.

3) Filter C spans the 2.2-3.6 GHz range and significantly increases the rejection
level by combining two transmission zeros on the upper side of the passband.
It has a stopband BW of 120 MHz and a constant 180 MHz spacing between the
passband and stopband.

4) Filter D, which covers the 2.3-3.4 GHz range with a stopband BW of 57 MHz
and a constant spacing of 96 MHz between passband and stopband, is a coun-
terpart of filter C by moving the two transmission zeros on the lower side of the
passband.

8.1.2.1 Resonator Design

Resonator Structure Figure 8.7(a) displays the dual-mode evanescent resonator
employed here in both 3-D and cross-sectional views. Two center patches (P1, P2)
are electrically isolated from the top of a traditional evanescent-mode resonator
and connected to the cavity bottom via shunt vias to create the resonator. P1 and
P2 are depicted from above in Figure 8.7(b). This part modifies the resonator
design to allow for the simultaneous tuning of both modes by a single tuner. In a
pattern of two isolated conductor patches (T1, T2), the contactless tuner is a plate
that moves vertically on top of the resonator to regulate the air gap, g,.

Both an odd (0) and an even (e) resonant mode are produced by this resonator
arrangement. The magnetic and electric field distributions for both modes are
shown using an electromagnetic simulator, as seen in Figure 8.7(c) and (d). The
following observations are noteworthy in light of the field distributions. Both the
odd-mode magnetic field and the even-mode electric field exhibit symmetry with
respect to the symmetry plane. Between P1, P2, and T2, there is no even-mode elec-
tric field. Across the symmetry plane, the odd-mode magnetic field is substantially
weaker close to the cavity’s edge. Later on in the filter design, these properties will
be used.

As illustrated in Figure 8.8(a), the two modes can be represented as TEM-mode
transmission-line (TL) resonators with distributed coupling. The total capacitance
between P1 or P2 and ground is denoted as C;. The total capacitance between P1
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Figure 8.7 Dual-mode resonator (a) 3D view with critical dimensions (b) top view (c) cross-section (A-A’) with highlighted capacitors.
Electric and magnetic fields for the (d) even and (e) the odd modes. The symmetry plane is orthogonal to A-A’.
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= = Figure 8.8 (a) TEM-mode TL equivalent
c® ¢ —ﬁr . model for DM resonator, (b) even-mode LC
‘ ! “ model, (c) odd-mode LC model.

and P2 is denoted by C,. As seen in Figure 8.7(c), each capacitance is made up of
a fixed capacitance (C;; and C,;) and a tunable capacitance (Cy, and C,,). The TL
resonators can be simplified by representing the even- and odd-mode inductances
in Figure 8.8(b) and (c) as inductances L, and L,. The TEM-modes parameters can
be used to approximate the inductance for either mode as follows:

Z
L,, = — tan (f,,h) (8.3)
0]

e,0
e,0

where h is the cavity height, @, , is the mode angular resonant frequency, f, , is the

mode propagation constant, and Z, , is the mode characteristic impedance. Each

mode’s resonant frequency can be represented using the simplified LC models as

1 1
Je

= f = —
27+/L,C; * 21+/L(C, +2C)

We also define the modes’ resonant frequency separation (Af,,) as

Afy =f =1, (8.5)

L, is always greater than L, because of the modes’ magnetic field nature. When
C, =0, this leads to a positive Af,,. Furthermore, C, only increases the loading of
the odd-mode, as in (8.4), because of the electric field nature of the modes. Con-
sequently, a bigger C, could yield a negative Af,,.

(8.4)

L-Coupling The even/odd mode resonators have frequently been employed in a
traditional doublet arrangement in a number of earlier works [109-111]. Both
resonant modes are connected to each of the source and load nodes in this arrange-
ment. A single dual-mode resonator with a single doublet coupling configuration
could generate a second-order bandpass response with a single TZ. This arrange-
ment is not appropriate for the implementation of the constant absolute band-
width filter, despite its compactness. This is due to the fact that the placement
of the transmission zero depends on the external coupling values, which change
over the tuning range. Consequently, we suggest using the alternate L-coupling
depicted in Figure 8.9(a) in this study. In this arrangement, just the source is cou-
pled to the odd mode, whereas the source and load are both linked to the even
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BPF
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Frequency (GHz)
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Figure 8.9 The L-coupling delivering the dual-mode resonator (a) coupling diagram
(b) frequency response.

mode. This corresponds to a BPF-BSF (first-order bandpass-bandstop) cascade.
As can be seen from the S-parameter response in Figure 8.9(b), the odd mode
results in a transmission zero, but the even mode produces a first-order bandpass
response. Both the transmission zero locations and the center frequency in this
setup depend on f, and f,. When Af,, is positive or negative, the transmission zero
might be found above or below the passband.

The impacts of Af,, and the external quality factor values (Q,, and Q,,) are
examined in Figure 8.10, with f, fixed at 2GHz. It is demonstrated that the
placement of the transmission zero is controlled by Af,,. Additionally, as would
be expected from a traditional BPF, Q, , regulates the passband BW. Q, , regulates
the transmission zero BW, as would be expected from a BSF. It is important to
note, nevertheless, that the in-band return loss level is impacted by both Af,, and
Q.- This adds more degrees of freedom.

As illustrated in Figure 8.11, the L-coupling can be physically achieved by
means of coupling vias that link to the input/output microstrip feed lines after
passing through the resonator. The via may couple to both modes or just the even
mode, depending on where it is located. The distribution of magnetic fields in
the resonator helps to explain this. The via’s coupling to the odd mode undergoes
self-cancellation when it is positioned on the symmetry plane, leading to coupling
to only the even mode. The position of the via, which is determined by the
distance, d,, from the center, determines the strength of the external coupling.
Depending on the cavity structure, the Q,, and Q, , dependency on d. may vary.

8.1.2.2 Constant Absolute Bandwidth BPF Filter
We could use two resonators to generate a second-order response with two
transmission zeros since a single resonator with the L-coupling can provide a
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Figure 8.10 The frequency response dependence on (a) Af,, (b) Q,,, and (c) Q,,.
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Figure 8.11 The implemented L-coupling filter (a) top view (b) cross-section view (A-A").

first-order response with a transmission zero. With the BPF architecture depicted
in Figure 8.12(a), this may be easily achieved. In order to achieve a filter response
with customizable notches, this topology was first presented in [112] and imple-
mented using single-mode SIW resonators and standard microstrip lines. The
coupling of both even-modes (e, e,) via the inter-resonator coupling (k,, ) creates
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Qe,el
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Figure 8.12 The second-order bandpass filter topology using dual-mode resonators
(@) coupling diagram (b) filter response with 80 MHz absolute bandwidth at 2 GHz,
0..=29,0,, =20k, =0028, Af, = 100 MHz Af,= 25:6 MHz.

the passband when the topology is implemented using dual-model resonators.
Additionally, one resonator must have a negative value of Af,, and the other must
have a positive value in order to generate a transmission zero on each side of the
passband. (Res.L) is the resonator with negative Af,,, and (Res.H) is the other one.
It may be necessary for e; and e, to have an offset in their resonant frequencies
in order to provide a certain filter response. Therefore, we use (Af, = f,, — f,;) to
define the even-mode frequency separation. Figure 8.12(b) shows a BPF response
with 3-dB ABW of 80 MHz and return loss better than 20dB as an example of
the topology. The response is overlaid with the response of Res.L and Res.H indi-
vidually. This illustrates how the passband is formed within the two resonators’
overlapping passband. Additionally, it demonstrates a correlation between the
transmission zero locations and the individual resonators’ transmission zeros. A
traditional second-order Chebysheyv filter response with the same bandwidth and
return loss is also used to compare the response. This demonstrates unequivocally
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how the additional transmission zeros on either side close to the passband have
increased the filter’s selectivity.

As the frequency rises, the bandwidth of a traditional adjustable BPF with fixed
coupling values increases. This is due to the fact that fixed coupling values produce
a fixed fractional bandwidth, meaning that the absolute bandwidth rises in direct
proportion to the filter’s center frequency. Higher absolute bandwidth variance
across the tuning range is the result of coupling values increasing with frequency
in practice. Two ideas allow the suggested filter topology to reverse this impact.
The first is the transmission zeros, restrict the total bandwidth on both sides. The
second is that the parameters Af,, and Af, allow for extra control over the passband
shape.

8.1.2.3 Filter A: Implementation and Validation

Filter A, depicted in Figure 8.13, is made to use the dual-mode resonator pre-
viously mentioned to achieve the constant absolute bandwidth filter structure.
Individually, Res.L and Res.H are made to have the necessary Af,, variance over

Contactless tuners
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M3L
actuator

SIW cavity
substrate po
(Rogers
TMM3)

Signal
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Coupling vias
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v b | By | B | 812
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210 r \ A | I'I ---§;:
1 i
I 0707 A a—
< AN =
o0 ¥ i
50! / s
e .
46015 2 25 3 35 4 4.5 5
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(©

Figure 8.13 The structure of Filter A (a) implemented with linear actuators as tuners
(b). Measured results in (c) show a practically constant absolute bandwidth across the
tuning range. Source: (b) With permission of Abdelfattah and Peroulis [60]/IEEE.
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8.1 High-Order Evanescent-Mode Filters

the tuning range. The table in Figure 8.13 also displays the dimensions for each
resonator. The coupling iris between the resonators creates the inter-resonator
coupling. The symmetry line, where the odd-mode magnetic field is weakest,
is where the coupling iris is situated. This guarantees that, as required by the
topology [37], ky,, is near zero. The design of the external coupling vias is
described in Figure 8.11. Each resonator has different coupling via spacing (d,)
and coupling via diameter in order to realize the required coupling values.

Printed Circuit Board (PCB) technology was used in the production of Filter A.
Figure 8.13 displays a photo of the completed assembly and the created filter. The
tuners’ vertical movement is provided by two linear actuators. The filter center
frequency can be adjusted between 2.2 and 3.4 GHz. Tuning g, between 80 pm
and 2 mm covers the tuning range. The 3-dB ABW was kept at 130 +1 MHz in all
tuning states. The insertion loss is 1.36 dB and the filter return loss is better than
15dB. The unloaded quality factor of the resonators is predicted to be between
200 and 400. Both the upper and lower transmission zeros provide a maximum
rejection level between 25 and 50 dB.

8.1.2.4 Filter B: Implementation and Validation

Filter A measurements show that the out-of-band rejection is restricted to 30 dB at
frequencies above the passband. By altering the topology to incorporate deliberate
source-to-load coupling (kg; ), as illustrated in Figure 8.14(a), this rejection could
be strengthened. One extra transmission zero is produced on each side of the pass-
band by this additional coupling path. The filter selectivity won’t be impacted by
the new transmission zeros because they won’t be close to the passband. They will,
however, enhance the out-of-band rejection on both sides. By merely altering each
microstrip feed line before its coupling via, this coupling might be realized. Filter
B is developed with dimensions similar to Filter A and the updated microstrip

Frequency (GHz)

(b) © (d)

Figure 8.14 (a) Coupling topology with added source-to-load coupling. (b) Modified
microstrip feed with source-to-load coupling. (c) Picture of the manufactured part.

(d) Measured response of Filter B in comparison with Filter A. Source: (c) With permission
of Abdelfattah and Peroulis [60]/IEEE.
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feed structure depicted in Figure 8.14(b) to demonstrate this design adjustments.
The length of the overlap and the distance between the two feeding lines deter-
mines the strength of the source-to-load coupling. Additional information about
source-to-load coupling extraction may be found in [113].

Filter B was fabricated and measured. Figure 8.14(c) depicts the modified feed-
ing pattern. Filter B keeps the ABW at 130 + 1 MHz across the 2.5-3.4 GHz range.
The return loss is better than 10 dB, while the insertion loss ranges from 1.37 to
1.97 dB. As illustrated in Figure 8.14(d), the benefit of the source-to-load coupling
is demonstrated by the 19-29 dB improvement in out-of-band rejection at higher
frequencies (about 5 GHz). The spurious bands of Filters A and B are observed by
measuring them up to 8 GHz.

8.1.2.5 Filter C: Implementation and Validation

In Filter C, both transmission zeros are combined above the passband frequency.
Consequently, Af,, is positive for both resonators. This means that both resonators
can be identical in design.

Filter C’s top and bottom views are displayed in Figure 8.15(a) and (b). Both
resonators are the same, but the filter is developed using the same stack-up as
Filter A. To maintain a high degree of rejection on both sides of the passband, the
filter additionally uses a source-to-load coupling, as seen in Figure 8.15(b). The
images of the constructed filter are displayed in Figure 8.15(c) and (d). The center
frequency tuning of the manufactured filter was found to be between 2.2 and
3.6 GHz. Figure 8.15(e) presents a comparison of simulations and measurements
for the state f, = 3.2 GHz. Additionally displayed are the measurements under
various tuning states. The filter’s return loss is better than 16 dB, and its insertion
loss ranges from 0.9 to 1.6 dB. The stopband rejection level is more than 28 dB.
The 3-dB BW is between 88 and 139 MHz.

8.1.2.6 Filter D: Implementation and Validation

The external coupling structure is changed to implement Filter D, which has
better selectivity on the bottom side of the passband. The odd-modes in this
resonator have a poorer external coupling when the coupling via structure is used,
which leads to poor rejection in the stopband. However, the necessary relationship
between the coupling values is provided by a GCPW feeding structure with a
coupling slot. Figure 8.16(a) and (b) displays Filter D’s top and bottom views with
the altered coupling structure. A common coupling element that has been used
in a number of earlier studies is the coupling slot [110, 114]. The slot’s width,
radial angle, and radius all affect the coupling strength. The constructed Filter
D is depicted in Figure 8.16(c) and (d). Figure 8.16(e) compares the measured
and simulated responses of Filter D at a center frequency of 2.5 GHz. The center
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Figure 8.15 Filter C (a) top view (b) bottom view (c, d) the implemented prototype. (e) Measured and simulated results for a single tuning
state, and measured tunable states. Source: (c, d) With permission of Abdelfattah and Peroulis [60]/IEEE.
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Figure 8.16 Filter D (a) top view (b) bottom view (c, d) photo of the implemented prototype. (¢) Measured and simulated results.
Source: (c, d) With permission of Abdelfattah and Peroulis [60]/IEEE.
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8.1 High-Order Evanescent-Mode Filters

frequency of the filter is between 2.3 and 3.4 GHz. While the return loss is
better than 12 dB, the insertion loss ranges from 1.5 to 2.8 dB. With a stopband
bandwidth of 57 MHz and f, — f; = 96 MHz, the stopband rejection level is greater
than 28 dB. The 3-dB BW passband is between 49 and 59 MHz.

8.1.3 Four-Wedge Evanescent-Mode Resonator

A novel dual-mode, dual-band resonator and filter structure that offers several
poles and passbands per resonator with adjustable center frequencies are intro-
duced in this section. The new structure comes from a single physical resonator
that is comparable in size to the resonators illustrated in earlier chapters. It has
a single fundamental resonance and two higher-order resonances. Many benefi-
cial filtering capabilities are possible, and the coupling to and between these three
resonances can be regulated within certain bounds. With just the physical volume
of two resonators, such a device may, for instance, be used to switch between a
relatively wide band second-order filter and a relatively narrow band fourth-order
filter. By adjusting the higher-order modes to the band of interest and the basic
modes away from it, this conversion could be achieved. This idea is illustrated in
Figure 8.17 below. The left side of Figure 8.18 shows a model of a strongly loaded
coaxial cavity with the loading post cut into four wedges.

8.1.3.1 Bandpass Filter Design

In order to design a filter with a specific type of resonator, external coupling and
inter-resonator coupling values available from that resonator with particular cou-
pling structures must be known and understood. Below we discuss the necessary
coupling structures.

Cavity 1 2-Pole filter Cavity 2

|
(]
=)

I
w
=)

rameters (dB

S

~50

—60
0

4-Pole filter

Normalized frequency

Figure 8.17 The coupling routing diagram of a 2-cavity filter that has six resonances.
Two of these resonances constitute a second-order bandpass filter. The remaining four
produce a narrower bandwidth fourth-order filter. The two responses are tuned together
which allows choosing any of these two responses by simply tuning the resonance.
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Figure 8.18 Trimetric and cross-section views of the four-wedge evanescent-mode
resonator. Electric and magnetic fields (left and right, respectively) (a) the fundamental
mode, (b) and (c) degenerate modes, and (d) first spurious mode.

External Coupling A CPW structure serves as the basis for this external coupling
(see Figure 2.13). This structure couples to both the fundamental mode and the
two degenerate modes, as shown in Figure 8.19. By altering the resonator’s exterior
diameter (b), the ratio between the two external coupling values can be adjusted
because the coupling aperture influences both of them. Consequently, it is pos-
sible to regulate the fundamental and degenerate external coupling values to the
required value.

Intra-Resonator Coupling The coupling of degenerate modes within a single cavity
is known as intra-resonator coupling. It can be applied to one corner of the loading
post of the cavity using an additive or subtractive feature. As an alternative, it can
be positioned radially outward from the loading post or implemented with a via.
The loading post’s upper right corner in the inset of Figure 8.20 displays a mode
splitting functionality. Relatively minor changes to the loading post can result in
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Figure 8.19 External quality factor as a function of coupling size for the different modes
of the four-wedge evanescent-mode resonator.

a broad range of intra-resonator coupling values without significantly altering the
fundamental mode frequency, as seen in Figure 8.20. It is worth noting here that
the coupling is a weak function of the gap (g) between the loading post and top wall
of the cavity, allowing g to be used as a design parameter for external coupling.

Inter-Resonator Coupling Waveguide irises can be used to achieve the inter-
resonator coupling k;,,,. between cavity resonators. An illustration of a waveguide
iris that couples two resonators is shown in Figure 8.21 (inset).

Keep in mind that k;,,,,, also depends on any iris perturbations and the distance
between the coupled cavities. Furthermore, since the fundamental and degenerate
modes of a pair of resonators occur at different frequencies, the frequency depen-
dence of the coupling iris can be altered by adding low-pass or high-pass structures
in parallel with the iris [114]. This effectively alters the ratio of inter-resonator
coupling for the fundamental and degenerate modes. When n is an even number,
waveguide irises can be used to create n-pole filters, which employ two degen-
erate modes per resonator. The following part provides an illustrative design
example.

8.1.3.2 Design Example
Figure 8.22 illustrates the implementation of the resonator principle in a
two-resonator filter. An intriguing feature of the design is that, as was first
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8.1 High-Order Evanescent-Mode Filters

Figure 8.22 The 3D model of the double-resonator, dual-band filter (left), and a picture
showing both sides of the implemented double-resonator, dual-band bandpass filter.
Source: With permission of Naglich et al. [106]/IEEE.

demonstrated in [115], the resonators are physically rotated by 180° with respect
to one another. Creating the filter in this manner has two positive outcomes. First,
the apertures are farther apart. As a result, there is less source-to-load coupling
and greater attenuation further from the filter’s passbands. The second benefit
of rotating the resonators 180° relative to one another is that the degenerate and
fundamental modes in both cavities constructively couple, while the subsequent
spurious mode cancels because the magnetic fields of the spurious mode in the
two resonators are pointing in the opposite directions.

The measured and simulated results for the double-resonator, dual-band fil-
ter with a 2-pole response and 4-pole filter displayed in Figure 8.23. The 4-pole
response has a 3 dB fractional bandwidth of 2.1% and an insertion loss of 3.34 dB
(extracted Q = 400), while the 2-pole response has a 3.26 dB insertion loss and a
5.9% 3 dB fractional bandwidth. As previously mentioned, when the resonators are
positioned as they are in Figure 8.22, the first spurious mode cancels, and in two
of the three states displayed in Figure 8.23, the first spurious mode is not visible.
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Figure 8.23 Measurements and simulations of the filter with a second-order response
tunable about 2.5 GHz and a fourth-order response tunable about 4.1 GHz.

However, the spurious mode starts to appear as the resonances are tuned to slightly
offset frequencies as can be seen in the lowest-frequency response in Figure 8.23.

Measurement data up to 10 GHz are also displayed in Figure 8.23 to illustrate
the structure’s second spurious mode. The geometry between the loading post and
the cavity’s exterior wall corresponds to this mode, which is caused by the cavity’s
static properties. Although this design did not focus on it, the removal or modi-
fication of the dielectric material between the loading post and the cavity’s outer
wall can further push the spurious mode higher in frequency. Even though the
mode appears to be on the verge of being critically coupled, which seems to allow
for a triple-band response, this is a coincidence in the design. Nevertheless, future
research may focus on ways to control the coupling for this mode independently
of the coupling for other filtering modes. Without the addition of an additional
tuning element, the mode would not be tunable in this setup.

8.2 Tunable Half-Mode SIW Filter

This section discusses a novel frequency-tunable half-mode evanescent-mode
filter with a constant bandwidth that does not require a lossy tuning component
on the coupling structures. A recently created static coupling structure that can
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Figure 8.24 (a) Conventional frequency-tunable evanescent-mode filter with a varactor
to maintain a constant bandwidth, and (b) the novel second-order tunable evanescent-
mode filter.

have specific coupling values across the frequency tuning range was created in
order to avoid the need for tuning components on the coupling structures.

A traditional second-order frequency-tunable evanescent-mode filter and the
one suggested by this work are both depicted in Figure 8.24. Several tuning devices
are used in the conventional one to control coupling values. Therefore, when the
center frequency changes, the coupling parameters can be changed to achieve
a constant bandwidth. Two half-mode frequency-tunable evanescent-mode res-
onators comprise the Cbehyshev filter suggested by this work. The filter’s band-
width remains constant across its frequency tuning range thanks to the addition
of new static external and inter-resonator coupling mechanisms.

The new external coupling structure utilized in this filter design is depicted in
Figure 8.25(a). The post patch on the resonator’s bottom side is surrounded by a
coupling patch. This is an important modification compared to the conventional
design. Since the capacitance between the post patch and the flexible layer with
copper cladding varies, the resonant frequency can be changed by adjusting the
space between them. In the meanwhile, there are variations in the capacitance
between the Liquid Crystal Polymer (LCP) layer and the coupling patch. We
can get the required external coupling values for a constant absolute bandwidth
by controlling this capacitance. Using a piezoelectric actuator, which causes
the LCP layer to move vertically, these capacitance values can be adjusted. The
external coupling value, k,,, is displayed for different coupling patch sizes and
capacitors in Figure 8.25(b). The capacitor at the top of the filter can be controlled
to compensate how quickly k,, decreases with frequency. By adjusting the cou-
pling patch’s diameter, we may control the magnitude of k,,, which is inversely
proportional to frequency when the static capacitor is 2 pF. The external coupling
patch’s diameter of 10.4 mm and the static capacitance of 2 pF have been selected.
These values provide the appropriate coupling across the frequency tuning range.
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Figure 8.25 (a) An isometric view and the cross-sectional view of the external coupling
structure and the resonator discussed in this section. (b) The external coupling and (c) the
inter-resonator coupling coefficients.

For the inter-resonator connection, a similar strategy is applied. The new
inter-resonator coupling structure is depicted in Figure 8.25(c). c is the distance
between the two resonators. The line with the diamond symbols represents k;,,
when the two resonators were 1.7 mm apart. It is demonstrated that the rate at
which k;, decreases with frequency is significantly higher than the desired rate,
which is represented by the red line (noted as ‘desired value’ and visible in color in
the eBook). By eliminating the dielectric between the two resonators, this rate can
be regulated. This is the same as putting an air box between them. The green line
(top line in the graph and visible in color in the eBook) illustrates the scenario in
which an air box measuring 16.5 mm in length is placed and the distance between
the two resonators is 1.7 mm. The rate at which k;, decreases with frequency is
about the same as the required rate. It is still necessary to modify the magnitude

of k;,, which can be done by varying the distance between the two resonators.
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Figure 8.26 A picture of the fabricated filter, in addition to simulated and measured
frequency responses. Source: With permission of Nam et al. [112]/IEEE.

The required separation and k;, correspond well when the separation is 1.8 mm
(Figure 8.25(c)).

The design method followed here can be applied to filters of higher order. For
instance, the structures shown here can be cascaded for achieving higher-order
constant-bandwidth responses.

The structure of the manufactured filter and the measured frequency response
along with the simulated one at the center frequency of 2.3 GHz are displayed in
Figure 8.26. With a bandwidth of 136-142 MHz, the center frequency can be tuned
from 1.85 to 2.3 GHz. There is a 1.3 dB minimum insertion loss at 1.85 GHz and
a 2.0dB maximum insertion loss at 2.3 GHz. The filter’s absolute bandwidth is
almost constant throughout the frequency range.
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Advanced Evanescent-Mode Filter Structures

9.1 Bandpass-to-bandstop Reconfigurable Filter

Filters occupy a relatively large amount of physical space in modern wireless sys-
tems compared with other typical radio components, most of which are now easily
integrated on chip. In many cases, it would be impractical to implement both tun-
able bandpass filter (BPF) banks and tunable bandstop filter (BSF) banks in a
system due to size constraints. A possible solution to this problem is to implement
sets of coupled resonators whose response can be dynamically switched between
a bandpass shape and a bandstop shape, saving space while providing added flexi-
bility to a system. This response reconfiguration concept is shown in Figure 9.1(a).
Figure 9.1(b) shows that Chebyshev bandpass, elliptic bandpass, and bandstop
responses can be obtained from the same set of resonators if their coupling val-
ues are tunable. Note that Figure 9.1(b) is theoretical, and the ability to achieve all
three responses in Figure 9.1(b) would require components that have wider tuning
ranges than what is commercially available today. However, with the wide array of
switches and varactors that are available today, the theory presented below can be
used to implement a filter that can transform between any single BPF shape and
any single BSF shape. Figure 9.2 shows the coupling diagram of the theoretical
structure needed to implement the responses shown in Figure 9.1(b). The dashed
lines represent tunable or switchable coupling values, and the solid line represents
static coupling.

This section shows the theory of narrow-band, prescribed-response, bandpass-
to-bandstop electronically reconfigurable filters and demonstrates a novel, high-Q,
tunable, evanescent-mode cavity design with new capabilities not found in previ-
ous designs.

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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Figure 9.1 (a) A concept of a bandpass filter that can switch its response to that of a
bandstop filter by toggling a switch. (b) Simulated results showing possible S,, responses
of a set of two tunable resonators with tunable external and/or source-to-load coupling
values.

Figure 9.2 Coupling diagram needed for
- implementation of a filter with responses
shown in Figure 9.1(b). Note that the resonant
frequencies of the two resonators are
independently tunable.
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9.1.1 Bandpass-to-bandstop Filter Theory

The same geometry resonators can be used for a BPF or a BSF if the coupling
relationships between the source, load, and resonators are changed appropriately.
For the second-order filter analysis in this chapter, input and output external cou-
pling values are equal to each other, the resonator self-coupling values have the
same magnitudes but opposite signs. Moreover, we can exploit certain reciprocities
such as the source-to-load coupling being the same as the load-to-source coupling
to simplify the generalized second-order filter (N + 2) X (N + 2) coupling matrix
M to

0 My, 0 My,

My My, My, 0
0 M, -M,; M,

My, 0 M, 0

9.1)
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9.1 Bandpass-to-bandstop Reconfigurable Filter

where the subscripts 0 and 3 correspond to the source and load, respectively, and
subscripts 1 and 2 correspond to the first and second resonators, respectively. It
can be shown with coupling matrix methods that the coupling matrix for a typical
second-order Butterworth BPF is

0 0.8409 0 0
0.8409 0 0.7071 0
Mppy = 9.2
BPF 0 0.7071 0 0.8409 ©-2)
0 0 0.8409 0

and the coupling matrix for a second-order Butterworth BSF is

0 1.189 0 1
1.189 0 0 0
My = 9.3
BSF 0 0 0 1.189 ©:3)
1 0 1.189 0

Compared to the BSF in (9.3), the coupling matrix in (9.2) has two main
differences. Typical BSFs have a source-to-load coupling (M,;) value equal to
unity, which is commonly implemented as a 90° transmission line. Also, common
BSFs have an inter-resonator coupling (M,,) value of zero, indicating that BSFs
place the resonators in a shunt configuration, while BPFs, with a nonzero M,
and zero-valued My, place the resonators in a series configuration. In addition
to these two differences, the M, value changes slightly between the bandpass
and bandstop cases. M,;; becomes 1.189 in the normalized frequency Butterworth
bandstop case, compared with 0.8409 for the Butterworth bandpass case.

It is straightforward to change the zero-valued M,; of a BPF to a value of 1
through the use of switches with high isolation, which switch in a 90° transmission
line between the resonators. In addition, a uniquely designed coupling structure
will be shown below that allows for the switching of M, between the bandpass
and bandstop modes of the filter. However, changing from a nonzero M,, value
to an M, value of zero is difficult in practice, since it is difficult to fully block
the coupling mechanism between resonators. Fortunately, it is possible to synthe-
size a bandpass-to-bandstop reconfigurable filter with a nonzero M, value if the
resonators of the filter can be tuned asynchronously [116].

9.1.1.1 Coupling Structure to Switch M,, and M,; Simultaneously

The coupling structure designed for bandpass-to-bandstop reconfiguration is a
transmission line of electrical length L degrees over a coupling aperture in the wall
of the first resonator, followed by a switch, followed by a transmission line of length
270 — 2L degrees, followed by a switch, followed by a transmission line of length
L degrees over a coupling aperture in the wall of the second resonator. A model
of such a structure can be seen in Figure 9.3(a), where the resonators have been
omitted for clarity.
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Figure 9.3 (a) The coupling structure designed for bandpass-to-bandstop
reconfiguration. (b) Top: coupling structure in the bandstop mode of the filter. Middle:
coupling structure in the bandpass mode with very high isolation switches. Bottom:
coupling structure in the bandpass mode with medium isolation switches, enabling an
elliptic response.

This coupling structure has three modes of operation. First, in the bandstop
mode of the filter, the switches are closed, and the coupling structure becomes
a270° transmission line over coupling apertures in the resonators. A transmission
line has a positive coupling value in this analysis. This positive insertion phase
allows for a bandstop response with a nonzero M, value. The coupling apertures
in the walls of the resonators are sized to provide the appropriate M, value for the
bandstop mode of the filter. An equivalent circuit model of this mode of operation
can be seen at the top of Figure 9.3(b).

The coupling structure’s second mode of operation requires very high isolation
switches. In this mode, the switches are open, and the coupling structure becomes
a transmission line of length L degrees over a coupling aperture in the wall of the
first resonator. The transmission line between the two switches is not coupled
to; therefore, the source-to-load coupling is removed. Symmetry allows similar
coupling into resonator 2 as resonator 1. The transmission lines of length L are
approximately open at their interior ends if high isolation switches are utilized.
The length of the transmission line from the coupling aperture to the open end
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9.1 Bandpass-to-bandstop Reconfigurable Filter

transforms the impedance seen at the coupling aperture. Therefore, M, also
changes accordingly, and different values are possible between the bandpass and
bandstop modes of the filter. An equivalent circuit for this mode of operation can
be seen in the middle of Figure 9.3(b).

The coupling structure’s third mode of operation requires a switch with a
medium level of isolation, similar to the level found in common solid-state radio
frequency (RF) switches. Variable isolation switches or varactors could also be
used for even more flexibility. In this mode, the switches are in their off-state but
have significant capacitance. An equivalent circuit for this mode of operation can
be seen in the bottom of Figure 9.3(b). For a certain range of small switch capac-
itance values, the capacitance shown in the figure adds approximately two more
90° phase shifts into the circuit. Considering that 270 electrical degrees are already
present from the transmission lines, the total insertion phase in this mode of the
coupling structure becomes 450°. This is a significant result because the 450° of
insertion phase is the sign opposite of the 270° of insertion phase obtained in the
bandstop mode of operation, and this allows for negative source-to-load coupling.
Negative source-to-load coupling results in an elliptic response [117, 118],
providing a third useful mode of operation for the proposed filter.

9.1.2 Bandpass-to-bandstop Reconfigurable Filter Design

An evanescent-mode resonator-based bandpass-to-bandstop reconfigurable filter
is fabricated with a static inter-resonator coupling structure for measurement.
A model of the fabricated filter can be seen in Figure 9.4. The evanescent-mode
cavity resonators are designed in a 3.175-mm-thick Rogers TMM3 printed circuit
board material and defined by plated vias. The cavities have semi-circular
apertures cut into their surface to enable magnetic field coupling. Single, weakly
coupled resonators are fabricated out of the same TMM3 board as the filter
cavities presented in this chapter, and the unloaded quality factor is measured to
vary from 608 to 650 across the frequency range from 2.75 to 3.75 GHz.

A copper membrane is laminated onto the substrate to close the cavity and form
the bottom plate of the capacitor inside of the resonator. Piezoelectric actuators are
attached to the copper membrane to allow for electronically controllable deforma-
tion of the membrane. The cavity feeds are fabricated on a 1.27-mm-thick Rogers
TMM10i material and laminated to the cavities. The feeds are fabricated on this
high-dielectric material to reduce the size of the 270° transmission line for the
source-to-load coupling described above.

The external coupling structure in the previous section can provide two inde-
pendent values for the external couplings, one for the BSF and the other for the
BPF. The denormalized inter-resonator coupling, k;, value, however, is constant.
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Figure 9.4 Filter model showing geometry and materials used in the fabricated filter, in
addition to a layer-by-layer expanded view of filter. From top to bottom, the layers are
TMM10i, thin copper, TMM3, and thin copper. The disks represent the actuators. Note that
there are switches in line with the transmission line shown above on the top layer.

The external couplings are thus chosen such that they deliver the sought BSF and
BPF responses.

9.1.3 Measured Results

A labeled photograph of the device can be seen in Figure 9.5. The ideal synthe-
sized response in Figure 9.6(a) shows a theoretical second-order Butterworth
bandpass filter with no stray coupling between source and load ports. It is
valuable to do a measurement of the fabricated filter without switches in the

Figure 9.5 Labeled photograph of both sides of
the fabricated filter. For measurements, a network
analyzer was connected to the RF ports, and DC
power supplies were connected to the DC bias
connector. The DC traces were fabricated on a
25.4-pm liquid crystal polymer (LCP) substrate.

Switch bias resistors
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Figure 9.6 Measured and synthesized S,, responses of the filter in the bandpass mode. (a) Response with no switches (open) compared
with the ideal Butterworth filter. (b) Response with absorptive switches compared with the ideal self-equalized filter. (c) Response with
reflective switches compared to ideal elliptic filter. Note that loss was not included in synthesis. Measured S, and S,, responses of the filter
in the bandpass and bandstop modes from 1 to 10 GHz. (d) Bandstop mode. (e) Bandpass mode.
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source-to-load coupling structure to observe the amount of coupling due to
radiation and substrate paths for comparison. This measurement can also be seen
in Figure 9.6(a). This response is the limit of what could be achieved with this
design. While this response is shown for reference, it may be possible to achieve
a similar response with high-quality microelectromechanical system (MEMS)
switches [119]. The response of this filter in both bandstop and bandpass modes
can be seen over a wider frequency range in Figure 9.6(d) and (e). A zero Q
resistor is used in the bandstop case to simulate a perfect switch and show the
limit of the design. The bandstop mode shows good performance up to 6 GHz,
where an unwanted resonance starts to appear. The bandpass mode has 20 dB or
greater out-of-band attenuation across the entire frequency range. Because of the
extended upper stop band in the bandpass case, no spurious passband circuitry
would be required in most systems. Synthesized and measured examples can
be seen in Figure 9.6(b). The measured plot in Figure 9.6(c) is obtained using
medium isolation reflective switches, resulting in an elliptic response. For the
ideal case in Figure 9.6(a), the filter is centered at 3.21 GHz and exhibits 2.6 dB
insertion loss (IL) in the passband. Of this loss, 0.12dB is due to the fact that
the filter has stronger external coupling than was designed for due to fabrication
tolerances of the circuit board plotter used. Accounting for the mismatch loss,
a 1% fractional bandwidth filter with 2.5dB of IL has a Q, of 457 based on gain
bandwidth product. Also, according to simulation, 0.1dB of the loss is due to
radiation from the coupling apertures. It can be seen that synthesis agrees well
with measurement, noting that loss was not included in synthesis.

Measured results showing a tunable elliptic bandpass S,; response and a tun-
able bandstop S,; response are shown in Figure 9.7. Note that all traces in the
plot are S,;. The responses in the figure are obtained using a solid-state reflective
RF switch in line with the transmission line between the resonators. While the
loss is higher when using a solid-state switch, the filter can be switched between
modes very quickly in this configuration, on the order of 10 ns. Fast switching
speed between modes could be important in some situations, because the filter
takes approximately 1 ms to tune across the tuning range. For example, if a receiver
were using the filter in bandpass mode at 3.5 GHz, and a signal appeared at 2.9 GHz
that needed to be sensed quickly, the filter could switch to bandstop mode in 10 ns
to make the receive path a through line at 2.9 GHz instead of taking 1 ms to tune
that BPF to 2.9 GHz. This opens the receiver to a much wider frequency range, but
in some situations the tradeoff would be justified.

In bandpass mode, the filter has less than 2.9 dB IL over its tuning range, which
is 2.9-3.6 GHz. Up to 50dB isolation is demonstrated in the out-of-band trans-
mission nulls, which are 1.5% away from the center of the passband. Beyond the
transmission zeros (TZs), the out-of-band attenuation is 17 dB. In bandstop mode,
the filter produces up to 45dB isolation at its center frequency and has the same
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Figure 9.7 (a) Measured S,, response of the filter in bandpass and bandstop modes,

tuned across the available tuning range. Simulated versus measured data for the
3.35-GHz responses in (a). (b) Bandpass data. (c) Bandstop data.
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tuning range as in the bandpass case. Due to the higher resistance of the solid-state
switches in their on state, the filter shows 1.8-2.4 dB IL across the passband in the
bandstop state. Simulated versus measured data for the 3.35-GHz responses can
also be seen in Figure 9.7.

9.2 Field-programmable Filter Array

The bandstop, bandpass-to-bandstop, and bandstop-to-all pass reconfigurable fil-
ters presented previously used offset-tuned resonators to achieve their reconfig-
uration capability. However, there are filter response effects, such as bandwidth
and filter order tuning in BPFs, that cannot be achieved through the use of asyn-
chronous tuning. In addition, asynchronous resonator tuning can provide the abil-
ity to add multiorder stopband-enhancing nulls in the skirts of BPF responses that
are not possible to achieve through the tuning of inter-resonator coupling. There-
fore, it is desirable to have a separate technique for tuning the inter-resonator
coupling that is isolated from the resonator spectral position.

This section presents an inter-resonator coupling structure that provides posi-
tive, negative, or near-zero coupling. Then, this section presents a way in which
adjacent, previously unused resonators in reconfigurable resonator arrays can be
used to add notches to the stopband of low-order filter responses using signal inter-
ference techniques. Such capability enables low passband IL while still providing
high attenuation of a few targeted interfering signals, which would be useful when
system sensitivity must be maximized in the presence of a small number of high
power interfering systems. We also demonstrate that analog control of resonant
frequencies and digital control of coupling structures provide all of the benefits
that analog control of all parameters would add to this response enhancement
technique while making control of the resonator array simpler.

9.2.1 Positive-to-negative Coupling Structure

When two evanescent-mode resonators are coupled to one another using a
waveguide iris, the sign of the coupling is dependent on the relative orientations
of the loading elements and charge on the cavity walls [120]. Examples can be
seen in Figure 9.8(a) and (b). In [121], it was shown that a probe connecting
the top wall of the iris to the bottom wall of the iris over a distance can provide
negative inter-resonator coupling relative to the coupling of the waveguide iris
through effectively reversing the direction of the coupled current. In the proposed
concept, several of these probes are used inside each waveguide iris. A switch is
placed between one end of each probe and the iris wall, expanding the concept to
provide coupling value switching capability. Such a coupling structure can be seen
in Figure 9.8(c). With the switches off, the coupling structure is approximately
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Figure 9.8 (a) Side view, positive coupling (like charge on each cavity side). (b) Side
view, negative coupling (opposing charge on each cavity side). (c) Switchable coupling
structure for positive-to-negative coupling.

equivalent to a waveguide iris with positive coupling as in Figure 9.8(a). With
the switches on, the negative coupling provided by the probes overtakes the posi-
tive coupling of the waveguide iris as long as the probes are sufficiently large. With
some switches on and some off, other positive, negative, and near-zero coupling
values result. The structure effectively twists the configuration in Figure 9.8(a)
into the configuration in Figure 9.8(b) as more switches are turned on. In addition,
the current distribution across the width of the iris varies, so altering switch states
in different probe locations results in different coupling values. Therefore, 2V
coupling states exist, where N is the number of probes. This allows each coupling
structure to be addressed as a digital N-bit word, with each bit representing the
state of a switch, on or off. Although discrete, the coupling values available can
be varied enough to facilitate the design of highly reconfigurable filters.

9.2.2 Response Enhancements Enabled By Positive-to-negative
Inter-Resonator Coupling

When used in a multi-resonator array, positive-to-negative inter-resonator
coupling enables reconfiguration between several filter response types that are
not possible otherwise. In addition, it can enhance more standard responses
and increase isolation between resonators that are desired to be isolated. Such
capability is shown in the following subsections.

9.2.2.1 Zero Net Coupling State Enhancement Using Destructive Interference

Due to manufacturing tolerances and environmental effects, the zero net cou-
pling state will often not provide exactly zero coupling. However, the structure
is resilient against these nonidealities in rectangular arrays of resonators due to
destructive interference paths within the circuit. The destructive interference pro-
vided by these additional paths can be enhanced through intelligent selection of

185

@5UB01 7 SUOWILIOD A8 3|cealjdde ay) Aq peusenob ae sapie YO ‘s Jo Sa|nJ 1oy Aiq1 auluQ AS|IM UO (SUONIPUOI-pU-SWBIAL0D AB | IM A eq 1 U |uo//sdi) SUORIPUOD pue SWiB | 8Ly 88S *[SZ0z/0T/2T] uo ARiqiauluQ Aa|IM * AiseAIuN 30U 1S 79 YieaH uobalQ - yuno( xafe Aq /1op/wod A8 1m Aselqipuljuo//sdiy wolj papeojumoq



186

9 Advanced Evanescent-Mode Filter Structures

coupling values between the resonators that need to be isolated from the circuit.
For example, consider four resonators in an X-port, X-resonator (where X is an
integer >4) array whose coupling-routing diagram is shown in Figure 9.9(a). Sup-
pose that a two-pole response using resonators 1 and 2 is required by the system
containing the filter because the spectral conditions call for the lowest possible
IL. If My, = Mg, = M, = Mp, = 0.841, M;, = 0.707 for a two-pole Butterworth
shape, and M, = M,, = M,, = 0.2 is the smallest obtainable M value (a conserva-
tive estimate, as is later shown), the synthesized response from port A to ports B
and C is as shown in Figure 9.9(b). The response has 0.66 dB higher IL than the
ideal two-resonator-only case at the center frequency of the filter, and the passband
shape is slightly changed due to the —14 dB transmission coefficients from port A
to port C and port B to port D. While this may be acceptable in many applications,
optimizing the destructive interference between the paths shown in Figure 9.9(c)
can further isolate resonators 3 and 4. If M, is set to

4 2
_ M, + My

My, =~ (9.4)
12

destructive interference is maximized at the center frequency of the filter, and
the result is the response in Figure 9.9(d) with 0.34dB IL. In the example above,
M,, = 0.764 is the ideal value. While the proposed coupling structure cannot dial
in an exact M,, value, setting M,, to the closest available value still significantly
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Figure 9.9 (a) Coupling-routing diagram of four resonators in an array. Resonators are
black, and ports are white. (b) Response when M,; = M,, = M,, = 0.2. (c) Paths for
destructive interference between resonators 1 and 3 and 2 and 4. (d) Improved response
when M;, = 0.764.
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aids in isolating adjacent resonators. If the resonators are tunable, tuning the
to-be-isolated resonators far from the passband further increases isolation.

9.2.2.2 Local Stopband Attenuation Enhancement Technique

Adjacent resonators that are not in use to create the current passband response
can be exploited to enhance the filter response by adding TZs to the filter
stopband. TZs locally enhance the stopband isolation in a filter response. This
is especially valuable in low-order filters due to their more gradual stopband
slopes but is also applicable to all filter orders and shapes. For example, consider
the coupling-routing diagram shown in Figure 9.10(a) with six resonators and
two ports. Such a coupling-routing diagram could represent a reconfigurable
resonator array with six resonators or a subset of resonators in a larger array.

If the coupling to and between resonators 1, 2, 5, and 6 is instead set to nonzero
values, resonant destructive interference paths can be created at targeted fre-
quencies. This concept is shown in Figure 9.10(b). In Figure 9.10(b), resonators 3
and 4 produce a two-pole response at f;. Energy at frequencies f; and f,, stopband
frequencies where increased attenuation is desired, leaks through the path that
contains resonators 3 and 4 due to the finite stopband attenuation of the two-pole
response. An equal magnitude and opposite phase signal at f; can be leaked
through the adjacent path that contains resonators 1 and 2 if the coupling values
and/or resonant frequencies associated with resonators 1 and 2 are set properly,
creating a resonant TZ path. A similar effect can be achieved at f, using the
adjacent path through resonators 5 and 6. A particularly attractive trait of the

(b)

Figure 9.10 Example coupling-routing diagrams of a reconfigurable resonator array
section with six resonators. (a) Two-pole filter response at f, obtained by isolating
resonators 1, 2, 5, and 6. (b) Resonant destructive interference paths that create
transmission zeros at f; and f,.
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proposed method to create TZs is that the zeros are created on demand using paths
composed of multiple resonators as opposed to the conventional method of using
reactive cross-coupling [122-124]. Using paths composed of multiple resonators
enables the design of the shape, tuning range, and bandwidth of TZs, similar to
how these parameters can be designed in conventional multi-resonator BSFs.

9.2.3 Resonator Array Design and Fabrication

Four devices are fabricated to demonstrate the positive-to-negative inter-
resonator coupling structure and its response enhancement capabilities. The
devices are composed of piezoelectrically tuned evanescent-mode resonators.
The first two devices are six-resonator arrays with ports at each resonator
and positive-to-negative coupling structures used to couple all resonators to
all adjacent neighbors. A simulation model of these structures can be seen
in Figure 9.11(a), and a photograph can be seen in Figure 9.11(b). Each
positive-to-negative coupling structure contains four probes. Each probe uses
a positive intrinsic negative diode (PIN) diode as a switch in the first design.
The second design uses zero Q resistors and open circuits for comparison. The
PIN diode version would be useful to dynamically adapt to signals in the field,
while the zero Q resistor version would be useful as a post-mass production
shape-customizable filter since the surface-mount zero Q resistors can be easily
added or removed with solder. The structure volume is 63mm X 42mm X
3.175mm. The resonators and loading posts in all designs have radii of 7.5 and
2.1 mm, respectively, and the horizontal part of each probe is 1.2 mm wide by

SMA
Positive-to-negative ~ connectors
coupling structures with four-
probes each

Diodes/0 &
resistors
RF bypass|
capacitors
Plated vias

Substrate-integrated
cavity resonators

(a) (b)

Figure 9.11 (a) Simulation model of six-resonator array of tunable evanescent-mode
resonators and positive-to-negative coupling structures containing four probes each. Bias
circuits not shown. (b) Photograph of reconfigurable resonator array. PIN diodes switch
inter-resonator coupling between positive, negative, and near-zero values. The thicker
wires on the top side of the PCB bias the PIN diodes, while the thinner wires on the
bottom side of the PCB bias the piezoelectric actuators that tune the center frequency of
the resonators.

D PUe SWid | 8U1 89S *[5202/0T/2T] U Akeiqiauljuo A8|Im * AISIBAIUN 92UBIOS 78 U)ESH U0BRIO - yunol xefe Aq /I0p/woo™Aa| 1M Aeiq1put|uoy/Sdiy woiy pspeojumod

Aoy

@5UB01 7 SUOLILIOD a8 3|cealjdde ay) Aq peusenob ae sappie O ash Jo SajnJ oy Aeiqiauliuo A 1M uo
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7.8 mm long. The vertical parts of the probes are 0.8-m-diameter plated vias on
one side and vertically mounted 68 pF RF bypass capacitors on the other side.
Figure 9.12(a) shows closer views of the positive-to-negative inter-resonator
coupling structures and supplementary direct current (DC) bias circuit board.
The DC bias board uses a 120 nH inductor in each bias circuit to block RF signal
from propagating into the bias generator. Since the four PIN diodes in each
inter-resonator coupling structure are connected in parallel, bias resistors on a
separate breadboard are also used to equate the current in each branch of the
parallel circuit. Another view of the positive-to-negative inter-resonator coupling
structure and supplementary DC bias board is shown in Figure 9.12(b).

A closer view of the loading post, which also forms the external coupling struc-
ture, is shown in Figure 9.12(c). The top row of images in Figure 9.12(c) show
the dimensions of the loading post and its positional relationship with the Sub-
miniature Type A (SMA) connector port above each resonator. The bottom row of
images shows the equivalent circuit of the external coupling circuit/loading post.
The central plated via in the loading post connects to an isolated pad on the copper
surface of the cavity substrate that is soldered to the center conductor of the SMA
connector above each resonator. The ground housing of the SMA connectors is sol-
dered to the rest of the copper surface of the cavity substrate. The three outer viae
in the loading post connect it to the copper surface of the cavity substrate and pro-
vide a DC path to ground. At RF, these three viae provide significant inductance to
ground. Together, the vias in the post forms an inductive impedance transformer.
The radius and number of these vias can be adjusted to obtain various external
coupling values.

The third and fourth fabricated structures are sets of two resonators with sin-
gle positive-to-negative coupling structures between them. One of these structures
has an inter-resonator coupling structure of the same dimensions as those of the
six-resonator arrays discussed above and weak external coupling. This structure
is used to extract measured inter-resonator coupling values for use when switch-
ing coupling values in the larger array. The other structure with two resonators
is designed with an inter-resonator coupling structure of the same concept as the
others, but slightly different dimensions and near-critical external coupling. This
structure is designed to work with different types of switches. The purpose of the
design with those switches is to show that the positive-to-negative inter-resonator
coupling structures described in this chapter can be used with minimal increase
in filter IL when modern, low-loss switches are integrated into the design.

9.2.4 Measured Results

During device operation, the SMA connectors that are not used as input and output
ports are left open (unterminated). This is possible because the highly capacitively
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Figure 9.12 (a) Model of inter-resonator coupling structure and supplementary DC bias
board. The DC bias board is soldered to the iris in the fabricated structure but raised in
this figure for clarity. (b) Model of an inter-resonator coupling structure with the
supplementary bias board rotated off of the cavity substrate to show internal structure.
As PIN diodes are switched on, waveguide iris current is redirected, changing coupling
values. (c) External coupling circuit/loading post and equivalent circuit. Together, the vias
in the loading post acts as an inductive impedance transformer.

loaded resonators used in this design have a very low characteristic impedance.
Therefore, termination with an open-circuit approximates termination with a 50
Q load. Leaving the port open can save volume and cost if such a filter were used
in a production application.

Measurements of the two weakly coupled resonators can be seen in
Figure 9.13(a) along with switch states and extracted M,, values. We observe that
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9.2 Field-programmable Filter Array

coupling values that would be useful in critically coupled responses, isolation
paths between desired and undesired resonators, and cross-coupling paths with
negative coupling can be obtained from the same electronically reconfigurable
inter-resonator coupling structure. The measured coupling values are plotted
graphically in Figure 9.13(b). Figure 9.13(c) shows measured 1.25% fractional
bandwidth two-pole responses from resonators 3 and 4 of the six-resonator array
that uses PIN diodes to electronically switch coupling. Measured IL ranges from
3.11 to 3.96dB over the tuning range. A similar two-pole response from the
device that uses zero Q resistors to mechanically switch coupling is also shown
at 1.8 GHz to show the tradeoff between electronic reconfiguration capability
and IL. The diodes add 1.06dB IL. The silicon construction of these diodes is
part of the reason for this additional loss. Lower-loss diodes in the same package
size are also available, but they have larger off-state capacitance that would limit
the spurious-free range of the field programmable filter array (FPFA). Another
possible reason is that the complete recommended bias circuit in the diode’s data
sheet could not be implemented in the FPFA prototype shown here due to space
constraints. Lower-loss switches such as RF MEMS devices could possibly reduce
switching element IL .

Figure 9.14(a) shows measured 1.02% fractional bandwidth four-pole responses
from resonators 1-4 of the six-resonator array that uses zero Q resistors. TZs are
added and removed by toggling M, between near-zero and negative values. IL
ranges from 4.07 to 5.31 dB with TZs and 4.81 to 6.38 dB without TZs. The mea-
sured IL is within 1.3 dB of fullwave simulations. The first spurious response is
at 3.86 GHz and is at —20.2 and —48.2dB levels in the two- and four-pole cases,
respectively. The spurious responses for both a two-pole response and a four-pole
response can be seen in Figure 9.14(b). The spurious modes are a result of the elec-
trical length of the probes in the inter-resonator coupling structure, and their fre-
quency does not change when the resonators are tuned across their tuning range.

Measured superposed results of the fabricated filter that show the destructive
interference stopband enhancement technique can be seen in Figure 9.15(a).
One adjacent path through two resonators is activated in order to obtain the
plots shown. A tunable two-pole notch response can be seen at various locations
in the stopband of the two-pole passband response. The final two resonators
of the device are isolated. When the notch is significantly far away from the
passband, the filter exhibits 2.32 dB IL and a 1.2% fractional bandwidth. Passband
insertion loss increases as the notch is brought close to the passband due to
the skirt reactance of the notch. Figure 9.15(a) shows that when the notch is
placed 20 MHz away from the passband at 1.8646 GHz, the minimum IL of the
filter degrades by 1dB and the passband shape becomes distorted. The passband
response is designed expecting 50 Q terminations, and the input impedance of
the notch at the passband frequency is not 50 Q when it is tuned close to the
passband. In order to mitigate this distortion, the passband response can be
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Figure 9.13 (a) Measured
weakly coupled two-pole
responses used for M,, coupling
value extraction. The table shows
PIN diode states, where 1 is on
and 0 is off, and extracted M,
values for a 1.25% fractional
bandwidth. Offset tuning the
resonators results in minimal
coupling. (b) Measured extracted
inter-resonator coupling values
(a) for different switch/PIN diode
states. (c) Measured two-pole
responses obtained by isolating
four resonators with the shown
switch states. Solid lines show
responses of the PIN diode
version. Lines marked with white
circles show a response of the 0 Q
resistor version for comparison.
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Figure 9.14 (a) Measured four-pole responses with and without TZs obtained by
isolating two resonators and toggling M34 between near-zero and negative values. All
responses are from the zero Q resistor version. (b) Measured two-pole and four-pole
responses showing the first spurious response in both states.

designed to expect a complex load [125]. However, the response would become
distorted when the notch is far from the passband in this case unless the external
coupling could also be tuned, which is not a capability of the fabricated structure.

Figure 9.15(b) shows measured superposed responses when two adjacent paths
are activated to create two-pole notches in the stopband of the two-pole passband
response. The filter passband exhibits 2.93-2.30dB IL and a 1.2% fractional band-
width over the tuning range shown. The two notches can be placed on opposite
sides or the same side of the passband. In addition, Butterworth or equi-ripple
notches are possible. Figure 9.15(c) shows the response from Figure 9.15(b) with
a passband at 1.7 GHz along with a synthesized response.

The plots shown in this chapter are representative of numerous filter states that
can be generated with the six-resonator array, but they are not all-encompassing.
The combination of many digitally addressable coupling states and tunable
resonators provides the means to create a wide array of filter responses. How-
ever, there are still limitations to the responses of the FPFA prototype due
to discretization of the inter-resonator coupling states, lack of source-to-load
coupling, and static external coupling. While the discrete inter-resonator coupling
structure used in the FPFA prototype did not limit its capability to add notches
to the stop band at arbitrary frequencies, it does limit the number of possible
passband shapes. Each unique shape and each order of each shape require
different inter-resonator coupling values. Therefore, as FPFAs grow in number of
resonators, more inter-resonator coupling values will be needed in order to fully
utilize the capability of a large FPFA. The design of inter-resonator coupling struc-
tures that can provide many specific discrete values will be challenging because
the position of each current probe affects multiple coupling states. In these cases,
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Figure 9.15 (a) Three superposed measured results showing a two-pole passband
response with one adjacent resonant path creating a tunable notch in the filter stopband.
(b) Wideband measurement showing first spurious resonances and three superposed
two-pole passband responses with two adjacent resonant paths creating tunable notches
in the filter stopbands. Inset shows closer view of the frequency range near the passband
frequencies. Therefore, the addition of notches in the skirt of the passband does not
change the first spurious resonance frequency. (c) Measured versus synthesized response.

designing coupling structures with quasi-continuous tuning through the use of
many discrete closely spaced coupling values may be the best design option. In
contrast to these cases, the design of structures that switch between a few specific
inter-resonator coupling values is useful for future systems that need a more
limited amount of reconfiguration capability. For example, the inter-resonator
coupling structure shown in this section has 10 unique coupling values. One
specific value was designed for a two-pole response, two for a four-pole response,
one for zero coupling, and two for negative coupling. However, the remaining
four unique values were left to be what naturally occurred after the first six values
were obtained due to the difficulty in optimizing for 10 specific values. Still, the
FPFA was able to produce a multitude of responses.
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Passive Applications

10.1 Impedance Tuner

Impedance tuners are key devices in adaptive radio frequency (RF) systems.
They are needed in many applications, such as source-pull, load-pull, and noise
parameter characterization, antenna impedance matching, and reconfigurable
power amplifiers (PAs). Impedance tuners are typically designed to cover as much
of the Smith chart as possible and have low loss as well as high linearity and
power-handling levels.

Conventional impedance tuners are often realized as motorized mechanical
devices integrated in either coaxial or waveguide structures. These are usually
low-loss tuners with good range of impedance coverage. However, they are also
heavy, bulky, and slow. Modern tuners employ electronically variable elements
such as semiconductor varactors, microelectromechanical systems (MEMS), or
ferroelectric capacitors in different topologies. Although each of these tuning
technologies has its own advantages and drawbacks, a comprehensive solution
for having electronically controlled tuning while maintaining low loss, high
linearity, and high power handling is challenging.

In this section, an impedance tuner, based on evanescent-mode (EVA) technol-
ogy, is introduced. Due to its high-Q resonators, the measured power loss of the
proposed tuner is very low (approximately 0.8 dB in S-band). Also, the measured
third-order input intermodulation intercept point (IIP3) is +64.3 dBm, while the
tuner handles up to 90-W input power. Both of these parameters are superior when
compared with what semiconductor-based tuners provide.

10.1.1 Design and Fabrication

Design of this impedance tuner is based on a two-pole coupled-resonator
structure in which each resonator is independently controlled. The considered
proof-of-concept demonstration frequency is 3.3 GHz, while the frequency

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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Figure 10.1 (a) Layout of the designed 3.3-GHz tuner using evanescent-mode
resonators. (b) Equivalent circuit. (c) Top view of the fabricated 3.3-GHz impedance tuner
showing the resonators and the coupling slots. (d) Bottom view of the tuner with the
piezoelectric disks. (e) Entire tuner system including the bias board and the closed-loop
control unit. (f) Measured input impedance coverage and power gain (in linear scale) of
the fabricated tuner at 3.3 GHz.

bandwidth directly affects the tuner coverage range. Figure 10.1(a) shows the
structure of the designed tuner, while Figure 10.1(b) represents the equivalent
circuit of the tuner. On the top side, external and inter-resonator coupling slots
have been implemented, while the bottom side includes two piezoelectric disks
that change the gap size over the resonators’ posts.

If the frequency of each resonator changes individually, a wide range of
impedances is observed from the tuner input. The operating principle of this
tuner can be explained as follows: When the second resonator gap is constant,
varying the gap size of the first resonator changes S;; on a curve in the Smith
chart. Hence, by also changing frequency of the second resonator, wide coverage
of the Smith chart can be obtained.

The designed tuner has been fabricated as shown in Figure 10.1(c) and (d).
Since piezoelectric disks have displacement hysteresis and may also drift with
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10.1 Impedance Tuner

time/temperature, a closed-loop monitoring and control system, explained in
detail in Chapter 12, is also employed to stabilize the tuning. Figure 10.1(e) shows
the entire tuner system including the tuner itself, the monitoring resonators, the
feedback loop, and the power board.

10.1.2 Measured Results

The Smith chart coverage of the fabricated tuner has been experimentally eval-
uated for 9,840 states (different sets of values of the gaps in the resonators). As
Figure 10.1(f) shows, the input impedance covers most of the Smith chart. The
smaller measured coverage close to the Smith chart border is due to the minimum
gap size achieved in practice, which seems to be larger than the targeted 10-pm
gap due to the manual fabrication process. Also, the depicted density of measured
points in different regions of the Smith chart is only related to how applied volt-
ages and therefore the gap sizes have been distributed in the matrix laboratory
(MATLAB) code. Measurements also show very good stability and reproducibility
of impedance points thanks to the presence of the closed-loop control system.

The power gain (ratio of the power dissipated in the load to the power delivered
to the input of the tuner) has been calculated using the equation below, assuming
that the tuner is terminated to a matched load,

S,
1= s,

Figure 10.1(f) also represents (in linear-scale colors) the measured power gain
for each covered point on the Smith chart. It is seen that the maximum power
gain is 0.84 (—0.77 dB) at 3.3 GHz. Also, the impedance points that achieve a loss
of lower than 1 and 1.5 dB are, respectively, 20.2% and 43.5% of the covered Smith
chart shown.

Linearity of the tuner is also examined through measurement of the ITP3 using
the two-tone test. Linearity depends on the gap size and, consequently, frequency
of the resonators. Smaller gap size results in worse linearity due to stronger
nonlinear electromechanical effects. Hence, IIP3 measurement is performed at
3 GHz using two tones with 1-MHz separation. With the measured main tone and
third-order intermodulation terms of +25.3 and —52.75 dBm, respectively, the
IIP3 is calculated to be +64.3 dBm.

Finally, power handling of the tuner is investigated through measuring the
tuner’s forward transmission scattering parameter (S,;) when the input power
(P;,) is swept. Due to the presence of a PA in the measurement setup, a response
calibration in the presence of the PA and a 30-dB high-power load (before the
vector network analyzer [VNA] receiver) is conducted. This measurement is
performed under two-port 50-Q matched condition at 3 GHz. S,; remains nearly

G= (10.1)
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constant. Another important point is that the input power to the tuner is increased
up to about 90 W (maximum available power from the PA) with no failure sign
observed, including gas micro-breakdown or damage of piezoelectric disks. The
power handling test was repeated ten times, and the results are consistent.

Higher speed (nanosecond time) and higher frequency (mm wave) impedance
tuners have been also presented using EVA resonators [126].

10.2 Single-ended (SE) and Balanced (BAL) Diplexers

Diplexers play a significant role in frequency-division duplexing (FDD) sys-
tems. There are many measures associated with the performance of diplexers,
such as size, isolation, loss, integration, and tunability. As a result, designing
a diplexer that meets all such measures is often challenging. Conventional
architectures consist of two bandpass filters (BPFs) centered at two different
frequencies, combined using a distribution network [127-129]. The size and
performance overhead caused by the distribution network can be eliminated
by using dual-mode diplexing [130-134]. On the other hand, EVA resonators
often present a good compromise between volume and performance due to their
compact size and high-quality factors.

Tunable diplexers, with various SE and BAL capabilities, with state-of-the-art
performance are introduced. Furthermore, a unique dual-mode diplexing con-
cept is discussed that reduces the required volume by half, compared to previous
implementations. The presented implementations also allow for wideband
tuning (around 50%) while maintaining low insertion loss and high isolation.
These concepts are experimentally demonstrated by designing SE-SE, SE-BAL,
and BAL-BAL diplexers. The main difference between the three diplexers is
in the external coupling structure, which provides the SE and BAL ports. The
dual-mode operation results in a dependent tuning between the two ports. The
average measured insertion loss is 1.32 dB for the SE-SE, 1.95dB for the SE-BAL,
and 2.15 dB for the BAL-BAL. The diplexing structures for the three diplexers are
approximately the same size. For the proposed SE-BAL and BAL-BAL diplexers,
the in-band common-mode rejection (CMR) is better than 40 dB throughout the
tuning range.

10.2.1 Dual-Mode Diplexing Concept

10.2.1.1 Diplexing Architecture

The dual-mode diplexing concept is shown in Figure 10.2(a). Depending on the
frequency of the incident wave at port 1, two modes can be excited in the common
dual-mode resonator (resonator A). Mode II is coupled to resonator B (creating
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Figure 10.2 (a) The architecture of dual-mode diplexer. The two channels are created by
exciting two modes in a common dual-mode resonator. A cross section of a dual-mode
split-post evanescent-mode resonator is shown in the inset figure. (b) Magnetic field
distribution of the resonators in Mode | and (c) Mode II. (d) Resonator region classification
based on magnetic field distribution of the modes.

high channel on port 2), while Mode I is coupled to resonator C (creating low
channel on port 3). While resonator B can be designed to support only Mode II,
it is designed as a dual-mode resonator to match the Q in all resonators of the
mode of interest. On the other hand, resonator C is not necessarily dual-mode
because it has to support only Mode I. The resonators used here are split-post
loaded substrate integrated waveguide (SIW) evanescent-mode cavities, shown in
Figure 10.2(a) and discussed in Section 2.5.1. The magnetic field distributions of
both modes are shown in Figure 10.2(b) and (c). Mode I, shown in Figure 10.2(b),
can be excited from anywhere in the cavity except the area between the posts
(region II in Figure 10.2(d)). On the other hand, Mode II, shown in Figure 10.2(c),
can be excited only in between the posts or behind them (regions I and II in
Figure 10.2(d)). The magnetic field distribution and the resonant frequency
of each mode are affected differently by introducing coupling slots in the
corresponding regions shown in Figure 10.2(d).

10.2.1.2 Resonant Frequency Misalignment

Introducing a slot in different regions in Figure 10.2(d), shown in Figure 10.3,
results in different resonant frequencies and different mode frequency ratio
(MFR): frrode1/frmoder- Having different MFRs for each resonator gives the advan-
tage of detuning the undesired mode in the high or low channels, which provides
the required diplexing.

Figure 10.3 also shows the resonant frequency dependence of the two modes in
each resonator on the capacitance gap (g). As illustrated in the figure, when the
frequencies of Mode II (the desired mode) in resonators A and B are aligned, their
undesired Mode I frequencies are misaligned. Likewise, the Mode I frequencies of
resonators A and C are aligned, and the Mode II frequencies are misaligned. The
frequency misalignment of the undesired modes provides some degree of isolation
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Figure 10.3 Coupling slots in different regions to excite the mode of interest and the
resonant frequency of the modes versus capacitance gap (g).

Figure 10.4 Magnetic field distribution in the diplexer when (a) Mode Il resonant
frequency of resonator A is aligned with Mode Il of resonator B, and (b) Mode | of
resonator A is aligned with of Mode | of resonator C. (c) Structure of the proposed
diplexing schematic, along with a cross section of resonator B.

between the output ports, as does the appropriate choice of external coupling,
which will be discussed in the next section. This mechanism is illustrated further
in Figure 10.4 that shows the magnetic field distribution in the diplexer when
resonator A is aligned to Mode II resonant frequency of resonator B and to Mode I
resonant frequency of resonator C.

The schematic of the proposed diplexer is shown in Figure 10.4(c). In order to
design a dual-mode resonator (resonant frequency of Mode I and the MFR), we
start by considering its single mode operation first. Then, adjusting Dp, primarily
influences the resonant frequency of Mode II, while having a minor impact on the
resonant frequency of Mode I. The external coupling is subsequently designed as
shown in the following sections. Since the external coupling slots affect the res-
onant frequency, the dimensions d, and Dp, are adjusted to achieve the desired
MFR and resonant frequency. Increasing Dp, decreases the MFR with a slight
change in the resonant frequency. However, the MFR starts to increase as the
post-vias becomes close to the cavity wall vias.
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10.2 Single-ended (SE) and Balanced (BAL) Diplexers

10.2.1.3 Inter-Resonator Coupling

The inter-resonator coupling is calculated when each mode is aligned in frequency
for the different resonators of the coupler. The inter-resonator coupling also plays a
role in suppressing Mode II in the lower channel. This is due to the fact that Mode
II is nearly zero in the direction of this coupling (Figure 10.2). Consequently, the
coupling of Mode II in the lower channel is practically zero. As a result, making
resonator C a single mode or dual mode does not further improve the isolation as
shown in the following sections.

10.2.2 SE-SE Diplexer Implementation and Measurements

In order to achieve a SE or BAL port, the external coupling structure of a diplexer
has to be designed accordingly. As a result, the external coupling structure for
each one of the proposed diplexers is discussed first, followed by implementa-
tion details and measurements. Each channel of the diplexers is synthesized as
a second-order BPF using the coupling matrix method. The employed coupling
coefficients are based on a Chebyshev filter response (for 0.2-dB passband ripple).
Then, the diplexers are simulated and optimized using simulations.

10.2.2.1 External Coupling

The external coupling of resonator A couples into both modes, while resonators
B and C primarily couple into Mode II and Mode I, respectively. This further
improves isolation between the channels. The leakage in resonator B from Mode
I results in a finite amount of coupling. However, Mode I in resonator A and
Mode I in resonator B occur at different frequencies. As a result, the leaked
coupling shows no significant effect on isolation. At each port, the external
coupling aperture excites a single shorted transmission line (to maximize the
magnetic field coupling), providing an SE operation. This structure is shown in
Figure 10.5(a).

10.2.2.2 Measured Results
The SE-SE diplexer is fabricated using multilayer printed circuit board (PCB) pro-
cess, and the final product is shown in Figure 10.5(b) and (c). The total size of the
diplexer is 0.454, X 0.484, (40X 43 mm?) (4, at 2.1 GHz). The bottom of each res-
onator is covered with a flexible 1-mil-thick silver disk attached to a piezoelectric
actuator using silver epoxy.

Figure 10.6 presents the measured and simulated S-parameters of the proposed
SE-SE diplexer at the beginning, middle, and end of the tuning range. The lower
channel can be tuned from 2.07 to 3 GHz, and the 3-dB fractional bandwidth
changes from 4.35% to 5.9% within the tuning range. The upper channel is tuned
(with the lower channel) from 2.71 to 3.9 GHz with a 3-dB fractional bandwidth
changing from 2.5% to 3.6%.
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Figure 10.5 (a) An exploded view of the model of the SE-SE diplexer. (b) Top and
(c) bottom photograph of the SE-SE diplexer. (c) The piezoelectric tuner is removed from
the common resonator to show the split-post structure.
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Figure 10.6 Simulated and measured S-parameters of SE-SE diplexer.

10.2.3 SE-BAL Diplexer Implementation and Measurements

10.2.3.1 External Coupling
The external coupling of the common resonator A is similar to that of the
SE-SE ones.

For resonators B (M-II) and C (M-I), the external coupling is a transmission line,
with the coupling aperture below its middle point (symmetry plane) as shown in
Figure 10.7 [135]. An external excitation to the BAL port can be analyzed as a
combination of differential- and common-mode excitations. A differential-mode
excitation creates maximum current at the coupling point due to the electric wall
at the symmetry plane. This maximizes the magnetic field coupling to the cavity.
A common-mode excitation results in zero current due to the magnetic wall at
the symmetry plane. This suppresses the coupling of the common mode into the
resonator. These concepts are demonstrated in Figure 10.7.

Resonator C is designed with a single post (single mode) to increase the mag-
netic field at the coupling location, providing sufficient BAL coupling. This also
eliminates the second mode in the resonator. Using dual-mode cavity does not
provide sufficient BAL coupling because region III (in Figure 10.2) would have
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10.2 Single-ended (SE) and Balanced (BAL) Diplexers

Figure 10.7 Schematic Symmetry plane Symmetry plane
of the balanced external R Labe
coupling structure a® : By 2@ | T@.
showing that balanced ' :
excitation creates an

electric wall in the . f
coupling slot, which 2 EJ.. =
maximizes the magnetic B ||“

Electiic wall ~ © D Magne{ic wall
I L |

field coupling, while y

common excitation q : i
creates magnetic wall, e ! ;
which suppresses the ) I* 3
coupling of the magnetic I |
field. : |
+ +
Balanced excitation Common excitation

weaker magnetic field compared to region I, and small slots are used for balanced
excitation to decrease CMR.

10.2.3.2 Measured Results

The SE-BAL diplexer is fabricated using a similar process as described in the
SE-SE example. The total size of the diplexer is 0.74, X 0.6, (60 x 50 mm?) (/1g at
2.2 GHz). While the diplexing structure is almost the same size compared to the
SE-SE diplexer, the external coupling is adding the extra size. A photograph of the
implemented diplexer is shown in Figure 10.8. The piezoelectric tuners are identi-
cal to the ones used in the SE-SE diplexer. Each channel is measured separately by
terminating the other channel in a matched load. First, with matching the upper
channel (port 2), Figure 10.9(a) presents the measured port 3 (lower channel)

(@ (b)
Figure 10.8 Photograph of the SE-BAL diplexer: (a) top view and (b) bottom view.
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Figure 10.9 Simulated and measured S-parameters of SE-BAL diplexer channels: (a) Lower channel is measured, and upper channel is
terminated with 100 Q differential load. (c) Upper channel is measured and lower channel is terminated with 100 Q differential load.
(b) The amplitude and phase imbalance within the 10-dB bandwidth associated with the tuning states shown in (a)(c).
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10.2 Single-ended (SE) and Balanced (BAL) Diplexers

S-parameters and the simulated S-parameters of the proposed SE-BAL diplexer
at the beginning, middle, and end of the tuning range. The lower channel can be
tuned from 2.2 to 3.46 GHz, and the 3-dB fractional bandwidth changes from 2.4%
to 3% across the tuning range. Second, with matching the lower channel (port 3),
Figure 10.9(c) presents the measured port 2 (upper channel) S-parameters and the
simulated S-parameters of the diplexer at the same tuning states. The upper chan-
nel is tuned (with the lower channel) from 2.8 to 4.4 GHz with its 3-dB fractional
bandwidth changing from 1.6% to 1.8%. Figure 10.9(b) shows the amplitude and
phase imbalance within the 10-dB bandwidth associated with the tuning states
shown in Figure 10.9(a) and (c). In all cases, the amplitude imbalance is less than
0.5dB, and the phase imbalance is less than 0.7° for both channels. In all measured
states, the maximum observed CMR is better than 44 dB for both channels.

Throughout the tuning range, the insertion loss varies between 2.2 dB at 2.2 GHz
to 1.7dB at 3.4 GHz for the lower channel and from 2.1dB at 2.8 GHz to 2.7dB
at 4.4 GHz for the upper channel. The maximum leakage measured from port 1
to the upper channel (S,,) within the passband of the lower channel is 28 dB, while
the maximum observed leakage to the lower channel (S;;) within the passband
of the upper channel is 42 dB. To measure the isolation, four ports are needed for
characterizing the two BAL ports, and a fifth port is needed to align the common
resonator (port 1). Due to the four-port limitation in the measurement setup, only
the simulated isolation is shown in Figure 10.9. The isolation is expected to be
lower than the leakage because the signal path for isolation (S;, or S,;) passes
through three resonators, whereas the leakage path involves only two resonators.
This is supported in the simulation results in Figure 10.9. As a result, the leakage
values are considered as an upper bound for the isolation.

10.2.4 BAL-BAL Diplexer Implementation and Measurements

10.2.4.1 External Coupling

The external couplings in the BAL-BAL diplexer for resonators B and C are iden-
tical to the external couplings in the SE-BAL case. The common resonator (res-
onator A) is differentially excited at region I (from Figure 10.2) such that it excites
both modes.

10.2.4.2 Measured Results

The BAL-BAL diplexer is fabricated using a multilayer PCB process. The total size
of the diplexer is 0.54, X 0.444, (60X 50 mm?) (44 at 2GHz). Also, the diplexing
structure does not exceed in size the one in SE-BAL example. A photograph of the
implemented diplexer is shown in Figure 10.10. A 60-mil-thick RO4350B substrate
is employed as a cavity substrate, and a 10-mil-thick RO5880 substrate is employed
as a signal substrate. The tuning is done using the same aforementioned manner.
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Figure 10.10 Photograph of the proposed BAL-BAL diplexer: (a) top view and
(b) bottom view.
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Figure 10.11 Simulated and measured S-parameters of BAL-BAL diplexer.
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10.3 Tunable Filtering Rat-race Couplers

As in the SE-BAL example, each channel is measured separately by matching
the other channel. However, here, for the sake of compactness, upper channel
and lower channel results are plotted in one figure. Figure 10.11 presents the
measured and simulated S-parameters of the BAL-BAL diplexer at the beginning,
middle, and end of the tuning range. The lower channel can be tuned from 2 to
3.27 GHz, and the 3-dB fractional bandwidth changes from 2.3% to 2.8% within
the tuning range. The upper channel is tuned (with the lower channel) from
2.56 to 4.23 GHz with a 3-dB fractional bandwidth changing from 1.2% to 1.4%.
In all measured states, the maximum observed CMR is less than 35dB for both
channels. Throughout the tuning range, the insertion loss varies between 2.5
to 1.8dB for the lower channel and from 3 to 2.4 dB for the upper channel. The
same difficulty in measuring the isolation exists as mentioned above. However,
based on the simulated isolation and the leakage between channels, the mea-
sured channel-to-channel isolation should be better than 35dB, throughout the
tuning range.

10.3 Tunable Filtering Rat-race Couplers Based on
Half- and Full-mode Evanescent-mode Resonators

The rat-race coupler is a four-port antisymmetric RF network that can operate
as an in-phase or out-of-phase power divider and power combiner by properly
choosing the excitation ports [13]. As such, rat-race couplers are used in numerous
RF front-end components such as PAs, BAL mixers, and antenna array feeding
networks [13, 39, 136, 137].

In this section, tunable, filtering rat-race couplers based on full-mode and
half-mode EVA are discussed. Half-mode resonators are discussed in Section
2.5.2. The design methodology relies on mapping the design of a standard BPF
into the design of the coupler, achieving the desired filtering response. The
EVA choice results in a tunable filtering coupler, while maintaining a wide
spurious-free range. Compared to conventional planar rat-race couplers, the pro-
posed full-mode and half-mode rat-race couplers achieve a 42% and 92% reduction
in structure footprint, respectively. Throughout the tuning range, the couplers
show an equal power splitting ratio and filtering profile with a measured insertion
loss between 4.2-3.7 dB and 5-4.2 dB, respectively. Both couplers have measured
isolation better than 30 dB. The half-mode rat-race coupler measurements show
a very wide spurious-free range, which is more than 5.45 x f;,.

10.3.1 Design

For a desired filtering response, the rat-race coupler is synthesized as a
second-order BPF, shown in Figure 10.12(b). Then, the coupling coefficients are
mapped to the rat-race topology shown in Figure 10.12(c).
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Figure 10.12 (a) Conventional planar rat-race coupler. (b) Topology of tunable
second-order bandpass filter. (c) Proposed tunable filtering rat-race coupler topology.

A conventional planar rat-race coupler is shown in Figure 10.12(a). The char-
acteristic impedances of the transmission lines are obtained using the even-odd
mode analysis [13]. For a rat-race coupler with Z; terminal impedance, all con-
necting transmission lines have \/EZO characteristic impedance. Any two adjacent
ports are connected with a 90° transmission line, except ports 3 and 4. These ports
are connected with a 270° transmission line.

Figure 10.13 shows a lumped-element equivalent of a coupled-resonator rat-race
coupler. The resonators are coupled magnetically. The inter-resonator coupling
value k;,,,. can be obtained by modeling the magnetic coupling as admittance
inverters and following a procedure similar to the one in [138].

A 90° transmission line with Z, characteristic impedance can be replaced by

wL
k,=— 10.2
0= (102)
As aresult, the inter-resonator couplings are mapped accordingly.
L, Figure 10.13 Lumped-element
P _ 118 p equivalent of a coupled-
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10.3 Tunable Filtering Rat-race Couplers

10.3.2 Full-mode Rat-race Coupler

The 3D structure of the tunable rat-race coupler is shown in Figure 10.14. Negative
inter-resonator coupling is realized using a conventional iris structure between the
resonators. Positive coupling is realized using a line of vias connecting the top and
bottom at the coupling region accompanied with coupling slots. This allows the
current to transfer from the top ceiling of one of the cavities to the bottom of the
other cavity, thus flipping the sign of the magnetic coupling [107]. The physical
dimensions of the proposed coupler are shown in Figure 10.14(b). Figure 10.14(c)
shows the piezoelectric actuator assembly of the cavity. Shown in Figure 10.14(d)
is the magnetic field distribution in the proposed rat-race coupler when excited
from port 4. As shown, the magnetic fields of the resonators attached to ports 2
and 3 are 180° out of phase. This eliminates coupling to port 1 (isolated port).

The proposed rat-race coupler is synthesized with a second-order BPF response.
At the low end of the tuning range, the employed coupling coefficients are based
on a Chebyshev filter response (with a 0.2-dB passband ripple).

10.3.2.1 Experimental Validation

The rat-race coupler is fabricated using a commercial milling and plating system.
A 60-mil-thick RO4003C substrate is employed. The total size of the coupler is
0.384, X 0.384, (54 x 54 mm?) (44 is calculated at 1.3 GHz). A photograph of the
implemented coupler is shown in Figure 10.15(a).

Port 2

Piezo disk

Silver epoxy
At

Unit: mm

Posttop ~ Port4: |-
S Nl ()
(©

Figure 10.14 (a) 3D structure of tunable filtering evanescent-mode rat-race coupler
(tuning elements are not shown). (b) Bottom view of one of the resonators showing the
coupler’s physical dimensions. (c) Side view of one of the cavities showing the tuning
element (piezoelectric disk) assembly on top of the cavity. (d) Bottom view of the rat-race
coupler showing the magnetic field distribution in the four resonators when port 4 is
excited.
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Figure 10.15 Photograph of the rat-race coupler: (a) top view and (b) bottom view.
Measured S-parameters of the fabricated rat-race coupler when excited from (c) port 1
and (d) port 4.

Figures 10.15(c) and (d) present the measured S-parameters of the proposed
rat-race coupler at five different states within the designed tuning range. For
clarity, only measured results are shown. Figure 10.15(c) shows the measured
S-parameters when the coupler is excited at port 1, while Figure 10.15(d) shows
the measured S-parameters when the coupler is excited at port 4. As shown, the
power is split equally between ports 2 and 3. The coupler is tunable from 1.3
to 2.21 GHz (70% tuning range). Throughout the tuning range, the measured
insertion loss changes from 4.2 to 3.7 dB, the 3-dB fractional bandwidth changes
from 5.5% to 6.46%, and the isolation is better than 30 dB.

In order to show the amplitude and phase balance at ports 2 and 3 when the
coupler is excited at ports 1 and 4, both ports 2 and 3 are considered as BAL
(differential) port terminals. Figure 10.16 presents the measured and simulated
S-parameters of the proposed coupler considering the BAL port (ports 2 and 3). As
shown in the figure, there is good agreement between simulated and measured
results. The mixed-mode S-parameters are computed using

1

V2
_ L
csl \/z

Figures 10.16(a) and (b) prove that at the BAL port, only the common signal
is received when the coupler is excited at port 1. Similarly, only the differential
signal is received when the coupler is excited at port 4. In addition, as shown in
Figure 10.16(c) and (d), the common and differential signal insertion losses range
from 1.4 to 0.9 dB.

Sas1 = (521 - S31) (10.3a)

S (Sy +Sy) (10.3b)

10.3.3 Half-mode Rat-race Coupler

10.3.3.1 Half-mode Structure
Half-mode EVA resonators are briefly discussed and shown in Figure 2.24.
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10.3 Tunable Filtering Rat-race Couplers
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Figure 10.16 (a) Measured (m) and simulated (s) S-parameters of the evanescent-mode
rat-race coupler. Port 1 is excited, and both ports 2 and 3 are considered as common port
terminals. (b) Measured (m) and simulated (s) S-parameters of the proposed rat-race
coupler. Port 4 is excited, and both ports 2 and port 3 are considered as differential port
terminals. (c) Detail of the passband insertion loss (from (a)) at the low and high ends of
the tuning range. (d) Detail of the passband insertion loss (from (b)) at the low and high
ends of the tuning range.

Aside from the use of half-mode resonators, the overall structure of the rat-race
coupler is similar to that of the full mode. For example, through exciting the
rat-race coupler from port 4, the magnetic field distribution of the resonators
is shown in Figure 10.17. As shown, the magnetic fields in the port 2 and 3
resonators are out of phase, which eliminates coupling to port 1 (isolated port).
The physical dimensions of the proposed coupler are shown in the figure.

10.3.3.2 Experimental Validation

An exploded view of the rat-race coupler is shown in Figure 10.18(a). The final
prototype is fabricated through four main steps. First, a PCB is fabricated using a
commercial milling and plating system. A 100-mil-thick Roger TMM3 substrate
is employed. The top of each post is coated with a 4-pm-thick parylene-N layer to
prevent shorting with the copper ceiling. Second, the top of the cavity is covered by
a 1-mil-thick Roger ULTRALAM 3850HT, which is a liquid crystal polymer (LCP)
coated with 18-pm-thick copper layers on both sides. The top copper is etched
away to cover the cavity ceiling from the other side without shorting the posi-
tive inter-resonator coupling structure. It is attached to the top of the PCB using
silver epoxy. Third, a piezoelectric actuator is attached on the LCP layer above
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Unittmm 21.7

Figure 10.17 Bottom view of the half-mode evanescent-mode rat-race coupler showing
the magnetic field distribution in the four resonators when port 4 is excited. The physical
dimensions of the coupler are shown in the figure.

each half-mode resonator using epoxy. Finally, the ports are attached to the bot-
tom using four connectors. A photograph of the implemented coupler is shown in
Figure 10.18(b).

The measured four-port S-parameters of the proposed half-mode rat-race cou-
pler are shown in Figure 10.19 at five successive states. Figure 10.19(a) shows the
measured S-parameters when the coupler is excited at port 4, while Figure 10.19(b)
shows the measured S-parameters when the coupler is excited at port 1. As shown,
the coupler is designed to have an equal power dividing ratio between ports 2
and 3, and it is tunable from 0.885 to 1.65 GHz (86% tuning range). Throughout
the tuning range, the measured insertion loss and the 3-dB fractional bandwidth
range from 5-4.2dB and 6.8-8%, respectively. The isolation is better than 30dB.
The absolute phase error remains within 6°.

In order to clearly compare the measured and simulated S-parameters, both
ports 2 and 3 are considered as terminals of a BAL port. Figure 10.20(a) shows the
measured and simulated S-parameters at the BAL port when the coupler is excited
from port 4. As expected, the common signal is rejected and the differential signal
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Figure 10.18 (a) An exploded view of the model of the rat-race coupler. (b) Photograph
at different stages of the assembly processes of the rat-race coupler.
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Figure 10.19 Measured S-parameters of the fabricated HM-EVA-B rat-race coupler when
excited at (a) port 4 and (b) port 1.
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Figure 10.20 (a) Measured (m) and simulated (s) S-parameters of the proposed
HM-EVA-B rat-race coupler. Port 4 is excited, and both ports 2 and port 3 are considered
as differential port terminals. (b) Measured (m) and simulated (s) S-parameters of the
proposed rat-race coupler. Port 1 is excited, and both ports 2 and 3 are considered as
common port terminals.
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is transmitted. On the other hand, Figure 10.20(b) shows the measured and sim-
ulated S-parameters at the BAL port when the coupler is excited from port 1. As
shown, the differential signal is rejected and the common signal is transmitted.
Figure 10.20 also shows that the simulated and measured results have the same
filtering profile. However, the simulated results are better in terms of insertion
loss, which is primarily due to losses associated with the coupler assembly.
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Active Applications

11.1 Co-Design of Power Amplifiers and High-Q Filters

High power amplifiers (PAs) are typically followed by post-selection bandpass
filters in modern wireless transmitter front ends. Moreover, the recently devel-
oped digital (burst-mode) transmitters require a low-loss bandpass filter at the PA
output to reconstruct the amplitude information from pulse-width or delta-sigma
modulation while maintaining high efficiency and linearity [139-141].

Conventionally, the PA and filter are designed independently based on 50-Q
system impedance, as illustrated in Figure 11.1(a). Nevertheless, given the
non-negligible insertion loss of a narrowband filter due to the limited quality
factor, the overall performance of a PA-filter module may be degraded signifi-
cantly. For example, a 1-dB insertion loss results in a drop of PA efficiency from
80% to approximately 60%. Furthermore, additional loss may be introduced from
the interconnecting line and mismatch between the PA and filter. To minimize
the loss term, the PA output matching network can be entirely eliminated by
designing the filter input impedance to directly match the transistor output, which
usually needs a non-50-Q complex impedance, as shown in Figure 11.1(b). This
co-design approach leads to a reduced circuit complexity, smaller size/volume,
minimized loss, and enhanced overall efficiency. Specifically, it offers an effective
solution for applications where small size is a top priority, such as pico and femto
base stations [142-144].

It is also important to note that filter bandwidths need to fit those of the signals,
which can be below 1%. Therefore, resonators with high quality factors are of great
importance for such output filters to ensure low insertion loss and outstanding
overall system performance.

In this chapter, a co-design approach is expanded to multi-pole filters. The
synthesis of a second-order Chebyshev bandpass filter with non-50-Q input
impedance is utilized, as discussed in Section 1.2.3.5. We also present the detailed

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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TDC supply

¢ DC supply

Filter OMN

50Q
pr

(b)

Figure 11.1 Power amplifier and bandpass filter in cascade: (a) conventional topology
and (b) co-designed module. IMN: Input Matching Network, OMN: Output Matching
Network.

procedure for realizing the PA-filter module, including filter-response shaping
and harmonic matching to enhance efficiency. The implemented circuit exhibits
a Chybeshev filter response with efficient measured performance throughout the
passband. Moreover, a stand-alone PA and filter are developed and cascaded as a
control structure for performance comparison. It is seen that the overall efficiency
of the conventional PA-filter cascade is highly sensitive to the interconnection
line length. This practical issue can be completely avoided by using the co-design
approach.

11.1.1 Filter Design

From the coupling matrix theory, the normalized input impedance of a
second-order filter, regardless of its shape, is given by

2 i 2
_ My, My M3,

(11.1)
2 2
M2 M2

in

While M, typically equals zero, complex sources (PA transistor) require detuning
the first resonator, which in turn requires changing the input external coupling.
As aresult,

2 g a2
My, + My, My,

Zin Complex =R +.jX = 7 (112)
MM,
To find the new coupling values, the following relationships apply
Mg, X
My =—=, and M| = §M§1 (11.3)

For example, the filter can be designed to have the second-order 15-dB-
equiripple Chebyshev response with the normalized input impedance of 0.5 +j0.5
within the passband by setting M, = 1.467 (instead of 1.037) and M}, = 1.075
(instead of 0).
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11.1 Co-Design of Power Amplifiers and High-Q Filters

11.1.2 Transistor Characterization

To experimentally demonstrate the co-design concept of a PA and filter, a GaN
transistor (Cree CGH40010F) is selected as the power device of this circuit module.
The transistor is characterized using load-pull simulations. The multi-harmonic
load-pull simulation results are presented in Figure 11.2. Figure 11.2(a) shows the
optimal fundamental impedances at 3 GHz for achieving maximum power added
efficiency (PAE) and maximum output power, respectively, while the contours of
PAE and P, are also plotted. For PA design at such high frequencies, optimal
impedance matching of higher-order harmonics is very important to ensure high
PA efficiency. Figure 11.2(b) and (c) show the PAE contours of the second and
third harmonics, indicating the regions in which the filter’s harmonic impedances
need to be located to ensure a high PAE. The load-pull simulation provides the
reference impedance for designing the filter as the output matching network of
the PA.

11.1.3 Matching Filter Design

Based on the filter synthesis theory presented earlier, a 3%-bandwidth, 15-dB
equi-ripple, second-order Chebyshev bandpass filter is designed and realized with
evanescent-mode resonators, as shown in Figure 11.3(a). Figure 11.3(b) illustrates
the cross-section view of a single EVA resonator and the internal electromagnetic
field distribution. The final geometrical dimensions of the resonator are also
listed in Figure 11.3.

In conventional PA design, the impedance of the output matching network is
normally set to the point that leads to either maximum PAE (Z,,, ps5) or maximum
power (Z,; power)- It can be seen from Figure 11.2 that (Z,,, pap) and (Zy,; poer)
share the same real part (%11 Q in this design), while their imaginary parts are
both very small (Im(Z,, pyp = 6 Q), Im(Z, ~ 0 Q)). Therefore, the filter’s

opt,Power

—
=== PAE_5% step
==== Power_0.5-dBm step

High-em\ [~

region

Lyincreases’s,

{ . . ~T 5%, High-efficiency
g % ” ~ .
] ,.——\—\—\')r Zopt PAE % > £l N region
Jiu ot X /27 Z10%, \
B S .
— ‘opt, Power ™~ “in_-y

//’_":15% \\ \

-

20% N\

H
Constant

(a)

Figure 11.2 Load-pull simulation results of the CGH40010 GaN transistor at 3.0 GHz:
(a) fundamental impedance, (b) second-harmonic impedance, and (c) third-harmonic
impedance.
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Evanescent-mode cavity parameters

Parameter Value
Cavity radius R 7.2 mm
Cavity depth D 3.15 mm

Post radius r 1.2 mm

RF gap g 20 um

Simulated Q, 680

Equivalent inductance 1.4 nH

Equivalent capacitance 2.0 pF

- Inter-resonator
Chpass = POrm Sl | ooz, @ €18

s - ® °
L llleSs ey %o
: A T
GaN u L
o] [ g -
A !\ 50Q
UL N load
2.5 mm # q“ .
tuning i

External couplings

©

Figure 11.3 Evanescent-mode cavity filter: (a) 3-D illustration, and (b) description of the
EVA resonator. (c) Finalized output matching network with the 2-pole evanescent-mode
cavity filter.

input impedance Z;, is tuned to the real value of 11 Q by properly selecting Mg,
(increasing the input coupling slot, as shown in Figure 11.3) and in equation (11.3),
while the imaginary part of Z;, is kept to zero by setting M}, to zero (resonator 1
is not de-tuned). The small complex offset of Z,, is obtained by placing a short
tuning line with length of L, before the filter. It is important to note that this trans-
mission line is necessary here to place the bias line and dc-block capacitor for the
transistor. To match the transistor impedance with a large imaginary part (e.g., a
bare-die transistor), a non-zero M}, can be utilized to perform the matching by
de-tuning the resonant frequency of resonator 1. This can result in the shortest
possible tuning line.
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11.1 Co-Design of Power Amplifiers and High-Q Filters

11.1.3.1 Fundamental and Harmonic Matchings

The matching filter theory states that a given filter response can be achieved for
any given impedance of the source. In this co-design case, however, the filter’s
input port is not matched to a static source impedance but the transistor’s out-
put that exhibits a frequency-dependent impedance behavior. Thus, the filter’s
input impedance needs to be properly selected to result in a desired frequency
response of the entire PA-filer module. However, it is found in this design that nei-
ther of the conventional optimal points (Z,; psr and Z,,; p,,) leads to an expected
Chebysheyv filter response of the entire module. An optimized filter response can
be obtained by optimizing the tuning line length (L,). The load impedance Z; is
eventually set to a point in between Z,,; par; and Z,,; pyer (L = 2.5mm), leading
to a flat pass-band and symmetrical skirt. Figure 11.4 shows the input impedance
of the designed filter, extracted from full-wave simulation. It can be seen that opti-
mized impedance matching is achieved with this filter.

In addition to fundamental impedance matching, harmonic impedance match-
ing is also important for achieving high efficiency. As shown in Figure 11.4, the
second harmonic impedance (Z,;) of the initial filter does not fall in the high
efficiency region. Therefore, the bias line is utilized to further tune the harmonic
impedance. This bias line is realized using a high-impedance (75 Q) short-ended
transmission line appended to the transmission line between transistor and fil-
ter. By properly selecting the bias-line length, the second harmonic impedance
is tuned to the high-efficiency region while the fundamental impedance almost

remains the same, as shown in Figure 11.4. The third harmonic impedance is

Figure 11.4 Simulated Z, versus

frequency provided by the filter. 7 s et o

for 2nd harm.

J sz contour

s

-~

====W/o bias line
—— With bias line X
@® 2nd harmonic 4—

€ 3rd harmonic

With bias line
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located in the optimal region for both the initial and bias-line-tuned filters, com-
pared to the load-pull result shown in Figure 11.2.

11.1.4 PA Design

To complete the design of the entire circuit, the input matching network is realized
using a single open-ended stub, which provides an input impedance of 3 — 5j Q at
3.0 GHz. The circuit schematic of the co-designed PA-filter module is plotted in
Figure 11.5. A 17 nH inductor is connected to the end of the stub, and a 250-Q
resistor is in series with the inductor as the amplifier stabilizer. From simulations
using manufacturer’s models, this network provides an impedance of |Z| > 350 Q
at a frequency higher than 3 GHz, which presents an effective open. An additional
17 nH inductor is connected to the end of the output bias line to further prevent
RF power leakage.

11.1.5 Experimental Results

The fabricated circuit, shown in Figure 11.6(a), is first measured using a network
analyzer. Figure 11.6(b) shows the measured small-signal frequency response. In
this measurement, the transistor gate is biased at a Class-AB point, leading to a
quiescent current of 260 mA at V¢ = 25V. The curves of S,; and S,, indicate
the desired Chebyshev filter shape, similar to the stand-alone filters, while the
pass-band has a small-signal gain of around 15dB. The simulated equal-ripple
return loss is around 14.5 dB, slightly lower than the design value of 15dB. This

| RG=250Q L,=17nH |

i LTI o |

Vas C, Vs |

! — ypass

I . L;=17nH (30 “F)I !

: Bypass C 1 !

I (30 uF) Bypass = I

| = (20 pF 1

I 469 . fqz::::::::::::r:......l

: 12mm| {50 Q !

iIn 1 mm [ + Odt

I =) o4 o !

| o—|}—|:|—:[—|:1— : o

I DC — [

i block !

{ (20 pF) 46 Q . I
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S AR PP e LI T e P E A i i i e i i . |
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Figure 11.5 Circuit schematic of the co-designed PA-filter module.
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Figure 11.6 Fabricated PA-filter co-design module. Measured and simulated small-
signal frequency response of the co-designed PA and filter.

is basically caused by the load-line matching condition imposed in the PA design,
introducing a slight mismatch in the small-signal case.

The S;, shape is similar to that of a regular PA design, as the high-Q filter is com-
pletely isolated by the transistor seen from the input port. The measured reflection
coefficient, S;;, is around —3 to —7 dB, slightly lower than that of the regular PA
design, such as those reported in [145]. This is mainly due to the fact that the
input matching network in this design does not include any additional stabiliza-
tion resistance (e.g., series and parallel resistors to the gate), since this amplifier
has already been stable. In practical applications, S;; might need to be further
reduced by improving the input matching. Simulated results are also plotted for
comparison, matching well with the measurements. It is important to highlight
that the simulated S,, presents a 14.2-dB equi-ripple, slightly lower than the tar-
get value of this design. This is mainly due to the slight mismatch in the input port,
induced by the load-line matching imposed in the PA design.

Figure 11.6(b) shows the large-signal frequency response of the co-designed
PA-filter circuit. It can be seen that the gain drops as the input power level
increases from 18 to 28 dBm, which is due to the PA saturation. At the low input
power of 18 dBm, the large-signal frequency response is consistent with the
small-signal results as expected.

221

D PUe SWid | 8U1 89S *[5202/0T/2T] U Akeiqiauljuo A8|Im * AISIBAIUN 92UBIOS 78 U)ESH U0BRIO - yunol xefe Aq /I0p/woo™Aa| 1M Aeiq1put|uoy/Sdiy woiy pspeojumod

Aoy

@5UB01 7 SUOLILIOD a8 3|cealjdde ay) Aq peusenob ae sappie O ash Jo SajnJ oy Aeiqiauliuo A 1M uo



222

11 Active Applications

°
=)

g o

ZA0fF =P, B et g

£ k! -~ g
g Z Ef ,/;8"‘ g
g° g 2 —e— Efficiency 02

2 J

g g 22} S °E B
z 31 5
8 <z} 0 2
= ——Gain o

ES o

0 25 o 3 2 n % i, o 0 ) ST T S SR U NP S NI R | ~

2.7 2.8 29 3.0 3.1 32 33 34 ©

12 14 16 18 20 22 24 26 28 30
Frequency (GHz) Input power (dBm)

(@ (b)

Figure 11.7 (a) Measured and simulated PA performance with a 28-dBm frequency-
swept input stimulus. (b) Measured PA performance versus input power at the center
frequency of the pass-band.

The high-power continuous-wave (CW) test is then performed on the PA-filter
module. In this case, the transistor gate is biased at the pinch-off point of 3.3V,
while the drain is maintained at 25V. The CW signal is generated by a signal
generator and boosted by a commercial PA to provide a sufficiently large input
power to drive this PA-filter module. The PA output power is measured using
a power meter. Figure 11.7(a) shows the measured output power and efficiency
across the frequency range from 2.7 to 3.4 GHz with a constant input power of 28
dBm, indicating a measured efficiency of 71% at the center frequency of 3.05 GHz.
An efficiency of >50% and output power of 40 dBm were measured across the
entire passband.

Subsequently, the dynamic response of the PA is measured by varying the input
power from 14 to 29 dBm, as shown in Figure 11.7(b). Gain compression occurs
when the input power reaches 25 dBm and the highest PAE of 68% is achieved
when the input power is greater than 27 dBm.

11.1.6 Co-Design of PA and Three-Pole High-Q Tunable Filter

In this section, the co-design method is further extended to the case of a PA inte-
grated with a three-pole tunable filter. The synthesis method is similar to the one
presented earlier for the two-pole implementation. Figure 11.8 shows this concept,
while Figure 11.9(a) and (b) show the implemented PA.

Small-signal measurement is first conducted with the fabricated PA-filter mod-
ule to determine its frequency response and tuning range. Figure 11.9(c) shows the
measured S-parameters when the circuit is operating at 3.08 GHz. A near-perfect
Chebyshev filter shape is achieved with 15.5-dB small-signal gain in the passband
and 3-dB bandwidth of 54 MHz (1.7%). Simulation results also indicate good agree-
ment with the measurements. The achieved equi-ripple return loss is increased
to 10-dB primarily because of the load-line matching condition applied in the
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Figure 11.8 3-D illustration of the PA with a tunable 3-pole evanescent-mode filter.
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Figure 11.9 Fabricated PA-filter co-design module: (a) front side, and (b) back side.
(c) Small-signal frequency response. (d) Large-signal performance.
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PA design. Figure 11.9(c) shows the tunable range of this PA-filter module. The
desired filter response and passband performance are achieved when the circuit is
tuned from 2.95 to 3.35 GHz. A small-signal gain of >10 dB is obtained throughout
the entire frequency tuning range.

Figure 11.9(c) shows the measured PA performance under various input powers
when the circuit operates at the center frequency of 3.1 GHz. The PA gain starts to
compress at an input power of 24 dBm. The highest PA efficiency of 67% is achieved
at a gain compression of approximately 2 dB, with a maximum output power of 40
dBm. Simulation results are also plotted for comparison. The measured PA per-
formance is slightly lower than the simulated one, mainly caused by the degraded
quality factor of the resonators due to the inaccuracies and imperfections involved
in the fabrication process. The measured efficiency can be de-embedded to the
transistor drain plane by subtracting the filter loss (simulated) from the original
data. Thus, the equivalent drain efficiency is around 82%, which is consistent with
the state-of-the-art PAs.

11.2 Phase-Locked Loop

High-quality frequency synthesizers are critical in wireless communication sys-
tems. Designing such frequency synthesizer is challenging since it involves many
factors. Key metrics of a frequency synthesizer include phase noise, tuning range,
power consumption, and circuit size.

For the phase noise model of the frequency synthesizer, the in-band phase
noise (offset frequency <100kHz) depends on the reference clock, divisor, and
loop bandwidth [146]. On the other hand, the out-of-band phase noise (offset
frequency >100kHz) is primarily dependent on the voltage-controlled oscillator
(VCO) performance, which is a strong function of the resonator quality factor Q,,
according to the Leeson model [147]. Traditionally, the phase noise of a frequency
synthesizer is optimized for relatively low offset frequencies. However, far-carrier
phase noise and the phase noise floor are of equal importance in higher data rate
communication systems.

In this section, a low phase-noise evanescent-mode resonator-based frequency
synthesizer is discussed. The achieved tuning range is 1,000-1,700 MHz, the RMS
jitteris 267 fs, and the power consumption is 264.3 mW, including the high-voltage
active loop filter, which consumes 200 mW.

11.2.1 Frequency Synthesizer Architecture and Phase Noise Model

The evanescent-mode resonator-based frequency synthesizer block diagram is
shown in Figure 11.10(a). It works by using a phase-locked loop (PLL), which
includes a voltage-controlled oscillator, a divider, a phase-frequency detector
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11.2 Phase-Locked Loop
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Figure 11.10 (a) A frequency synthesizer block diagram using an evanescent-mode
resonator, and (b) its phase noise model.

(PFD), a charge pump (CP), and a loop lowpass filter (LPF). By a proper co-design
of both the resonator and the VCO, the phase noise can be optimized.

The divider reduces the output oscillation frequency (f,,;) down to the level of
the reference clock frequency (f,,;). The divisor (N) is fed into a programmable
frequency divider to be able to generate a tunable output frequency. The output of
the PFD is sent to the CP and the active loop filter, which in turn controls the tuner
of the resonator (piezoelectric actuator). As a result, the PLL output frequency is
adjusted to N X f..

The input-referred phase noise of each system block is modeled, as shown in
Figure 11.10(b). The phase noise of a frequency synthesizer is calculated from the
transfer function of each noise source. K,,, K(s), K,,,, and K, are the gain constants
of the PFD, the loop filter, the VCO, and the divider, respectively. Note that Kf isa
function of s, which plays the main role in providing the system type and order.

From the noise model in Figure 11.10(b), the transfer function of the reference
clock phase noise is

0 K Kf(s) VCo
Hyp(s)= 2= ———— (11.4)
& gin S+ K Kf(s) veo
N
Also, the transfer function of the VCO phase noise is
N
(s) = Oout — > (11.5)
vco ein K Kf (S) vco
S+ ——
N

From (11.4), we see that the noise transfer function of the reference clock
(H,,s(s)) is a lowpass function. Also, from (11.5), the transfer function of the VCO
noise (H,,,(s)) is a highpass function. Consequently, the output phase noise at
low frequency offset (f,, < f, oppandwiasn) i primarily dependent on the input
reference phase noise (6,,7). On the other hand, at high frequency offset, the
output phase noise is primarily dependent on the phase noise of the VCO (6,,).
As a result, choosing a low N and a low phase noise reference clock helps reduce
the PLL phase noise at low offset frequency range. On the other hand, the phase

noise at high offset frequency can be improved by reducing the VCO phase noise.
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In addition, the noise transfer functions of the divider, the PFD, and the loop
filter can be obtained by calculations [148]. However, the noise contribution of
those system blocks is relatively small compared to those of the reference clock
and VCO. Therefore, they are not dominant in the phase noise model.

11.2.2 Circuit Design and Optimizations

11.2.2.1 Evanescent-Mode Cavity Resonator

In order to couple energy to and from an EVA cavity, a coupling slot is used as
discussed in Section 2.3. However, the improvement on Q, is limited by the cur-
rent crowding and radiation losses introduced by the slots. Coaxial coupling, on
the other hand, can maintain the tuning capabilities of the EVA cavity without
those limitations, resulting in a higher Q,. This is shown in Figure 11.11, where
Q, is simulated for the resonator using the two coupling methods. Consequently,
coaxial coupling is chosen to improve Q,,.

11.2.2.2 Voltage-Controlled Oscillator Design

Due to their simplicity and low parasitics, single-ended oscillators are used in this
work. Figure 11.12(a) demonstrates the oscillator configuration. In this config-
uration, a feedback capacitor (Cyp) is added to increase the negative resistance
associated with the reflection coefficients I';, and I',,,. Therefore, only one lumped
element is used, reducing parasitic resistance, which maintains high Q for the
oscillator. The Q of the feedback capacitance also needs to be high to minimize
noise.

35 . T T T r T T T 1100
; " =AY =~ = Theory |
o 3.0 (4 o . -11000
Resonator A i % . . e 900

<25} e - - ~a— Coaxial coupling -
= T PR e =450
o, Ko s .
= ; e 700 .
R - pling™“ L Via g M~
bole 5, (| g 600
Post diameter [ 3 —— Ang

i) 500

Post ]
Stiver membyane - 111ne £2P —4— Coupling slot (angle = 90°)

(a) hemelecm};munmr O s P Py .@—‘ 300
(b) NPT N o
10 12 14 16 18 20 22 24 26 28 30
Tuning gap (um)

Figure 11.11 (a) The equivalent circuit model of the resonator, (b) the physical structure
of the resonator with the coaxial coupling structure, and (c) simulated frequency (solid
lines) and Q, (dashed lines) performance of EVA resonators with coupling slot, coaxial
coupling structure, and theory.
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Figure 11.12 (a) The VCO circuit schematic used in this work, where the EVA cavity is
used as a resonator. (b) The schematic of a two-pole and one-zero active loop filter. (c)
Simulated open loop magnitude and phase frequency response with the PLL operating
frequency of 1,000 MHz.

The transistor is biased at the lowest phase noise. In Figure 11.12(a), V| is
biased allowing 0V bias at the gate, which is compatible with the resonator being
a DC-short.

11.2.2.3 Phase-Locked Loop Design
The function of the lowpass filter (LPF) in Figure 11.10(a) and high voltage ampli-
fication can both be provided by an active loop filter circuit. Figure 11.12(b) shows
the circuit of the active loop filter, which can provide the required reference spur
suppression [146, 149], in addition to the bias voltage for the piezoelectric actua-
tor. This circuit also needs to satisfy the phase margin requirements to guarantee
a stable operation of the PLL.

The phase noise from the VCO and the reference clock are the main sources of
phase noise. As a result, the total phase noise of the PLL can be estimated by

PNtotal =P reeref(s) + Pchocho(S) (116)

where PN,,, and PN, are the reference clock phase noise and the VCO phase
noise, respectively. The noise sources along with their corresponding transfer func-
tions are plotted in Figure 11.13(a) based on (11.4) and (11.5). The loop band-

width affects the amount of the total phase noise into the system. This is shown
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Figure 11.13  (a) Measured reference clock phase noise (PN,,) and simulated VCO phase
noise (PN,,) and their noise transfer function, H,,; and H,,, and simulated total system
phase noise and the contributions from the reference clock and the VCO with (b) different
loop bandwidths (f,) at Q, = 50, and (c) different Q, at f, = 7 kHz.

in Figure 11.13(b), where the total phase noise response is plotted at different loop
bandwidths. As we can observe, the area under the phase noise curve (which is
equivalent to jitter) is minimized at a certain loop bandwidth. As a result, the feed-
back impedance is chosen to provide that loop bandwidth.

From the phase noise response shown in Figure 11.13(a), the overall PLL phase
noise response can be derived for different Q,. Figure 11.13(c) shows the effect
of Q, on the phase noise, which is prominent at high-frequency offsets. The divi-
sor N of the divider is chosen based on the operating frequency and the avail-
able reference clock. The value of N also affects the phase noise at low frequency
offsets.
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11.2 Phase-Locked Loop

11.2.2.4 Measured Results

The left side of Figure 11.14(a) shows the implemented VCO, which has a footprint
of 18 mm x 18 mm. A Rogers TMM3 material with 3.175 mm thickness is used
as the cavity substrate. A silver membrane seals the top of the cavity to make an
adjustable capacitance gap with the post.

The PLL board is made on a Rogers 4350B substrate with 0.508 mm thickness.
An additional surface mount power splitter is placed to divide the VCO power
between the output and the feedback loop and match the load impedance for
both the output terminal and the divider input. The reference clock frequency
(fre)» 50MHz, is provided by a crystal oscillator, where A divide-by-2 prescaler
(ADF4156) is placed before the reference clock as a buffer. The APEX PA97DR
power op-amp is used to amplify the DC bias voltage to the range of +200V, which
is required to drive the piezoelectric actuator. It also serves as the active loop filter.

For system stability, the simulated phase margin ®,, and loop bandwidth f; are
54° and 7 kHz at the operating frequency of 1000 MHz (N = 40 with Jrep =25MHz),
and @,, and f, are 48° and 5 kHz at the operating frequency of 1700 MHz (N = 68
with f,,, = 25 MHz).

Figure 11.14(b) shows the measured synthesizer output spectrum. The transistor
dc bias is optimized to minimize the phase noise for each operating frequency. The
tuning range is from 1,000 to 1,700 MHz (1.7:1) and the output power is between
—2.8 and 4.1 dBm after the power splitter. The overall tuning range is limited by
the piezoelectric bending capability, which is approximately +20 pm.

The left- and right-hand sides of the reference spurs across the tuning frequency
are shown in Figure 11.15(a). The measured reference spurs are around —57 to
—78 dBc.
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Figure 11.14 (a) The fabricated PLL. (b) Measured output signal power spectrum at
different output frequencies.
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Figure 11.15 (a) Measured reference spur across oscillatory frequencies. (b) Measured

phase noise versus offset frequency at oscillation frequency of 1,000 MHz.

Figure 11.15(b) shows the measured phase noise versus offset frequency at an
oscillation frequency of 1,000 MHz. At this oscillation frequency and at offsets
below 4kHz, the phase noise is dominated by the normalized reference clock
phase noise. Therefore, the phase noise below 4 kHz remains at the same level at
about —70 dBc/Hz. At offsets between 4 kHz and 1 MHz, the VCO noise dominates
the phase noise performance. The phase noise has a slope of —20dB/decade,
which is the same as the VCO noise performance. At offsets beyond 1 MHz, the
phase noise reaches the noise floor, which is around —154 dBc/Hz. The measured
phase noise is shown in Figure 11.16(a) along with the oscillation frequency
from 1,000 to 1,700 MHz with offset frequencies of 10 kHz, 100 kHz, 1 MHz, and
10 MHz (noise floor), respectively. Note that the measurements are conducted
with different VCO dc bias signals that are needed to achieve the best phase noise
performance with each operating frequency. The phase noise at 10 and 100 kHz
offset, which is regarded as the in-band noise, is around —85 to —115 dBc/Hz.
The phase noise at 1 MHz offset is measured between —137 and —147 dBc/Hz for
the entire tuning frequency range. The noise floor at around 10 MHz away from
resonance is smaller than —150 dBc/Hz because of the low noise active device
and the high-Q resonator in the VCO.

The RMS jitters and the VCO output power across the tuning frequency are
both shown in Figure 11.16(b). The RMS jitters, extracted from the phase noise
between 10 kHz and 100 MHz offset frequency as shown in [150], are from 267 to
1173 fs with different operating frequencies. The output power varies from —2.8
to 4.1 dBm, which depends on the VCO power consumption of each operating fre-
quency. The power consumption for each circuit is: (1) 14 mA from a 1.7 V supply
(23.8 mW) for the VCO, (2) 15 mA from a 2.7 V supply (40.5 mW) for the PLL board,
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Figure 11.16 (a) Measured phase noise versus oscillation frequency. (b) Extracted RMS
jitters (10 kHz to 100 MHz) and measured output power versus oscillation frequency.

and (3) 0.5mA from a +200 V supply (200 mW) for the active loop filter. The total
power consumption is 264.3 mW.

11.3 Balanced-Balanced Tunable Filtering LNA

A BAL-BAL tunable filtering LNA using cavity resonators and a single npn
transistor are presented in this section. This concept, shown in Figure 11.17, can
operate with differential sources (e.g., loop antennas). Using a single transistor
reduces the noise sources and power consumption. The evanescent-mode cavity
resonators at the input and output have a balanced interface externally and a
single-ended interface internally with the transistor. They also provide continu-
ously tunable filtering. The presented design is fabricated and measured results are
presented.

11.3.1 Cavity Resonator-LNA Co-Design

The schematic of the presented BAL-BAL LNA is shown in Figure 11.18. The RF
input signal is coupled differentially into the input resonator. The input resonator

Figure 11.17 A fully
balanced LNA can interface
with other balanced
components in RF
front-ends.

Loop
antenna

Balanced tunable filtering LNA
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Figure 11.18 A schematic representation of the presented BAL-BAL LNA. The
evanescent-mode resonators provide a BAL interface for the input (RFin) and the output
(RFout), and an SE interface with the core LNA.

has a SE coupling attached to the core LNA. This structure is replicated at the RF
output. The SE terminal of the input resonator is designed at the optimal noise
matching point provided by the transistor model. This also serves in minimizing
the need for external discrete components for noise matching. The RF input and
output ports are matched to a balanced 100 Q. The details of the cavity resonators
and the core LNA are discussed in this section.

11.3.1.1 Evanescent-Mode Resonators

Evanescent-mode resonators have a narrow-band response, which provides a fil-
tering response. The high quality factor (Q,) of such resonators results in low
insertion loss.

The coupling slots, shown in Figure 11.18, excite the magnetic fields in the cav-
ity resonators. As a result, they can be modeled as a transformer. The RLC tank
in the equivalent circuit model represents the evanescent-mode resonator. Since
the capacitance formed by the post and the membrane is tunable, the frequency
response of the resonator is also tunable.

The SE coupling is realized using a single shorted transmission line above a
coupling slot to maximize the magnetic field coupling, while the BAL coupling
is realized using a U-shape transmission line with the coupling aperture below its
middle point, as shown in Figure 11.18.

11.3.1.2 LNA

The core LNA is based on a resistive feedback architecture. The npn transistor
is biased through an RF choke (RFC) and a base resistance (Rp). The additional
capacitance in the feedback path improves the stability of the overall amplifier.
The input and output are AC coupled using a DC blocking capacitors (DCB).
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11.3 Balanced-Balanced Tunable Filtering LNA

11.3.2 Implementation and Measured Results

The BAL-BAL LNA is fabricated using a PCB process. The fabrication requires
two laminated substrates. The first one is a 10-mil thick RO-4350B, which holds
the discrete components and the coupling microstrip lines. The second substrate,
which hosts the cavity, is a 60-mil thick RO-4003. The cavities on this substrate
result in an unloaded quality factor of 350 in simulation. The detailed structure of
the BAL-BAL LNA is shown in Figure 11.19.

The npn transistor used in this work is the BFU730F from NXP Semiconductors,
biased at 30 mA from a 3 V source. The feedback resistance is 500 Q and the feed-
back capacitanceis 0.1 pF. The piezoelectric actuators are biased from a +100 VDC
source to provide the sought tuning. It is worth mentioning here that piezoelectric
actuators consume practically zero current for biasing.

The frequency response of the BAL-BAL LNA is first tested using a four-port
network analyzer. The mixed-mode S-parameters for the gain and matching

Bottom

STANLESS STEFL = iIT" STAM ESS STEEL
03 o 149 = 9 ¥l 1
Bl L L il

Figure 11.19 A picture of the fabricated BAL-BAL LNA along with the dimensions.

(a) Top substrate carrying the microstrip coupling lines and the core LNA. The microstrip
lines are 50 Q. (b) Bottom substrate where the evanescent-mode resonators are built.
(c) Finished structure of the BAL-BAL LNA.
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Figure 11.20 (a) Measured and simulated results showing the balanced matching
(Sdd,;) and the balanced gain (Sdd,,) with the 2.8-4 GHz tuning range with 0.2 GHz
steps. (b) Measured common-mode-to-differential gain (Scd,,) of the amplifier along with
the reverse gain (Sdd,,). (c) Measured common-mode gain and the CMRR.

2.5 3

are calculated from the measurement and simulation results and are shown in
Figure 11.20(a). The balanced gain of the LNA varies between 16.7 and 14.2dB
throughout the tuning range of 2.8-4 GHz.

The reverse gain, shown in Figure 11.20(b), remains below —25dB within the
tuning range. The common-mode to balanced gain, also shown in Figure 11.20(b),
remains below —9 dB.

The common-mode to common-mode gain (Scc,,) is also extracted from the
measurements and is shown in Figure 11.20(c). These data are used to calculate
the common-mode rejection ratio (CMRR), which is also shown in Figure 11.20(c).
The difference between the common-mode gain and the balanced gain (in dB)
results in a CMRR of better than 55 dB.

The noise figure for the BAL-BAL LNA is measured within the tuning range and
is between 3.4 and 4.6 dB. The 3-dB bandwidth across the tuning range is 50 MHz
at 2.8 GHz and 76 MHz at 4 GHz. This represents 1.8-1.9% fractional bandwidth.
Two-tone linearity measurements are also performed with Af = 1 MHz. The IIP3
is found to be 11 dBm at 3GHz.

Since the output of the presented LNA is differential, the amplitude and phase
imbalance are also extracted from the measurements. The LNA amplitude imbal-
ance remains below 0.9 dB, while the phase imbalance remains below 6°.

Other active applications of evanescent-mode resonators include non-reciprocal
filters [151], linearity measurements [38], and self-interference cancellation [152].
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12

Monitoring and Control

12.1 Monitoring and Control of PCB-based Resonators:
Diplexer Example

Diplexers are essential in many full-duplex radio frequency (RF) front-ends.
Many modern and evolving wireless systems are adopting multiband operation,
demanding tunable diplexers in their front-ends. Since the difference in power
levels between transmit (Tx) and receive (Rx) paths is typically large, tunable
diplexers have to be both highly linear and with high Tx-Rx isolation.

In this section, we discuss monitoring and control of evanescent-mode-based
diplexer with spectrum-aware automatic tuning, as shown in Figure 12.1.
Evanescent-mode cavity-based resonators are employed in this particular
implementation. The tunable diplexer in this work is designed in the 0.75-1 GHz
range. The bandwidths of the diplexer channels are 20 MHz at the low-frequency
band and 30 MHz at the high-frequency band. The receiver port includes a
band-stop filter (BSF) and a coupler, to sample the RF power and determine
the existence of a potential jammer. The rejection frequency of the BSF can be
adjusted to accommodate for that or, in the absence of jammers, can be adjusted to
improve the isolation between the transmitter and receiver of the diplexer. Tuning
the diplexer and suppressing a jammer are all done automatically and in real time
without the need of manual tuning or any laboratory-scale test equipment such
as network or spectrum analyzers.

12.1.1 System Architecture

In this section, the system-level concepts are detailed. The RF path and diplexer
structure are explained first. Subsequently, we discuss the method to monitor and
control the diplexer, followed by the RF spectrum sampling method used to detect
the existence of a jammer within the spectrum of interest.

Tunable Evanescent-Mode Filters: Principles, Implementation, and Applications,

First Edition. Dimitrios Peroulis and Mohammad Abu Khater.

© 2026 The Institute of Electrical and Electronics Engineers, Inc. Published 2026 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Peroulis/TunableEvanescent-ModeFilters
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RF Figure 12.1 The tunable
channel diplexer can automatically
A Jammer adjust the frequency response
2 BPF Fo suppress a jammer or
£ TxRx | T T R improve the isolation
Tx v between the transmitter and

the receiver depending on the
condition of the spectrum.

Tt
PR x

12.1.1.1 Diplexer

In order to achieve a tunable diplexer, two identical second-order tunable band
pass filters (BPFs) can be combined. A BSF is introduced at the receiver port and
is used for sensing the spectrum. It can also be used to improve the RF perfor-
mance in terms of isolation or jammer suppression. Figure 12.2 demonstrates this
concept. The tunability is achieved by adjusting the resonance frequency of each
resonator individually.

In order to combine two BPFs, the diplexer is designed such that, near the
source, the BPFs are as close as possible to an open circuit outside the passband.
This allows the filters to share the same common port (antenna) with minimal
effect on each other. Since the BPFs in the Tx and Rx paths appear near a short
circuit outside the passband, a 90° transmission line is used to produce the
sought open-circuit response to minimize the loading effect between the ports.
As a result, a matching transmission line is included between the common port
(source) and each one of the other two ports as shown in Figure 12.2.

e Tx O Port
. Resonator

Source

Figure 12.2 A coupling diagram of the diplexer. The transmitting path has a two-pole
bandpass filter, while the receiving path has a two-pole bandpass filter and a bandstop
filter. Transmission lines are used to provide wideband matching between the Tx and Rx
near the source.
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12.1 Monitoring and Control of PCB-based Resonators: Diplexer Example

To achieve the desired bandpass and bandstop responses in the Rx port, the
interface between them has to be designed properly as well. The problem arises
from the fact that the BPF appears as a near short circuit outside the passband,
where the BSF appears as a near open at the rejection frequency (see Figure 12.2).
This results in an undesired resonance (peaking in the response). This issue is
resolved by introducing a 180° transmission line between the BPF and the BSF.
As aresult, the bandpass and bandstop responses are both achieved with minimal
effect on the overall performance.

Piezoelectric actuator disks are used for tuning. Under different bias voltages, a
piezoelectric disk bends the membrane in the resonator. Figure 12.3 shows how
the biasing of the piezoelectric disk can tune the resonator.

12.1.1.2 Resonators Monitoring and Control
Monitoring and control of resonators is needed to ensure each resonator in the
diplexer is tuned to the required resonant frequency in real time. Monitoring
each resonator separately is necessary since some fabrication non-idealities
might result in nonidentical resonators. Also, tuning devices, such as piezoelec-
tric tuners, may show hysteretic and creep behaviors during actuation. Such
mechanical non-idealities result in nondeterministic tuning on the frequency.

In order to achieve reliable tuning, a monitoring system should be able
to read the resonant frequency of each cavity. The resonant frequency of an
evanescent-mode cavity can be approximated as

1

fResonant N
27/ LC(Vg14s)

where f,onan: 1S the cavity resonant frequency, L is the inductance from the
evanescent-mode structure, and C(Vy,, ) is the capacitance between the post and
the membrane as a function of the bias of the piezoelectric actuator. The approxi-
mation comes from the fact that (12.1) ignores parasitic effects. The capacitance
C(Vg4s) can be approximated as a parallel plate capacitor or

€A
8(Vpias)
where e is the permittivity, A is the area of the tip of the post, and g is the gap
between the post and the membrane. From (12.1) to (12.2),

VE&(Vpias)
fResonant ~ (12.3)
274/ LeA

(12.1)

C(Vgas) ® (12.2)

From the last equation we notice that f,, ... 1S @ hysteretic function of V¢, but
a deterministic function of g (or C). As a result, this relationship can be used for
monitoring the resonator. This is demonstrated in Figure 12.3.
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Figure 12.3 (a) Cross section of the monitoring structure showing how the gap can
change by changing the bias voltage [153, 154], (b) circuit model of the resonators in the
monitoring structure in (a), and (c) conceptual relationships between the resonant
frequencies, bias voltage, and the gap. The relationship between resonant frequency and
bias voltage is hysteretic. On the other hand, the gap gives a non-hysterestic relationship
with the resonant frequency.

To detect the change in the gap of the cavity, the monitoring structure in
Figure 12.3(a) is used, where a monitoring resonator is mounted on top of the RF
resonator. This way, the RF path is completely independent from the monitoring
path, which is necessary for limiting RF leakage and preserving the high Q of the
resonator. Furthermore, the gaps of the monitoring and the RF resonators are
inversely proportional to each other (one-to-one relationship) since increasing
one results in reducing the other.
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12.1 Monitoring and Control of PCB-based Resonators: Diplexer Example

Detecting the frequency (Freq,,,y) of the monitoring resonator is realized
by embedding it in an oscillator loop. The oscillator generates a sinusoid with
a frequency proportional to that of the resonant frequency of the monitoring
resonator or

foscillator & FreqMON (12-4)

where [ a0 1S the output frequency of the oscillator. A frequency counter can
read frequency f, a0 A frequency divider, however, is required to lower this
frequency to a point where it can be read by practically any digital controller
(a microcontroller or a field programmable gate array [FPGAJ]). Since the output
of the frequency counter is proportional to Freq,,y. the relationship between the
output of the frequency counter and the frequency of the RF resonator can be
now established in a calibration stage. Figure 12.4 shows this.

Since the relationship between Freq o, nerouspu: a1 the frequency of a monitored
resonator in the diplexer (Freq,,qnq.0r) Can be developed, we can determine the
resolution of the system (the smallest frequency step the system can achieve). The
average resolution can be defined as

AFreqresonator

Hg/step (12.5)
AFreqCounterOutput

Resolution y,, =

The output of the frequency counter can be expressed by

FrequunlerOulput = (fOsc/D) xT (12.6)

where f,,, is the frequency of the oscillator, D is the divisor of the frequency
divider, and T is the control cycle time. As a result, the average resolution can be
rewritten as

I- Frequency | Oscillator Monitoring
| counter | and divider resonator F
| | Tedpon
- \%
Target [ ___/L___ \ Control Charge |Vpias
fre + pump
quency | RE
number | EPGA I RF,y our
Frequency

counter output

Calibration
curve

Freqrusonam‘e

Figure 12.4 The monitoring and control system used for each cavity in the diplexer.
A calibration stage is needed to relate the input to a certain cavity frequency.
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AFreqresonatorD
Af Osc T

From (12.7), we observe that we can improve by increasing T (at the cost of slow-
ing down the response of the system) or decreasing D (provided that the divided
clock is not too fast to read). Also, the resolution can be improved by increas-
ing the frequency range of the monitoring resonator, which is normally dictated
by the tuning mechanism. The parameters in (12.7) are typically known at the
system-level design. Consequently, the resolution can be specified then.

With the information available from the monitoring technique, a resonator
can now be controlled for tuning. To control a resonator, the number obtained
from the frequency counter is compared to a number that represents the target
frequency (which is acquired from the calibration stage mentioned earlier).
The output of the comparator triggers a charge pump controller. The con-
troller converts the output of the comparator to an increasing (or decreasing)
analog voltage, such that the bias voltage keeps increasing (or decreasing)
until the frequency of the resonator is at the sought location (in Figure 12.4,
Freqcouneroupue = TargetFrequency Number). In that case, the frequency of the
resonator is at its target and the output of the charge pump stays fixed. Obvi-
ously, this monitoring and control methodology can determine whether the RF
resonator is part of a BPF or a BSF.

Resolution ,, = ‘ Hz/step (12.7)

12.1.1.3 Spectrum Sensing

In order for the diplexer, and the control loop, to be spectrum-aware, a method for
sensing the spectrum is required. The presented method employs the monitoring
and control from the previous section to tune the resonator, along with RF power
detection circuit.

A typical method for measuring the spectral power, without significantly load-
ing the RF path, is based on a coupler. Figure 12.5 shows the block diagram of the
spectrum sensing method that includes a BSF in addition to the aforementioned
coupler. This tunable BSF is swept across the spectrum of interest. Meanwhile, the
coupler samples the RF signal to measure the power through an RF power detec-
tor. When the sweeping covers the spectrum of interest, the location of a jammer
(or self-interference from transmitter) is determined since it coincides with the
peak power. At this point, the BSF is tuned to that location to improve the perfor-
mance of the diplexer according to spectrum reading. In order to avoid suppressing
the wanted signal at the receiver, the system tunes the BSF outside the band of
interest in the absence of jammers. This is done by deciding whether the peak
power coincides with the receiver frequency. If this is the case, the system knows
that no jammers exist, and the BSF should be away from the received signal. A
flow chart summarizes this process in Figure 12.6.
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Figure 12.5 The spectrum sensing method used in this work is capable of scanning the
spectrum and deciding the location of possible jammer. Once found, the jammer is
suppressed by the BSF.
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Figure 12.6 A flowchart, along with conceptual spectral plots, of the spectrum sensing
method.

Recently, a more advanced spectrum and jamming detection methods were pre-
sented [155, 156]. These methods can still integrate with evanescent-mode device
such as the diplexer discussed in this section.
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12.1.2 Control Loop Analysis

Each resonator is controlled using the feedback control system depicted in
Figure 12.4. Feedback systems have the potential of being unstable. Here, we
discuss a mathematical model to prove the stability of the proposed system.

Figure 12.7(a) shows a simplified model of the monitoring and control system.
The control unit and the charge pump are modeled as an integrator block (£/s),
where f is a positive scaling factor representing the gain of the integrator. This is
because their output keeps increasing or decreasing in an accumulating manner.
In the feedback path, the oscillator and frequency counter are also modeled as
positive scalars since the relationship is approximately linear. While the feedback
scalar k (relating Vi, 5 t0 Freqcoyperoupue) Might seem negative (from Figure 12.3),
its polarity is flipped in the controller (FPGA) to ensure a stable operation. As a
result, k is a positive scalar in Figure 12.7.

The comparator, however, is a nonlinear device. This means that linear system
analysis cannot be directly applied to it. As a result, a linearization method is used.

The comparator is modeled using the describing function method, which studies
the behavior of the system in the fundamental mode in the frequency domain.
Using a similar analysis as in [157], the comparator is modeled by a positive scalar
factor (a). As a result, the linearized system model, shown in Figure 12.7(b), can
be analyzed for stability.

The transfer function (H(s)) of the system in Figure 12.7(b) can be found
to be

(12.8)

In order for the system to be stable, the poles of the transfer function have to be on
the left half of the complex frequency plane. The single pole of H(s) is at

s=—apk (12.9)

Since the stability condition is satisfied, the system is unconditionally stable for a
bounded input.

12.1.3 Design Details

12.1.3.1 Diplexer Structure

The diplexer consists of five resonators: two in the transmitter side (synthesized as
asecond-order BPF) and three in the receiver side (two of which are synthesized as
a second-order BPF, followed by a first-order BSF). Most of the fabrication process
is compatible with conventional printed circuit board (PCB) fabrication processes.
A drawing of the diplexer is shown in Figure 12.8.
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The BPFs are synthesized using the coupling matrix method. The coupling
coefficients are based on a Chebyshev filter response with external coupling of
1.037 and inter-resonator coupling of 1.287 (for 15 dB equi-ripple response). The
external coupling is realized with a coupling aperture to the cavity. Also, the
inter-resonator coupling is realized with coupling apertures connected with a
transmission line, in addition to an opening between the cavities, as shown in
Figure 12.8. The transmission line between the inter-resonator coupling is needed
to achieve the correct coupling value and does not need to be 50 Q.

The cylindrical shape of each resonator is realized by through-hole vias that
define its side walls. The bottom side is implemented by a copper PCB layer.
Since the top side of the cavity is a moving membrane, it cannot be fabricated
in a standard PCB process. The membrane is attached post-manufacturing by
soldering a silver membrane on the cavity (shown in Figure 12.8). Silver has
been chosen since it has lower tensile strength (less stiff) than copper, while
conductivity is not compromised.

A piezoelectric actuator is used to control the membrane-post distance. Since
the piezoelectric actuator needs to be biased on both sides, a conductive glue is
used to attach it to the membrane of the diplexer resonators, while an insulating
glue is used to attach it to the monitoring resonator. The bias electrode is soldered
on the disk before the monitoring resonator is mounted as shown in Figure 12.3.

12.1.3.2 Oscillator and Frequency Counter

An oscillator is designed to generate a sinusoidal signal, which in turn is used to
determine the frequency of the monitoring resonator. The chosen oscillator should
be able to oscillate with a single-ended, parallel resistor, inductor, and capacitor
(RLC) tank (the model of the monitoring resonator).
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Figure 12.8 The structure of the diplexer along with a breakout view showing the internal structure of the resonators. Monitoring
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12.1 Monitoring and Control of PCB-based Resonators: Diplexer Example

Since any practical oscillator has output phase noise, and since phase noise
causes jitter [158], the output period of the oscillator can be expressed by

T,.(£) = Ty + ®(t) (12.10)

where T, is the actual period of oscillation, T, is the nominal constant period,
and ®(¢) is a random variable that represents fluctuations in oscillation period.
The system relies on counting the divided number of cycles over a control time T.

This can be represented as
T =3 (DT, + ®(t)) = NDT, + = Dd(1) (12.11)

where N is the overall number of cycles counted. For a sufficiently large N,
INDd(t) ~ 0, since @ is a random variable. The assumption of N being large can
be validated by the fact that the monitoring oscillator operates at a much higher
speed (about 100 MHz or higher) compared to the control loop (~1kHz). As a
result, the phase noise response of an oscillator has practically no effect on the
resolution of the system.

Given the restrictions above, a Colpitts oscillator can be used since it can
oscillate with the single-ended monitoring resonator using few overhead
components and with no components causing inductive coupling. Since the
employed Colpitts oscillator uses the monitoring resonator as an LC tank,
when the monitoring resonator is tuned, the frequency of the output sinu-
soid changes accordingly. The divider can be an off-the-shelve device that
takes a sinusoidal input and outputs a digital clock at a lower frequency. The
schematic of the oscillator including an RLC model of the resonator is shown in
Figure 12.9.

The frequency counter is implemented as a binary ripple counter. This eases the
processing inside a digital system. The output of the counter is reset at the end

Monitoring
resonator
>—| I |
C3 i
| Frequency To magnitude

// . counter comparator
FA——— reset
| < g

‘P -
'3 T
| Clk
\ v

Figure 12.9 Schematic diagram of the oscillator used with the monitoring resonator.
The frequency counter provides the frequency number and then is cleared every control
cycle.
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of each control cycle. Once the frequency counter number is obtained, it can be
compared to the target frequency number by a binary magnitude comparator. The
output of the comparator dictates whether the frequency of the resonator needs to
be increased or decreased.

We should note here that the coupling between the RF resonators and the mon-
itoring resonators (or oscillator) is negligible. This is primarily because the two
resonators are electrically isolated, which minimizes any conduction coupling.
Also, in evanescent-mode cavity filters, the fields are almost entirely contained
within the cavities, minimizing any induction or radiation coupling. In addition,
the monitoring signals and the RF signals operate at different frequencies, which
further reduces any effect from one resonator to the other.

12.1.3.3 Control Unit and Charge Pump
The control unit has to be able to take a digital input (from the magnitude
comparator) and generate an analog voltage to drive the charge pump.

The control unit in Figure 12.10 consists of an up/down counter and a
digital-to-analog converter (DAC). If the input from the comparator implies that
the voltage needs to be increased, the up/down comparator counts up, thus
increasing the output voltage of the DAC (and vice versa). If the frequency of the
resonator is at the target frequency, the up/down counter is configured such that
it stops counting to maintain the voltage constant.

| T resonsor
counter and divider resonator _ Fre,
: “dmon
Charge K
o e o AL

p—— -J_- R our

Target
frequency
number |_"_FPGA _ _

| Va0
From | Up/dn > BiAs
comp.; | counter <

i

I

1 Varacl
From! | Up/dn > BIAs
comp.! | counter <

Control unit i

>
Vpp/2 —PC-DC ::

Negative rail

Figure 12.10 The schematic of the control unit and the charge pump (in Figure 12.4).
Each piezoelectric actuator is driven independently by one of the outputs (V).
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12.1 Monitoring and Control of PCB-based Resonators: Diplexer Example

The charge pump needs to provide a bipolar high voltage in order to drive
the piezoelectric actuators (typically +180V). While there are bipolar DC-DC
converters, the one used here is unipolar to simplify the control and design. The
commercially available DC-DC converter used here (UMHV0505) is biased from
a single source and can be controlled using an analog voltage input from the
controller discussed earlier.

In order to achieve the negative voltage, one DC-DC converter is configured
such that it generates a negative voltage rail. This negative voltage rail is used as
a reference by the tunable DC-DC converters. This way, the tunable DC-DC con-
verter can generate voltages between the negative rail to a positive maximum. This
is possible since the DC-DC converter has an isolated output.

Since the output voltage can be either positive or negative, the output node can
source or sink current. This can be problematic for DC-DC converters since they
can only source currents. As a result, the resistors at the output of each DC-DC
converter are needed to ensure that each DC-DC converter is sourcing current
all the time. The resistor values, however, can be relatively high (in the order of
1 MQ), because the piezoelectric actuators are high impedance loads, so the power
consumption of those resistors is relatively low.

12.1.4

12.1.4.1 Implementation
The presented system is built using the components listed in Table 12.1. The
diplexer and the control loop components are all shown in Figure 12.11.

Implementation and Measurements

Table 12.1 Building components of the presented system.

247

PCB substrate

Oscillator transistor (M1)

Oscillator capacitors: C1, C2, C3 (respectively)

Oscillator resistors: R1, R2, R3 (respectively)

Frequency divider

Level shifter

Logic (frequency counter, magnitude comp, and controller)
Digital-to-analog converter (DAC)

DC-DC converter

Coupler

RF power detector

TMM3

BFP420

39 pF, 6.8 pF, 8.2 pF
930 Q, 4.2kQ, 150 Q
MC100E137 (+128)
SN65ELT23
ALTERA DE2 FPGA
DAC7565IAPW
UMHV0505
DBTC-17-5+
HMC713MS8E
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Figure 12.11 Photograph of the system in Figure 12.1 including the diplexer,
monitoring resonator, and monitoring and control printed circuit boards (PCBs).

The diplexer was designed in the 0.75-1 GHz frequency range, which covers
several modern communication standards. The dimensions of the structure are
shown in Figure 12.8.

Since the monitoring resonator is a part of an oscillator, lowering its resonant
frequency simplifies the oscillator design. The frequency of the monitoring res-
onator, however, cannot be arbitrarily decreased. This is because the quality factor
(Q)would degrade accordingly, unless the size of the resonator is increased, which
conflicts with the size of the diplexer. Given the dimensions of the diplexer in
Figure 12.8, it has been found that resonators operating around 400 MHz would
provide sufficiently stable performance in the oscillator. As piezoelectric actuators
typically tune a resonator around one octave, monitoring resonators were designed
in the 350-650 MHz range.

The frequency divider operates in the emitter-coupled logic (ECL) voltage level.
As aresult, a level shifter is required to interface with the rest of the logic.

12.1.4.2 Monitoring Performance

The monitoring and control systems are first measured with the diplexer. Each
pole is tuned separately by changing the input TargetFrequency Number. The
Freqcounteroupue @nd the Freq,, ., (from the network analyzer [NA]) are
recorded. The setup for that is shown in Figure 12.12(a). Although the resonators
in an RF path (e.g., Tx path) are inseparable, the frequency of each resonator
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Figure 12.12 (a) Connection diagram to measure the performance of the monitoring
and control systems. The frequency of each pole (resonator) in the BPF can be accurately
determined, even at maximum separation as shown in the measurements. (b) Measured
output from the frequency counter for each resonator with examples from the oscillator
and divider outputs. (c) The frequency resolution of the system across the tuning range.
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can still be accurately determined during the calibration stage. The frequency
response from the network analyzer (shown in Figure 12.12(a)) can accu-
rately reveal the frequency of each resonator irrespective of other resonators
frequencies.

The results in Figure 12.12(b) show the relationship between the Freq c,yeroutpur
and Freq,,,q:-- Measured examples of the waveform from the oscillator and the
divider are also shown. The results in Figure 12.12(b) show that Freqc,useroupus 1
inversely proportional to Freq,,.,,q;,- (Since the gap in the monitoring resonator is
complimentary to that of the resonators in the diplexer). Those curves are used as
the calibration stage for the monitoring and control system.

The average resolution can be calculated from (12.7). Given that D = 128,
T =1ms, Afy,. ~300MHz, and AFreq,,.n.0r ~300MHz, the resolution is
predicted to be around 0.128 MHz/step. The resolution is then calculated from
the measurement results in Figure 12.12 (using (12.5)) for each resonator. The
results are plotted in Figure 12.12(c). It can be seen that two of the resonators
(Rx2 and Tx2) have inferior resolution compared to the rest of the resonators.
This is because those monitoring resonators have higher resonant frequency
than the design due to fabrication imperfections. These resulted in lower
dynamic range for Freqcoueroupus thus degrading the resolution. The rest of
the resonators, however, have resolutions below 0.5 MHz (~0.05%) throughout
most of the tuning range, which is in good agreement with the theoretical
calculations.

12.1.4.3 RF Performance

In order to test the RF performance of the diplexer, it is tested as shown in
Figure 12.13(a) and then tuned using the monitoring and control technique.
The plots in Figure 12.13(b)-(d) show different tuning arrangements at different
frequencies from both measurements and simulations. The tuning in these plots is
fully automatic. The target frequency number is sent to the FPGA (the comparator
in the monitoring and control) through an NI USB-6008 computer interface.
The BSF is also tuned to different frequencies compared to the diplexer. For
example, in Figure 12.13(b), the BSF is tuned to suppress out-of-band jammers.
In Figure 12.13(c) and (d), the BSF is tuned to improve the isolation between the
transmitter and the receiver by about 9 dB, which is equivalent to the rejection
level of the BSF. Further analysis on modulations is shown in [159].

The diplexer can operate from 0.75 to 1 GHz (~33% tuning ratio). The inser-
tion loss on the receiver side varies between 3.7dB (at 0.75 GHz) and 2.8 dB (at
1 GHz), while on the transmitter side it is between 2.2 dB (at 0.7 GHz) and 1.8 dB
(at 1 GHz), as shown in Figure 12.14. The difference in insertion loss between the
transmitter and the receiver is due to the matching transmission line, coupler,
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Figure 12.13 (a) Measurement setup used to measure the RF performance of the
diplexer. The monitoring and control is used to tune the diplexer. (b)-(d) The measured
(solid) and simulated (dashed) frequency responses of the diplexer under different tuning

configurations.
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and BSF. The mismatch between the BPF and the BSF is more prominent at the

low-frequency part of the tuning band, causing additional losses there.

The unloaded quality factors for the resonators in the diplexer are extracted from

simulations and found to be 150 at 0.75 GHz and 160 at 1 GHz.

Figure 12.14 also presents the case where one of the RF paths is fixed at 0.7 GHz
and the other is tuned in 50 MHz steps from 0.75 to 1 GHz. The isolation between
the transmitting and receiving paths is above 40 dB throughout the entire range.
For all measured curves, the monitoring and control loop ensures that the diplexer
remains at that tuning condition regardless of any hysteresis or material creep

over time.
0 N
Fixed ' " L XX "
oA M=
g v " \—sii
é " V‘ \ I: Insertion loss in dB \
= ' ’ ' \
2 40 ﬁ"' , \
504, ﬁ@%%!&"l" L\ it
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Frequency (GHz)
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0 .
Fixed Y XY
ol P m ' |
- "
S 0| ]
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£ 30 “ [ IL: Insertion loss in dB |
£ ‘ \J\
= ‘
40 7 ' ,
N
~50 [
0.7 0.8 0.9 N 1.1
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Figure 12.14 The measured responses of the diplexer when (a) the receiving path is
fixed at 0.7 GHz and when (b) the transmitting path is fixed at 0.7 GHz, along with the

insertion loss (IL) for each band (in dB). The BSF is tuned outside the window.
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Figure 12.15 (a) Measurement setup of the presented system during jammer detection and suppression test. (b) The input spectrum of a

QAM16 signal (at 835 MHz) along with a jammer (at 868 MHz). (c) The output spectrum from the diplexer. (d) The spectrum after the jammer

was automatically detected, and the BSF is tuned to suppress it further.
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Figure 12.16 The maximum power of a jammer before (dashed) and after (solid) the
automatic jammer suppression. The signal is at 855 MHz, and the jammer is at 835 MHz.

12.1.4.4 Spectrum-aware Measurements

The presented system also has the capability to detect and suppress a jammer
in the spectrum. The proof-of-concept measurement setup for that is shown in
Figure 12.15(a). Figure 12.15(b) shows an example of a jammer next to a signal
(33 MHz separation). Figure 12.15(c) shows the output where the jammer is only
suppressed by the BPF in the diplexer. The algorithm in Figure 12.6 is then run,
and the jammer is automatically detected. The BSF is then tuned to the jammer,
further suppressing it by 9 dB as shown in Figure 12.15(d), resulting in a total rejec-
tion of 30dB.

While the presented system is capable of detecting and suppressing a single
jammer, the concept can be expanded to multiple jammers. The only addition
required is appending more BSFs. This can also increase the suppression of a
single jammer.

The advantage of jammer suppression is further quantified by measuring
the jammer power level, at which the spectrum analyzer loses the capability to
demodulate the signal. This is performed before and after jammer detection and
suppression, as well as under different signal strengths and various modulation
techniques. The setup for this is similar to that in Figure 12.15(a). The results,
shown in Figure 12.16, demonstrate that a receiver (spectrum analyzer) can
handle a jammer about 7dB higher than the case without jammer suppression,
independent of the modulation scheme. This is approximately equal to the
rejection of the BSF.

12.2 Monitoring and Control of Silicon-based Filters

This section presents a fully electronic monitoring and control system for elec-
trostatically tunable micro-electro-mechanical systems (MEMS) cavity filters.
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Figure 12.17 Inductive proximity
sensing is used to monitor MEMS

tunable filters. The monitoring is the T~
feedback in a control loop, which tunes RF; % — RFour
the filter to a desired frequency response Inductive
based on an input from the user. sensing Vaias
User .
. Filter t
input —> ilter tuner

The monitoring of the MEMS membrane is based on inductive proximity sensing
for each cavity membrane [160, 161]. 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 adjusts the MEMS DC bias voltage until the mem-
brane is at the desired deflection. Figure 12.17 depicts a conceptual drawing of
the system.

12.2.1 Monitoring Concepts and Optimizations

Figure 12.18(a) shows a more detailed schematic of the system. When a DC
bias voltage (V) is applied to the sensing inductor (Lgpg,;), the MEMS
membrane bends toward Lgpz4;, Which increases the resonant frequency of the
RF cavity (due to a decrease in the loading capacitance). This results in reducing
the effective value of Lgpp,; (due to the counteracting eddy currents in the
membrane), which in turn increases the resonant frequency of the series LC
circuit. 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 a result, by measuring Vgyep and relating it to the resonant frequency
of the corresponding RF cavity, the filter response can be monitored. This infor-
mation is used to adjust the bias voltage V¢ until the desired RF response is
achieved.

A spiral inductor is chosen due to its easily manufacturable planar structure.
Additionally, since the spiral inductor covers most of the area above the mem-
brane, we can conveniently engage it as the MEMS bias electrode.

The circuit is driven by an AC source, referenced to a crystal oscillator. This
achieves a stable excitation, which is necessary in detecting the motion of thin
membranes (typically ~1 pm) with small deflection range (typically ~10 pm).

12.2.1.1 Inductive Proximity Sensing
A circuit model for the monitoring structure is shown in Figure 12.18(b).
Figure 12.18(c) shows the AC equivalent circuit. Ry is the output impedance of
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Figure 12.18 (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. (b) A circuit model for the
inductive sensing in (a). (c) Equivalent AC circuit model of the circuit in (b).
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12.2 Monitoring and Control of Silicon-based Filters

the AC source, and R; is the effective resistance of the spiral inductor. Lg; and
Rg;; are the effective sheet inductance and resistance of the membrane, discussed
in more detail later in this section.

The value of Lgp,; is calculated using [162]

HoN?
(r out — 1 m)z
cos(0)r,r,dr,dr,do
// / ©)ryrydrydr (12.12)
\/r + r — 2r,r, cos(9)
where |, is the free space permeability, N is the number of turns, and r;, and 7,
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 Figure 12.18(b) [163]. The effective inductance of the
sheet membrane (Lg;;) can also be calculated using (12.12), while multiplying it by
0.5 to accommodate for the absence of gaps between the tracks and setting N = 1.

When the spiral inductor is in close proximity to the metallic membrane, the
mutual inductance between them can be calculated as [162]

M = k@ Lspirar Lt = W
out in/" out
/ /our/a"f cos(0)r,rydr dr,do (12.13)
NE

+ri 4 r — 2r,r, cos(8)

LSpiral =

where «(g) is the coupling coefficient as a function of the gap between the spiral
inductor and the membrane, as shown in Figure 12.18(a).

To evaluate the resultant effective inductance of Z1 (at the terminals of the
spiral), shown in Figure 12.18(c), as a function of the gap g, the circuit is analyzed
with (12.12) and (12.14) evaluated numerically. The details of the circuit analysis
are discussed in Section 12.2.1.2. Figure 12.19 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 Figure 12.19 is due to the fact that the gap g is
small (typically < 50 pm) compared to the bias electrodes (spiral inductor in this
case, typically > 1000 pm).

12.2.1.2 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
(Vggnsg)- The circuit model in Figure 12.18(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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Figure 12.19 Simulated and calculated equivalent inductance of Z1 versus the gap g.

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

ImpedanceSensitivity = 921
= ’aﬂ x 221 (12.14)
Jdg oM

In order to maximize the sensitivity, each term in (12.14) is maximized separately.
To optimize the contribution of the first term in (12.14), ’;i; is evaluated from
(12.13)

oM _ HoN y / T / Tout / Tou  —gcos(Q)r,r,dr,dr,do
98 Cow=Tidow Jo Jn, Jo (@472 472 —2rr,cos(0))

(12.15)

As we observe from (12.15), the sensitivity of the mutual inductance to the gap
increases 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 (r,, —r;,) can further increase ’;i;. 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 (12.15), Z1 is found by
analyzing the circuit shown in Figure 12.18(c) as

. *M?

Z1 = R + joLgpar + R 1 ol (12.16)
where w is the operating angular frequency of the AC excitation. From (12.16),
we get

071 202M _ 20%°k\/Lgppar Ly

921 _ . - ! (12.17)
OM Ry +joLg, Ry +jwLgy
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12.2 Monitoring and Control of Silicon-based Filters

From (12.17), we observe that we can improve by increasing the mutual
inductance. This can be achieved by increasing the coupling coefficient and
by increasing Lgpp,;, Which is consistent with the conclusions drawn from
(12.15). Increasing the operating frequency is also an efficient way to increase
the sensitivity, as long as the frequency is below the inductor self-resonant
frequency.

While reducing sheet resistance and inductance of the membrane, Rg; 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, Rg; and Lgy
are typically dictated by the MEMS design and fabrication process.

For further circuit optimizations, the sensing voltage Vypygp is evaluated. Vgyer
is found by analyzing the circuit in Figure 12.18(c), resulting in

(12.18)

joCRy
Vsense = Viv (1 " 1+jwCR+ ijZl)
Due to the complexity of the expressions in (12.18) and (12.16), the effect of each
design parameter might not be obvious. As a result, the amplitude of Vgyep is
evaluated numerically and verified with Simulation Program with Integrated Cir-
cuit Emphasis (SPICE) simulations. Figure 12.20 shows the effect of each design
parameter on | V|-
As shown in Figure 12.20(a), when driving the circuit at a frequency where

. Viense i .
Vsense has the highest slope (| —oe ) the voltage sensitivity to a change in g

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 max-
imum change in Vggyep. The evaluation of (12.18) 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 pm) 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.

We should also note here that choosing the frequency of the highest slope in
Veensy does not contradict the requirement of choosing high frequency as con-
cluded from (12.17). 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 Lgpp4;, Which improves the sensitivity, is shown in Figure 12.20(b).

The effect of the spiral resistance (R, ) is shown in Figure 12.20(c). Lower induc-
tor resistance causes a sharper frequency response, resulting in a better voltage
sensitivity. In order to reduce R;, the spiral inductor should be fabricated with
thick metal on a high-quality substrate.
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Figure 12.20 The amplitude of V. 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 R;, and (d) the source resistance R;.

If there is design flexibility to control the source impedance (Ry), its value can
further optimize the sensitivity, as plotted in Figure 12.20(d). When Ry < R, or
R¢ > R;, the output shows no significant slope near the resonant frequency. As
a result, for each R, there is an optimal value for R 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 Figure 12.20(d) for a given
value of R;. An example of the relationship between R; and optimal Ry is shown
in Figure 12.21.
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Figure 12.21 For each a1
value of the inductor 810k
resistance R, there is a § gl
specific value for the source K
resistance R, such that the H 6r
sensitivity is maximized. 24T
B 2r
g 1 L L 1 L L
20 1 2 3 4 5 6 7

Spiral inductor resistance ()

12.2.1.3 Spiral Inductor

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

Figure 12.22 shows the normalized highest slope on the amplitude of Vg ver-
sus the number of turns in the spiral inductor. Since r;, and r,,,, are kept constant
(1700 pm 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 them.
Asshown in Figure 12.22, our design results in the highest voltage sensitivity when
the spiral inductor has six or seven turns.

12.2.2 Control System Design

The control loop utilizes the monitoring system discussed earlier for feedback to
ensure that the MEMS membrane sheet is at the desired deflection, which results

2 4 6 8 10 12 14
Spiral number of turns

Figure 12.22 The tradeoff between the number of turns in the spiral inductor and its
effect on the sensitivity of the inductive monitoring.
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Figure 12.23 (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).

in the desired filter frequency response. A separate independent control loop is
applied to each resonator in the filter.

The control loop, shown in Figure 12.23(a), takes a digital input from the user
and compares it to a digitized version of Vpgrger, Which is the measure of the
amplitude of V. The digitization is done using an analog-to-digital converter
(ADC). The user input is based on a precalibrated lookup table where the reading
from the NA for each resonator is registered against the corresponding user input.
This comparison determines 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 V¢ is increased or decreased to correct the position of the
membrane. A DC-DC converter boosts this voltage to generate Vy,4, which is
sufficiently high for MEMS actuation. The change in the deflection is detected
using the inductive monitoring system, resulting in a change in Vg g and thus
closing the control loop.

Figure 12.23(b) shows a linearized and simplified model of the control loop,
which can be analyzed for stability. The describing function method is used for
linearization [128, 157]. The transfer function of this control loop is given by

H(s) = -2 (12.19)
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12.2 Monitoring and Control of Silicon-based Filters

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 —«f), which
denotes that the system is unconditionally stable for bounded inputs.

12.2.3 Testbed Filter Design

This monitoring and control system is implemented on an absorptive BSF oper-
ating in the 30-42 GHz frequency range. The design of such filters is discussed in
Chapter 6.

12.2.4 Implementation and Measurements

12.2.4.1 Fabrication
The spiral inductors are fabricated using a PCB fabrication process on a 4-mil-thick
370HR substrate, with 8.9 pm thick copper. The spiral inductor has seven turns,
and the measured L, ,; is42 nH compared to the simulated 51 nH. This discrep-
ancy is due to fabrication and simulation modeling errors.

The MEMS membranes and filter cavities are fabricated on a silicon substrate in
a process similar to the one in [101], with the exception that each biasing electrode
is replaced with a spiral inductor as shown in Figure 12.24(a). The spiral induc-
tors are glued to the MEMS substrate. Each gold membrane is 1 pm thick and has
5-pm-deep corrugations to improve its stability and reduce the required actuation
voltage. The membranes are released using XeF, dry etching. Small holes (5 pm
in radius) are etched 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 to simplify testing. The connectors are
2.4mm end launch. The connectorized filter structure is shown in Figure 12.24(b).

The connectorized filter is then attached to the inductive sensing and control
board as shown in Figure 12.24(c). The inductive sensing and control PCB is
fabricated 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 harmonic filtering. The components
used to realize the control system in Figure 12.23 are summarized in Table 12.2.

The system runs from a single 5V power supply and consumes a total of 350 mA
for the control of both resonators: 130 mA is consumed in the FPGA develop-
ment 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 [164] can significantly reduce power
consumption.
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Figure 12.24 (a) The assembly process of the silicon-based RF MEMS filter with the
monitoring spiral inductor. (b) The BSF is placed on a connectorized PCB to simplify RF

testing. (c) The PCB of the filter attached to the rest of the monitoring and control system.
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12.2 Monitoring and Control of Silicon-based Filters

Table 12.2 List of components used in the monitoring and control.

DAC DAC8565 ADC ADSS8353
FPGA Altera Cyclone IV RF power sensor LTC5507
DC-DC UMHVO0505 Conditioning Opamp MAX4203
C1,C2 47pF RF choke 1.5 pH

12.2.4.2 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 Figure 12.24(b), the
spiral inductor leads are connected to a network analyzer to measure the induc-
tance versus the membrane bias voltage V. Since increasing the bias voltage
decreases the gap g, the inductance is expected to decrease, which is observed in
the measurements in Figure 12.25. The value of the inductance is then used to
extract the value of the gap g from simulation results. The corresponding values of
g are also plotted in Figure 12.25.

With the filter connected to the sensing circuit as shown in Figure 12.24(c),
the output of the power detector V,rp-r is measured across a range of excitation
frequencies. This measurement, shown in Figure 12.26(a), is used to find the
frequency of the highest sensitivity as discussed in Section 12.2.1.2. 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.

Figure 12.26(b) shows the change in Vpgrpeor versus the bias voltage. As
shown in the figure, the majority of the sensing occurs when the bias voltage
exceeds 50V, which is consistent with the inductance measurement shown in
Figure 12.25. This measured range of Vpprpor dictates the operating sensing

Figure 12.25 The
measured sensed
inductance at Z1 versus
the bias voltage, and the
membrane gap g is
extracted from the
simulated inductance
values shown in

Figure 12.19.
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Figure 12.26 (a) The measured frequency response of V... and its derivative, which
dictates the operating frequency. (b) The measured V. versus the bias voltage Vj,s,
with the system operating at the highest sensitivity frequency. This relationship is the
readout of the inductive 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 Figure 12.26(b)
shows a monotonic relationship, which is necessary to sustain stable control.

12.2.4.3 Filter Monitoring and Control

With the filter assembled on the monitoring and control board, the user input is
adjusted to obtain various RF responses. Figure 12.27 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.

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 Figure 12.28,
show that the system can tune the filter with a maximum error of 1% (spread of
2%), which mostly guarantees a 20 dB rejection in the target filter response. The
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Figure 12.27 The monitoring and control system is used to tune the BSF notch to
various frequencies.
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observed spread in the measurements is primarily due to MEMS fabrication issues
such as residual stress. Well-calibrated fabrication processes can further improve
this.

12.3 Monitoring and Control Applications:
Temperature Compensation

The monitoring and control concepts presented earlier in this chapter can take a
user input and translate it to a well-tuned filter in the field, without requiring test
equipment. This feature can also help operate the filter in a more complex envi-
ronment. In this section, we present an example of stabilizing a filter’s response
against temperature variations.
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12.3.1 Temperature Control

Electronics, substrates, and tuners behave differently at different temperatures
[165]. The feedback control method can compensate for temperature drifts by
having different lookup tables for different temperatures. In this example, this is
applied to a BPF and a BSF. Figure 12.29 shows the structure of these filters along
with the monitoring resonators.

12.3.1.1 Temperature Compensation System Implementation

Figure 12.30 shows the overall temperature compensation control system and
the temperature characterization chamber. The reader board from Figure 12.9
is implemented with PCBs. The filters, along with the attached monitoring
resonators and the reader board (including the oscillation circuit and the divider),
are all placed in a hot/cold chamber for temperature measurements. The Infineon
BFP420 low noise SiGe bipolar RF transistor is used in the oscillation circuit. The
feedback capacitors, C1 and C2, are chosen to be 40 and 6.8 pF, respectively. The
DC block capacitors at the input and output are 1 pF. The control system runs
from a single 5V source and consumes 222 mA.

12.3.1.2 Room Temperature Filter Performance

The simulated and measured results of the second-order Chebyshev BPF, with tun-
ing frequency between 700 and 1,000 MHz at 20°C, are shown in Figure 12.31(a).
The measurement results (solid lines) show good agreement with the simulations
(dashed lines). The filter insertion loss varies from 2 dB at 700 MHz to 1.2dB at
1,000 MHz, and the bandwidth also varies between 16 MHz at 700 MHz to 32 MHz
at 1,000 MHz.

On the other hand, Figure 12.31(b) shows the simulated and measured results
of the second-order Butterworth BSF at different frequencies between 1,300 and
1,600 MHz at 20°C. The stopband rejections vary between 30dB and 34 dB, and
the insertion loss is around 0.16 dB. The 3 dB bandwidth is 21 MHz at 1,300 MHz
and 39 MHz at 1,600 MHz.

12.3.1.3 Temperature Compensation Performance
As mentioned in the beginning of this section, the temperature calibration table
is first constructed in this part. Then, the closed-loop RF fillter measurement
results with the control system are presented and compared to the results from
the open-loop (without the control system) filters.

Figure 12.32(a) shows the measured temperature-dependent calibration curve
for one resonator of the BPF. Specifically, this figure depicts the measured RF
frequency of the bandpass resonator as a function of the input data within the
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Figure 12.29 The physical structures of (a) the second-order BPF and (b) the second-order BSF with monitoring resonators.
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Figure 12.30 The implementation of the control system blocks and the measurement
setup.

temperature range of —40°C to 80°C. As we can observe, each input is related to
one unique filter frequency at any given temperature. The RF bandpass resonator
also exhibits a temperature-dependent tuning range. This is primarily due to the
temperature-induced stresses on the piezoelectric actuator. For example, at —40°C
the tuning range is from 555 to 793 MHz, which corresponds to an input change
of 27. On the other hand, at 20°C the tuning range is increased to 536-1,022 MHz,
which corresponds to an input change of 1,580. The temperature-dependent input
range results in a temperature-dependent resolution of the system. The average
frequency resolution for the BPF is calculated at each temperature, and the results
are also shown in Figure 12.32(a).

Similarly, Figure 12.32(b) shows the measured temperature-dependent calibra-
tion curve for one resonator in the BSF. This figure also depicts the measured RF
frequency of the bandstop resonator as a function of the input. The RF bandstop
resonator also exhibits a temperature-dependent tuning range. The average
frequency resolution of the BSF is also calculated at each temperature, and the
results are also shown in Figure 12.32(b).
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Figure 12.31 Simulated and measured performance of (a) the BPF and (b) the BSF at
different tuning frequencies at 20°C.

The plots in Figure 12.32 are used as the calibration table for the filters. While
the oscillator operating frequency also varies with temperature, these variations
are compensated for during the calibration procedures.

For both calibration tables, the resolution is relatively low at —40°C because
of the low bending ability of the piezoelectric actuator. For the same reason, the
frequency tuning range decreases at lower temperatures. On the other hand,
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Figure 12.32 Measured temperature-dependent calibration curve and the average
resolutions of the resonator of (a) the BPF and (b) the BSF.

the resolution is below 0.5 MHz as the temperature increases above 20°C and
improves further at higher temperatures.

Figure 12.33 shows the measured BPF and BSF performance when subjected
to temperatures between —40°C and 80°C, both under open-loop and real-time
closed-loop operation. The dashed lines of Figure 12.33(a) show the open-loop BPF
response for various temperatures with constant bias voltage. The voltage is cho-
sen to bias the BPF response to 700 MHz at 20°C. The solid lines show the BPF
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Figure 12.33 Measured open-loop and closed-loop RF frequency response of (a) the
BPF and (b) the BSF at different temperatures.

response of 700 MHz at different temperatures with the temperature compensa-
tion control system engaged. With the real-time control system, the filter operating
frequency can be automatically maintained at the desired frequency regardless of
temperature. For example, at a center frequency of 700 MHz, the passband fre-
quency difference is as small as 6.5 MHz (0.93%), compared to 256 MHz (36%) that
is measured under open-loop operation.
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Figure 12.33(b) shows the response of the BSF at different temperatures,
without and with temperature compensation. The voltage for the open loop
is chosen to bias the BSF response to 1,350 MHz at 20°C. The solid lines in
Figure 12.33(b) show the BSF response of 1,350 MHz at different temperatures
with the temperature compensation system engaged. At a center frequency of
1,350 MHz, the stopband frequency difference is as small as 8.75 MHz (0.65%),
compared to 590 MHz (44%) that is measured under open-loop operation.

In addition to temperature, microphonic perturbations (vibrations) can also be
mitigated using similar techniques [166]. Further developments can also address
shock performance (nonperiodic acceleration).
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128-136
fabrication and measurements
141-146

inter-resonator coupling 140-141

evanescent-mode resonator for 71

external coupling extraction 39-41
fabrication process in PCB technology

59
Bandwidth control
for bandpass filters 115-126
filter design 116-122
filter implementation 122-126
for bandstop filters 126-146
constant bandwidth coupling
128-136
Bandwidth vs. insertion loss (IL) 5
Barium Strontium Titanate (BST) 22
Beamforming techniques 5

Bias electrode microfabrication 69-70

Bidirectional communication
systems 3
Bifurcation 76

BPF-BSF (first-order bandpass—
bandstop) cascade 157

Buffered-oxide-etch (BOE) process 68

Butterworth bandstop filter 53-54

Butterworth response filter 9, 10

BW variation vs. T-line length 131-134

C

Capacitance ratios 149

Capacitively-loaded resonators 25

Capacitors 102

Cavity resonator 25, 65

injection molding 82

Channel filters 3

Characteristic impedance 208

Characteristic polynomials 16, 17

Charge pump 246-247

Chebyshev bandpass filter 51-52

Chebyshev filter response 9, 17, 18,
126, 201, 219, 243

Chemical vapor deposition (CVD) 61

Circuit optimization 257-261

Classical filters 5

Closed-loop monitoring 197

Coaxial cable approximation 26-30

Coaxial cavity resonators 25, 29

Co-design approach 215-224

Co-design method, PA  222-224

Colpitts oscillator 245

Commercial linear actuator 83

Common-mode excitation 202

Common-mode rejection (CMR) 198

Common-mode rejection ratio
(CMRR) 234

Communication systems 4, 6

Comparator 242

Complex impedance loads 16-20

Computer Numerical Control (CNC)
machining 79-80

Constant absolute bandwidth BPF filter
157-160
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Constant bandwidth coupling
128-136
BW variation vs. T-line length
131-134
filter design 136-141
Contactless evanescent-mode resonator
62-63
Contactless mechanical actuators
61-63
Continuous-wave (CW) test 222
Control loop analysis 242
Control system design  261-263
246-247
Convenient method 149

Control unit

Conventional cavity resonators 25
Conventional impedance tuners 195
Conventional planar rat-race coupler
208
Conventional power amplifiers (PAs)
design 217
Conventional thermal compression
71
Coplanar waveguide (CPW)
coupling 39, 57,137
resonators 21
transmission line 136
Copper membrane 179
Corresponding coupling matrix 15
Coupling coefficient model 118, 132
Coupling matrix (M matrix)
basics 5-8
and coupling-routing diagram 10
extended 16-17,20
filter synthesis method 11-13
10-20
complex impedance loads 16-20
finite resonator quality factors
11-13
non-resonating nodes

for synthesis

13-16

Index

positive and negative coupling
10-11

resonator frequency tuning 13
17,19

Coupling matrix theory 216

values
traditional
Coupling-routing diagrams  8-10, 38,
187
for filter topology 15
Coupling sections/transmission lines
13-14
Coupling structure
inter-resonator 193
positive-to-negative 184-185, 188
with quasi-continuous tuning 194
source-to-load 182
38-44
external coupling 38-42

Coupling techniques

inter-resonator coupling 43-44
Coupling values polarity 44-48
Cross-coupled resonators 7
Cylindrical evanescent-mode resonators

27

d
DC-DC converter 247
DC electrostatic force 73
Deep reactive-ion etching (DRIE)
process 69
Denormalized inter-resonator
coupling 179
Describing function method 262
Destructive interference 185-186
Differential-mode excitation 202
Digital-to-analog converter (DAC) 246,
262
Diplexers 198, 248
coupling diagram of 236
example 235-254
RF performance of 250
structure 242-243
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Doublet-based bandpass filter 152,153 co-optimization 37-38

Draft angles 82
Dual-mode diplexing 198-201
Dual-mode evanescent resonator

48-49, 148-150, 154, 155, 157, 200

coupling diagram of 148

high selectivity 152-165
independently tunable 147-152
L-coupling 157

e
Electric and magnetic fields 166
Electric field coupling values 11
Electric field distribution 26, 62, 91
Electric field energy 32
Electrodes (gold-coated silicon-etched
posts) 65
Electromechanical equilibrium 73
Electrostatic force 72, 73
Electrostatic pressure 67
Element-by-element extraction 6
Engineering thermoplastic 80
Equivalent circuit 129
Equivalent circuit model 7
Equivalent model parameters 32
Equivalent resistance 29
Evanescent-mode (EVA) filters
advanced structures 175-194
fractional-order 147-173
high-order 147-173
Evanescent-mode (EVA) resonators
232
active applications of 234
advanced structures 48-51
dual-mode resonators 48-49

fractional mode resonators 49-51

air-filled cavity resonator 78
analysis 26-38

cavity resonator 226
parameters 83
contactless design 62-63
coupling techniques 38-44
coupling values polarity 44-48
cross section of 28
cylindrical 27
cylindrical structure of 60
with electric field distribution 26
filter examples 51-54
four-wedge 165-170
half-and full-mode 207-214
microfabrication process 69
nonlinear MEMS 75
physical structure 25-26
printed circuit board technology
57-60
quasi-absorptive cavity filter 112
second-order BPF 52, 53
in silicon microfabrication 66, 71
simulation of 28
state-of-the-art 94
structure 26, 28
tapered 33
3-D tunable resonators 22-24
unloaded quality factor 28-30
voltage-controlled oscillator design
226-227
Even/odd mode resonators 156
Extended coupling matrix 16, 17, 20
External actuator 78
External couplings 17, 38-42, 84, 104,
105, 115, 116, 136-138, 166, 200
in BAL-BAL diplexer 205
inter-resonator coupling and 122,
165
polarity 44-45
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section model 119
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varactors 126

External magnetic field 22
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Fabricated device 108
Fabricated PA-filter co-design module
221, 222
Fabrication process 57
and measurements 85-93
Fabrication technology 22
Feedback control system 242
Ferrimagnetic tunable resonators 22
Ferroelectric materials 22
Ferroelectric varactors 22
Field distribution 48
Field programmable filter array
(FPFA) 184-194
Filters 3
anatomy and representation 5-20
coupling matrix. see coupling matrix

202-203

structures

coupling-routing diagrams 8-10
assembly 70-71
couplings 112
electrical performance 6
evanescent-mode resonators 51-54
methods 4-5
performance measurements 87-90
resonant modes 117
RF design 82-85
right actuator for 96-97
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Filter synthesis method 11
Filter synthesis theory 217
Fine fabrication process 104
Fine tuning 51
Finite resonator quality factors 11-13
Finite unloaded quality factor 126

Index
Fixed-frequency device 95
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Four-pole constant ABW filter 144-146

4-pole elliptic bandpass filter 11
Four-pole series-coupled resonator
bandpass filter topology 12, 13
Four-wedge evanescent-mode resonator
165-170
bandpass filter design 165-167
Fractional bandwidth (FBW) 11-13, 84,
118, 126, 131, 142
Fractional mode resonators 49-51
Fractional-order evanescent-mode filters
147-173
Frequency dependence
126
coupling coefficient
139
Frequency-division duplexing (FDD)
198
Frequency-independent coupling

behavior
130, 131, 137
coupling values

systems

elements 6
Frequency-invariant reactance 102
Frequency ratio 149
Frequency synthesizer 224

architecture and phase noise model

224-226
Frequency tuning ratio 34-37
Full-mode evanescent-mode resonators

207-214
Full-mode rat-race coupler
Full-wave simulations 35
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GaAs Schottky diodes 21
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Generic equivalent circuit representation

6
Geometrical characteristics 78, 82
Gold 70
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bonding 107

Grounded coplanar waveguide (GCPW)
150, 162

h
Half-mode evanescent-mode resonators
49-50, 207-214
Highly-loaded resonators 25
High-order evanescent-mode filters
147-173
four-wedge evanescent-mode
resonator 165-170
high selectivity dual-mode filters
152-165
independently tunable dual-mode
resonators 147-152
High-power measurement setup 92
High-Q evanescent-mode cavity filter
122,127
High-Q filters 215-224
High selectivity dual-mode filters
152-165
constant absolute bandwidth BPF
filter 157-160
implementation and validation
160-165
resonator design 154-157
HM-EVA-B rat-race coupler 213

I

Identical polarity 133

Impedance matching 119-120

Impedance tuners 195-198
design and fabrication 195-197
linearity 197

Independently tunable dual-mode

resonators 147-152

experimental validation 151-152

Inductive proximity sensing 255-257

Injection molding 77-97

cavity resonator 82, 84
and CNC machining 79
fabrication and measurements 85-93
manufacturing technology 77-82
resonator and filter RF design 82-85
right actuator for filter 96-97
right manufacturing technology
95-96
technology 78-80
of thermoplastics 77
Input-referred phase noise 225
Insertion loss (IL) 182
Intermodulation intercept point
(IIP3) 195,197
Inter-resonator coupling 43-44, 51, 84,
105, 106, 161, 167,172,191, 201
bandstop filters (BSFs) 140-141
external and 196
and external coupling control 122,
165
polarity 45-48
resonators and 65
Intra-resonator coupling 166-168

J

Jammer suppression 254

l

Lambert W-function 30

L-coupling 156, 157

Leeson model 224

Linear actuators 160

Linear circuit analysis 74

Linear frequency dependence 133

Linearization method 242

Linearized system model 242, 262

Liquid crystal polymer (LCP) layer 83,
86, 171, 180, 211

Loading post 25

Load-pull simulation 217
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Local stopband attenuation
enhancement technique
187-188

Long Term Evolution (LTE) 3

Loop coupling 39

Low-noise amplifiers (LNAs) 3,104

L-shaped coupling system 153

Lumped element bandstop filters 14

Lumped-element equivalent 208

Lumped element resonators 20
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Magnetic coupling 65
Manufacturing technology 77-82
design for moldability 81-82

device concept 77-78

injection molding technology 78-80
material selection 80-81

Mass manufacturing process 78
Matching filter theory 219

Material loss 22

Matrix laboratory (MATLAB) code 197
Mechanical actuator 27

Mechanical bonding technique 78
72-76
Mechanical restoring force 73
Mechanical rigidity 96

Mechanical stress 70

Membrane deflection 122
Membrane metal 68

Mechanical model

Microactuator pillars 86
Micro-corrugated diaphragms
(MCDs) 67-69
Micro-electro-mechanical systems
(MEMS) 66-67, 115,182, 195,
254-255, 259, 263
Microfabrication process 68-71
bias electrode microfabrication
69-70
evanescent-mode resonator 69
MEMS tuner microfabrication 68-69
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Micro-injection molding technology
77
Microphonic perturbations (vibrations)
274
Microstrip resonators 127
Millimeter-wave components
Mixed-coupling topology 11
Mixed-mode S-parameters 210, 233
Mixed-parameter analysis 110
Mixer-first receiver designs 4-5
Mode frequency ratio (MFR) 199, 200
Modeled inductance value 32
Mode propagation constant 156
Moldability, design for 81-82
Monitoring and control
applications 267-274
filter 266-267
of PCB-based resonators 235-254
control loop analysis 242
design details 242-247
implementation and measurements

104

247-254
system architecture 235-241
resonators 237-240
of silicon-based filters 254-267
temperature control 268-274
Monitoring resonator 243

Multi-coupled resonator network 16
Multi-harmonic load-pull simulation
217

n

Narrow-band approximation 20
Narrow-band behavior 8

Narrowband filter 115,117

Near field cancellation 5

Negative coupling values 9-11
Negative frequency dependency 129
Negative phase-vs-frequency slope 135
Nonlinear circuit model 73
Non-resonating nodes (NRNs) 9, 13-16
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Off-chip filtering 4

Operating frequency 95-96
Oscillator  243-246

Out-of-band frequency response 38

p

Parallel plate approximation 35
Parallel plate capacitance 27
Passband control 115-146
Passband insertion loss 191
Passive applications

impedance tuners 195-198

single-ended (SE) and balanced (BAL)

diplexers 198-207
tunable filtering rat-race couplers
207-214
PCB-based resonators 235-254
PCB manufacturing 96
Phase-locked loop (PLL) 224-231
board 229
circuit design and optimizations
226-231
design 227-228
voltage-controlled oscillator design
226-227
Phase noise model 224-226
Photolithography 68
Piezoelectric actuator disks 237
Piezoelectric actuators 179, 211, 243
Piezoelectric disk tuners 60-61
Piezoelectric material 60
Piezoelectric tuners 203
Planar tunable filter architectures
21
Planar tunable resonators 21-22
Plastic technologies 79
Polarity design 138-140

Positioner’s cost 78
Positive coupling values 10-11
Positive frequency dependence 129
Positive intrinsic negative diode (PIN)
188
Positive-to-negative
coupling structure 184-185, 188
inter-resonator coupling 185-188
Power amplifiers (PAs) 195, 215-224
co-design method 222-224
design 220
experimental results 220-222
filter design 216
matching filter design 217-220
transistor characterization 217
Power consumption 96
Power gain 197
Power handling test 23, 72-76, 90-93,
197-198
Primary design constrains 37
Printed circuit board (PCB) technology
57-63, 141, 161
BPF fabrication processin 58
BSF fabrication process in 59
copper thickness 60
evanescent-mode resonator structure
57-60
fabrication process 57
tunable membrane 60-63
Production cost and volume 96
product logarithm function 30
Proto Labs Inc. 85

q
Quality factor

co-optimization 37-38
resonator 106

unloaded 28-30
Quasi-absorptive topology 109-114

design and implementation 111-114
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assembly processes of 213
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coupled-resonator 208
full-mode 209-210
half-mode 210-214

Reconfigurable bandpass filter

184

Reconfigurable second-order bandpass

filter 147

Reflection coefficient 8

150
Reconfigurable resonator

Relative polarity 44

Resistances 29

Resonant frequency 9, 35, 47, 148
evanescent-mode cavity 237
misalignment 199
separation 156

Resonator frequency tuning 13

6, 85-87

array design and fabrication

188-189

coupling-routing diagram of 186

and filter RF design 82-85

and inter-resonator coupling 65

Resonators

monitoring and control 237-240
portsand 9
quality factor 106

resonant frequency of 9
Resonator-to-resonator coupling 43
Reverse power plating (RPP) method
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RF micro-electromechanical systems
(MEMS) 21,22, 191
Right actuator for filter 96-97
Right manufacturing technology 95-96
RMS jitters 230
Roger ULTRALAM 3850HT 211
Rolled copper 60
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SE-BAL diplexers 198, 202-205

S-parameters of 204, 205
Second-order filter

bandpass filter 150, 159

Butterworth bandpass filter 180

Chebyshev bandpass filter 18, 159,

215
reconfigurable filter design 116
Selectivity 5
Self-coupling terms 13
Self-resonant frequency 20
Self-tuning frequency shift 13
Semiconductor varactors 21
Sensing method 255
Series-coupled resonator 9
SE-SE diplexers 201-202
Short-length shorted transmission
line 29
“Shunt’ configuration” 39
Shunt-parallel RLC resonators 101
Silicon-based filters 68, 254-267
Silicon microfabrication 65-76
evanescent-mode tunable BPF filter
in 66,71
generic structure  65-66
mechanical model and power
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MEMS tuner design  66-67
microfabrication process 68-71
Simple 1-D spring-mass model 72

Simplified model 262
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BAL-BAL diplexer 205-207

coupling 232
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Spectrum sensing method 240-241

Spiral inductor 255

Sputtered metal 68

Standard transmission line theory 120

Stress-free corrugated diaphragm 67
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189

Substrate integrated waveguide (STW)
199

cavity resonator 148
Synthesis method 222
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Tank resonators 122

Tapered evanescent-mode resonator
33,34

Tapered resonator model 30-37

equivalent circuit of 34
modeling approach of 33

Tapped coupling 39

TargetFrequency Number 248

TEM-mode resonators 148

TEM-mode TL equivalent model 156

Temperature compensation 267-274

Temperature sensitivity 22

Testbed filter design 263

Tetramethylammonium hydroxide
(TMAH) 68, 69, 107

Thermoplastics, injection molding of
77

3D EM simulations 105

3D printing technologies 77

TMM3 printed circuit board 179

Traditional cavity resonator 26

Traditional coupling matrix 17,19

Transfer function 242
Transmission coefficient 8
Transmission zeros (TZs) 182
Transmitted power 3
Transverse Electro-Magnetic (TEM)
transmission line 135, 136
Triplet quasi-absorptive topology
109-114
Triton X-100
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surfactant 68
Tunable antenna isolation baffles 4
Tunable diplexers 198, 235, 236
Tunable dual-mode resonators 147
Tunable evanescent-mode resonators
77,104, 188
Tunable filtering rat-race couplers
207-214
Tunable half-mode SIW filter 170-173
Tunable membrane 60-63
contactless mechanical actuators
61-63
piezoelectric disk tuners 60-61
Tunable resonators
evanescent-mode 3-D  22-24
ferrimagnetic 22
in filters 20-24
planar 21-22
technologies 24
Tuning actuators 152
Tuning control system 243
Tuning mechanism 96
Tuning range 37-38
Tuning range and quality factor
co-optimization 37-38
Tuning speed 23
Tuning varactors 115
Two-pole absorptive bandstop filters
101-104, 134
Two-pole shunt-coupled bandstop filter
(BSF) topology 9
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Varactor diodes 115
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performance 224-225,
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Voltage tunable capacitors 22
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W-band absorptive bandstop filters
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Weak external coupling 42

‘Well-calibrated fabrication processes
267
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Young’s modulus 66
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