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Chapter

Reconfigurable Filter Design
Tae-Hak Lee, Sang-Gyu Lee, Jean-Jacques Laurin and Ke Wu

Abstract

This chapter discusses recent development of reconfigurable filters. The technical
terminology reconfigurable means that a circuit is designed in a way to have
various electrical characteristics comparing with one which has a static feature.
For the filter design, the various electrical characteristics can be considered as the
filter can tune its operating frequency, bandwidth, and/or have multiple operational
modes, that is, bandstop or bandpass modes. Also, recently, the filters that can
exhibit an improved impedance matching performance over its stopband have
been reported. It provides more options for the filter designers to realize the
reconfigurable filters having reflective and/or absorptive frequency response types
to satisfy a prior given requirement. In this chapter, recently devised filter designs
will be covered and essential frequency tuning elements to realize the
reconfigurable characteristic will be introduced as well.

Keywords: resonant frequency, operational modes, reflective, absorptive,
frequency tuning elements

1. Introduction

Microwave filters play an important role in the chain of radio frequency (RF)
front end to transmit and receive the required signals or to block the undesired
ones. Most filter designs are dependent on the electrical length of the operating
frequency or the field configuration of the resonant modes inside a cavity so the
reconfigurable characteristic such as the capability to tune the operating frequency,
bandwidth, and operational modes can be obtained by controlling the dependent
design parameters. Recently, some researchers embarked on the development of
filters that have the better matching performance at its stopband region to avoid
using the isolators. The improved impedance matching characteristic is achieved in
a way the input signal not to be reflected back to the input port by absorbing the
input signal inside the filter structure so the devised circuits having the improved
impedance performance are often named as an absorptive or a reflectionless filter.

In this chapter, we will explore the recent development of reconfigurable filter
designs that can change their operating frequency, bandwidth, and operational
modes along with some tuning components. Besides, the filter designed to have
both reflective and absorptive characteristics will be shown. The frequency tunable
substrate integrated waveguide (SIW) resonators are used to change the operating
frequency of the reconfigurable filter and, to achieve frequency agility, the tuning
elements based on the piezoelectric disk or the electromagnet are also given. To
verify the tuning method using the electromagnet, frequency tunable filtering balun
is fabricated and tested using four electromagnets. In the following section, we first
start from the theoretical modelings of the frequency responses of the
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reconfigurable filter using coupling coefficients and equivalent circuits, and then
the circuit model with simulation and measurement results are given to support the
theoretical modelings.

2. Filter designs

The coupling coefficients and their array in form of a matrix containing the
inverter values are widely used to explain or represent the operation mechanism of
the filter structure. The fundamental theory and detailed concepts to establish the
coupling coefficients and matrix can be found from well-known textbooks [1, 2]. In
this section, we will briefly cover the definition of two coupling coefficients and the
experimental process to assess the coupling coefficients of the physical external, or
inter-resonator coupling structures. Both couplings essentially need to be defined
for the theoretical frequency responses and the associated coefficient to each
coupling structure should be realized from the coupling structures for the filter to
satisfy the requirements.

2.1 Coupling coefficients modeling

In this subsection, two kinds of the coupling coefficients, external and internal,
are explained and the way to obtain two different coefficients from the simulation
or measurement process with ease will be analytically given.

Figure 1 shows an nth order filter circuit with serially connected LC resonators.
The couplings between the resonators and between a resonator and input/output
ports are shown with K-inverters and the values for the inverters are given using Ki,j

and K0,1, respectively. Note that the given nth order circuit consists of the serially
connected resonators and impedance inverters but the identical nth order frequency
response can also be realized using parallel connected LC resonators and admittance
inverters. In other words, in this chapter, we extract the theoretical frequency
responses using the series LC resonators with K-inverters but the same results can
be obtained with parallel resonators with J-inverters due to the duality theorem.

The inverter values for the required bandpass responses can be defined as
follows [3],

K0,1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z0L1

g0g1
Δω

s

, Ki,j ¼
ffiffiffiffiffiffiffiffiffi

LiL j

gig j

s

Δω, Kn,nþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z0Ln

gngnþ1
Δω

s

(1)

where the Δω represents the bandwidth of the filter and the lowpass prototype
elements are given using gn. When the series LC resonators are replaced with
generalized resonators which have the reactance slope parameter, xi, and the
inverter values given in Eq. (1) can be driven as Eq. (2),

Figure 1.
Nth order filter structure composed of series LC components.
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K0,1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z0x1
g0g1

FBW

s

, Ki,j ¼
ffiffiffiffiffiffiffiffiffi

xix j

gig j

s

FBW, Kn,nþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z0xn
gngnþ1

FBW

s

: (2)

where the FBW stands for the fractional bandwidth. In Eq. (2), port impedance
Z0 can be normalized and the lowpass prototype elements, g-parameters, can be
replaced using the normalized coupling coefficients, Mn,nþ1. As a result, the
K-inverter values of the nth order bandpass filter for the external and inter-
resonator coupling structures are given in Eq. (3).

K0,1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x1FBW
p

M0,1, Ki,j ¼
ffiffiffiffiffiffiffiffiffi

xix j
p

FBWMi,j, Kn,nþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xnFBW
p

Mn,nþ1: (3)

In a similar way, J-inverter values can be obtained with the susceptance slope
parameters of parallel resonators and those are given in Eq. (4).

J0,1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b1FBW
p

M0,1, Ji,j ¼
ffiffiffiffiffiffiffiffiffi

bib j

q

FBWMi,j, Jn,nþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bnFBW
p

Mn,nþ1: (4)

The theoretical frequency responses based on the normalized coupling coeffi-
cients, Mn,nþ1, can be generated from the lowpass prototype g-parameters, gn.
Figure 2 shows the theoretical frequency responses of the second-order filtering
structures. The coupling coefficient matrices associated with the structure are given
in the inset of the figures. Note that the filter can produce either bandpass or
bandstop frequency response according to the coupling scheme. The theoretical
responses are generated with an assumption that the filters are designed and
realized with resonators having a quality factor of 350. The fractional bandwidth of
the filter is set as 0.023. Note that both frequency responses are designed to have
the 3-dB bandwidth at the normalized frequency of ω is equal to 1.

In order to meet the requirement regarding the frequency response of the
reconfigurable filter, the coupling structure should be designed based on the simu-
lation or measurement process to find a suitable value for each coupling structure.
With the given values for the normalized coupling coefficients and the fractional
bandwidth, the inverter values for both external and internal coupling structures
need to be determined to realize the required filtering responses.

Figure 3 shows a simulation or measurement setup for the external coupling and
its reflection coefficient result. The input impedance seen from the source and the
reflection coefficient, Γ, can be given in Eq. (5).

Figure 2.
Theoretical frequency responses.
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Zin ¼
K2

0,1

jω0L
ω

ω0
� ω0

ω

� � , Γ ¼ Zin � Ra

Zin þ Ra
: (5)

The reflection coefficient can be reorganized with the input impedance, Zin, and
the frequency points at which the phase of the reflection coefficient meets �90°. In
other words, the reflection coefficient can be organized with respect to ω when its
phase is 90° or �90°, and two positive solutions are given in Eq. (6).

ωþ90 ¼
�k201 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k401 þ 4 Raw0Lð Þ2
q

2RaL
, ω�90 ¼

k201 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k401 þ 4 Raw0Lð Þ2
q

2RaL
: (6)

So, the difference between two frequency points can represent the inverter
value and, with the predefined form of Eq. (3), it can be summarized as Eq. (7)
when the source impedance, Ra, is the same as the port impedance, Z0.

f�90 � fþ90 ¼ Δf �M2
0,1: (7)

where Δf is the bandwidth in Hz.
It means that the physical external coupling structure can be tuned during

simulation or measurement process to meet the required design value. The design
goal can be calculated with the given values such as the normalized coupling coef-
ficient and bandwidth. As a result, the dimensions for external coupling structure
can be determined or fine-tuned to achieve the prescribed frequency responses.

In addition to the external coupling structure, the reconfigurable filter also
possesses the internal coupling structures and the inter-resonator coupling coeffi-
cients represent its coupling strength between resonators. Figure 4 shows the
equivalent circuit for the simulation or measurement setup for the inter-resonator
coupling and its transmission coefficient result. As shown in the figure, two reso-
nators are coupled each other through a coupling structure modeled with an
inverter whose value is Ki,j, and both resonators are fed from source or load with
loosely coupled through the inverters, K0 or K″. In other words, to minimize any
likely effects from input and output ports given with Z0 in Figure 4 on the inter-
resonator coupling coefficients, the simulation or measurement setup for the inter-
resonator coupling coefficients is designed to have small K0 or K 00 values. The input
impedance seen from the loosely coupled external ports is given in Eq. (8).

Zin ¼ jω0Li
ω

ω0
� ω0

ω

� �

þ
K2

i,j

jω0L j
ω

ω0
� ω0

ω

� �
: (8)

Figure 3.
Simulation setup for an external coupling coefficient and its phase response of the reflection coefficient.
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Since two resonant peaks in the transmission response given in Figure 4
coincide with the short-circuited frequencies, we can have frequency points by
calculating its zeros of Eq. (8) with respect to the ω. Each positive solution from two
different equations can be given as f 1 and f 2.

f 1 ¼
�Ki,j þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K2
i,j þ 4w2

0LiL j

q

4π
ffiffiffiffiffiffiffiffiffi

LiL j

p , f 2 ¼
Ki,j þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K2
i,j þ 4w2

0LiL j

q

4π
ffiffiffiffiffiffiffiffiffi

LiL j

p : (9)

Similar with the case for the external coupling coefficient design, the inter-
resonator coupling coefficient can also be estimated from the distance between two
frequency points and it can be calculated as Eq. (10) with the theoretical values of
Ki,j with ease.

f 2 � f 1 ¼ Δf �M1,2: (10)

Based on Eqs. (7) and (10), one can estimate the coupling structures for both
external and internal couplings and precisely optimize the dimensions of structures
to realize the required filter responses.

Up to this, we designed coupling structures for the external and inter-resonator
couplings, and it could be done by using both theoretical responses and simulation
or measurement processes. The reconfigurable characteristic can be obtained by
applying the electronic components such as the varactor or pin diodes to the static
coupling structures. For example, the shunt-connected varactor diodes can be
embedded in the inter-resonator coupling structure and it results in different cou-
pling coefficients comparing with the one without varactor diodes. The external
coupling coefficients can also be tuned with electronic components loading to
provide the proper impedance matching performance. In the following subsection,
the equivalent circuits of coupling structures with tuning elements are presented in
more detail.

2.2 Equivalent circuit modeling

In the previous subsection, the theoretical coupling values comprising a filter
structure are given and simulation or measurement setup to extract the coupling
coefficients is also provided. In order to realize the required filter responses with the

Figure 4.
Simulation setup for an inter-resonator coupling coefficient and its magnitude response of the transmission
coefficient.
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fabricated filter, we establish the equivalent circuits based on the theoretical values
and also perform the full-wave simulation process with commercial tools such as
Keysight Advanced Design System and Ansys High Frequency Structure Simulator.
In this subsection, two equivalent circuits for the different frequency responses,
frequency tunable bandpass and absorptive bandstop, are given to describe the
operation mechanism of a reconfigurable filter [4]. Both equivalent circuits consist
of the coupling structures that are covered in the previous section and those contain
the electronic components to achieve the required reconfigurable characteristic.
During the simulation, the capability of loaded electronic components that change
the coupling coefficients can be figured out and the detailed simulation results are
given in [4].

Figure 5 shows an equivalent circuit for a frequency tunable two-pole bandpass
response. It contains two LC resonators coupled each other through an iris which is
modeled using an inductor, Lc. A short-circuited microstrip line with shunt connected
capacitors also contributes the inter-resonator coupling at the same time. The input
and ouput lines are also coupled to the resonators. As mentioned in the previous
section, the reconfigurable characteristics can be realized by tuning the coupling
structures and, in this equivalent circuit, the short-circuited capacitors, Ci and Ce, are
placed to optimize the internal and external coupling coefficients, respectively. The
operating frequency agility is basically achieved by changing the value of Cr and the
passband bandwidth can mainly be tuned by Ci. A capacitor serially shunt-connected
to the input and output port using a short length of microstrip line lmð Þ can control
the matching performance. As a result, all features for the bandpass frequency
responses can be controlled with three different capacitors.

Figure 6 shows the simulation results for the operating and bandwidth tuning
performance of the bandpass equivalent circuit. The detailed circuit parameters can

Figure 5.
Equivalent circuit for bandpass frequency response of the reconfigurable filter.

Figure 6.
Simulation results for the operating frequency and bandwidth tuning performance of the bandpass equivalent
circuit.
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be initially decided when the coupling structures for external and inter-resonator
couplings are investigated using the full-wave simulation process as given in the
previous section. The initial circuit parameters except for the three capacitance
values are N1 = 1.05, N2 = 2.2, lm = 0.357 in, li = 0.315 in, Lr = 10.467 nH and Lc =
6.978 nH. The capacitance for resonators Cr is used from 22 pF to 70 pF and the
other two capacitance values are determined based on the reasonable values from
the commercial varactor diodes. The frequency tuning ratio of larger than 1.7:1 is
expected based on the simulation results. The different capacitance loading Ci

changes the resonant frequency of a resonant mode so it results in the bandwidth
control capability. Note that the simulation for the bandwidth tuning is performed
with a fixed Cr value and the similar tuning performance can be obtained over the
frequency tuning range of interest. The simulation results exhibit that one can tune
the center frequency and bandwidth of the filter maintaining the impedance
matching performance.

Figure 7 shows the equivalent circuit for the absorptive bandstop frequency
response. Similar to the one for the bandpass frequency response it can change the
operating frequency by changing the capacitance which is the part of resonators. In
order to realize the unity coupling value between source and load as given in the
inset of the theoretical frequency response, the microstrip line which is designed to
have an electrical length of 270∘ at 2.2 GHz is added between two ports. Except for
the microstrip line for Msl, the rest of the circuit parameters are the same as those
for the bandpass mode equivalent circuit. The absorptive frequency responses given
in Figure 8 can be characterized with the reduced reflection coefficients at the
stopband of the bandstop filtering response. The equivalent circuit shows the best
absorptive characteristic at 2.2 GHz of the predetermined center frequency but the
amount of the reflection coefficient increases as the operating frequency is tuned
from the predetermined one since the electrical length of the microstrip line devi-
ates from the center frequency. In other words, the frequency tuning range of the
absorptive bandstop mode is mainly limited by the electrical length of the filter
structures and, in this case, it is about 500 MHz with less than �10 dB reflection
coefficient.

Two equivalent circuits shown in Figures 5 and 7 are realized using frequency
tunable substrate integrated waveguide (SIW) resonators, varactor diodes, and
single pole double throw (SPDT) switches. Two frequency tunable resonators and
the microstrip line structure are placed at the different substrate and are coupled
through coupling slots. The commercial varactor diodes are embedded in the
microstrip line and are used to tune the coupling strength with different input
voltages. In order to realize both bandpass and absorptive bandstop responses using
a filter structure, two SPDT switches are also embedded in the microstrip line
designed to provide Msl coupling between source and load.

Figure 7.
Equivalent circuit for absorptive bandstop frequency response of the reconfigurable filter.
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2.3 SIW resonator-based reconfigurable filter

Figure 9 shows the filter configuration and a photograph of the fabricated filter
with two frequency tuning elements [4]. At the top of the fabricated circuit, the
microstrip line for the RF input signal is etched together with direct current (DC)
bias lines for the electronic components. The coupling slots in the ground plane of
the microstrip line are used to control the external or internal coupling and their
size should be optimized in order to satisfy both bandpass and absorptive bandstop
frequency responses. In virtue of the shunt-connected varactor diodes embedded in
the microstrip, one can realize or achieve the coupling coefficient requirement over
the frequency tuning range of interest. The SIW resonator consists of conductive

Figure 8.
Simulation results of the equivalent circuit for the absorptive bandstop responses.

Figure 9.
Reconfigurable filter configuration and a photograph of the filter with frequency tuning elements.
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posts at the center of the resonator and, with a copper membrane attached at the
bottom of the resonator, high capacitance is loaded between the copper membrane
and a circular-shaped ground plane of the post. The frequency agility is achieved by
changing the loaded capacitance, and it means that the thickness of the air gap
determines the resonant frequency of the frequency tunable SIW resonator.
The frequency tuning elements attached at the bottom of the resonator are designed
to change the air-gap thickness with the movement of a shaft connected to a
piezoelectric disk actuator. More about the tuning element will be given in the
next section.

Figure 10 shows the measurement results of the bandpass mode of the
reconfigurable filter. The operating frequency is tuned from 1.86 to 3.3 GHz. The
resonant frequency is tuned using two piezo disk-based tuning elements and the
impedance matching performance of at least below �10 dB reflection coefficient is
maintained over the frequency tuning range thanks to the varactor diodes for the
external coupling optimization. As shown in the frequency tuning measurement
results, the filter exhibits the different passband bandwidth as its operating fre-
quency is tuned. Since the coupling strength generated from the coupling slots is
unavoidably frequency dependent, so the coupling coefficient from a coupling slot
with a fixed dimension can be different as the operating frequency of the filter is
tuned. As mentioned earlier, the passband bandwidth is mainly controlled with the
varactor diodes which have a capacitance value of Ci in Figure 5. The fabricated
filter can also maintain its passband bandwidth even though the operating fre-
quency is changed. In the right graph of Figure 10, the capacitance values are set to
realize 80 MHz constant bandwidth with about 640 MHz frequency tuning range.
Figure 11 shows the measurement results of the absorptive bandstop mode of the
fabricated filter. As expected from the simulation result given in Figure 8, the
absorptive characteristic is maintained over the frequency tuning range of interest
and the amount of reflection coefficient and attenuation performance get worse
when the operation frequency moves away from the frequency where the l2 given
in Figure 7 satisfies the electrical length of 270∘. The fabricated filter provides more
than 500 MHz of frequency tuning range when it operates as an absorptive
bandstop mode.

In the following section, the frequency tuning elements that can be applied to
the aforementioned frequency tunable SIW resonators will be given. First, the
piezoelectric disk-based tiny ultra-linear actuator will be introduced with its
detailed operating mechanism and then we will provide the recently proposed
tuning method based on the magnetically actuated tuning elements. Finally, a
filtering balun structure is fabricated and its frequency tunable characteristic is
tested using four electromagnets to verify the proposed magnetically actuated
tuning method.

Figure 10.
Measured bandpass mode frequency responses.
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3. Frequency tuning elements

In order to achieve frequency agility, one can exploit the tuning elements in the
filter structures. Those can be varactor or pin diodes when the filters are designed
with lumped or distributed elements such as microstrip lines since they can change
and perturb the electrical length or the electromagnetic fields in the structures [5]. In
this section, two different kinds of frequency tuning elements and their application to
the frequency tunable substrate integrated waveguide resonator will be covered.

3.1 Piezoelectric disk-based elements

The frequency tunable SIW resonator shown in the previous section utilizes a
piezoelectric disk-based actuator to change the thickness of an air gap in which the
electric field is strong [6]. The piezoelectric actuator can be applied to the SIW
resonator in two different ways.

Firstly, as shown in [6], the piezo disks can be directly attached to the copper
membrane and react to the applied DC voltage. The thickness of the disk can be
varied with the applied voltage so the different air-gap thicknesses result in the
resonant frequency tuning. However, there are two drawbacks in directly attaching
the piezo disk to the resonators. One is the size of the disk itself as it should cover
the whole of the copper membrane and supporting substrate to properly operate its
function and it can limit the size of the resonator as well. It means that the piezo
disk may not be large enough to cover the frequency tunable resonator designed to
operate at lower frequency bands. The second drawback is the large input voltage
range with the hysteresis effects. The applied input voltage is dependent on the
piezo disks, but it could be from �200 to +200 V to satisfy the sufficient frequency
tuning range requirements. In addition, the amount of changes in the thickness is
not identical when the applied voltage moves from low to high level or from low to
high level due to the hysteresis effect.

Figure 11.
Measured absorptive bandstop mode frequency responses.
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Secondly, the frequency tunable substrate integrated waveguide resonator
utilizes the tiny ultra-linear actuators, named TULA to tune the resonant frequency
[7]. The devised element shown in Figure 12 is comprised of a small piezo disk with
a post attached to and the input voltage is applied by using a small driver circuit that
can be controlled with commercial software. The applied voltage pulse has a form of
sawtooth and the post attached to the piezo disk moves upward or downward. The
reported linear actuator has an advantage over the disk type of piezoelectric actua-
tor as it can provide a predictable amount of movement per the amplitude of pulse
in spite of the hysteresis of the piezo disk. But these tuning elements can limit the
filter to be assembled with a neighboring circuit due to the size of the fixture with a
shaft. In addition, one end of the post should be glued to the copper membrane to
control the air-gap thickness, so during the fabrication process, especially in the
attachment of the post to the filter, there is a chance of serious damage to the copper
membrane. In addition, it is not a practical way to realize the frequency tunable
characteristic when low cost, compact volume designs are needed.

3.2 Magnetically actuated tuning elements

In this subsection, a recently reported frequency tuning method that can be
applied to the frequency tunable substrate integrated waveguide resonators will be
covered [8]. An electromagnet with a high permeability foil are utilized to tune the
resonant frequency without any contacts between the resonators and tuning ele-
ments. A foil sheet is glued on the copper membrane during the fabrication process
so the thickness of an air gap can be tuned with the applied magnetic flux from the
electromagnet. Based on this method, the resonant frequency of the filter can be
precisely tuned and the copper membrane can maintain its status as it was fabri-
cated since the frequency tuning element, electromagnet, does not contact the filter
circuit, unlike the piezoelectric actuator. A detailed explanation along with the
simulation and measurement results is given in the following.

Figure 13 shows simplified 3D and side view of the circular-shaped substrate
integrated waveguide resonator. A copper plate is circularly etched at the bottom of
the substrate and is also electrically connected to the top plate via conductive via-
holes. A large amount of capacitance is generated at the air gap between the copper

Figure 12.
A photograph of a piezoelectric disk-based tiny ultra-linear actuator.
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plate and the copper membrane so the resonant frequency tuning mainly can be
done by changing the thickness of an air gap. The relationship between the thick-
ness and resonant frequency as well as the quality factor is simulated and the results
are also given in Figure 13.

Based on the Eigen model simulation results, a single-frequency tunable resona-
tor is designed to support the electromagnet-based tuning method. As shown in the
upper left figure of Figure 14, two conductor-backed coplanar waveguide lines
which are designed to have 50 Ω characteristic impedance are used as input and
output lines. Two radial-shaped slots control the external couplings between 50 Ω

line and resonator so a tight coupling can be achieved with a larger coupling slot.
The side view is also given for the fabrication process, and it is noted that a high
permeability foil is glued at the bottom of the resonator with the same adhesive
used for the lamination of two substrates. The photograph of a fabricated resonator
with a high permeability foil is also shown in Figure 14. The high permeability sheet
glued to the frequency tunable SIW resonator for the magnetically actuated tuning
method is from Metglas, Inc.

Prior to the implementation of the proposed frequency tuning method to the
fabricated filter structure, the magnetic flux density and the current consumption
from an electromagnet need to be investigated and the measured results are given in
Figure 15. The magnetic flux density is measured using a Tesla meter and a probe as

Figure 13.
Simplified view of a frequency tunable circular SIW resonator and its electrical characteristics.

Figure 14.
Simulation model of frequency tunable SIW resonator, a side view drawing of the fabricated circuit, and
photographs of SIW resonator.
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shown in the inset of Figure 15. An electromagnet used for the measurement is a
readily available one from market and its rated input voltage is 12 V, so applying the
input voltage larger than the rated voltage for a long period of time can result in a
damage of the electromagnet.

The electromagnet is placed both upper and lower sides of the fabricated one-
pole frequency tunable SIW resonator to tune the resonant frequency as shown in
Figure 16. Since the electromagnet only generates an attraction force from the input
voltage, two electromagnets are used to move the high permeability foil in the
opposite direction. In order to maximize the frequency tuning range, the input
voltage to the electromagnet is applied to each at a time. The resonant frequency is
tuned from 1.3 to 3.7 GHz which is larger than the frequency tuning ratio of 2.8:1.

Figure 15.
Measured magnetic flux density and current consumption from an electromagnet.

Figure 16.
Photograph of the fabricated one-pole frequency tunable SIW resonator with electromagnets and its measured
frequency responses.
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In future research on the magnetically actuated tuning elements, the smaller elec-
tromagnetic that can generate two-way magnetic forces with lower input voltage to
satisfy the specific applications are expected.

3.3 Frequency tunable filtering balun with magnetically actuated tuning
method

In this subsection, a filtering balun design is provided and its resonant frequency
is tuned based on the aforementioned magnetically actuated tuning method. The
fundamental design theory for the frequency tunable filtering balun follows the one
reported in [9] except for the order of circuit structure and the required frequency
tuning range.

Figure 17 shows the exploded view of the frequency tunable filtering balun.
Similar to the reconfigurable filter given in [8], the filtering balun consists of two
different substrates and each substrate contains the microstrip lines or SIW resona-
tors, respectively. The couplings between two substrates are achieved through
coupling slots placed at the ground plane of the microstrip line. To meet the
requirement of balun, one port is designed in form of a single-ended microstrip
input line and the other two ports have differential output lines. The short-circuited
microstrip line fed the SIW resonator and the two ports connected to the other
microstrip line receive output signal having an equal magnitude and a phase differ-
ence of 180∘. This can be done by introducing a coupling slot at the center of the U-
shaped microstrip [9]. As shown in the photograph of the fabricated filtering balun,
two circular-shaped foils which have a high permeability are glued at the bottom of
the devised circuit. Two electromagnets are placed at both sides of the circuit for
each frequency tunable SIW resonator. To satisfy the required frequency tuning
range, the electromagnets are placed as close as possible by optimizing the height of
the plastic support. The electromagnets are the same as those used in Figure 16, so
the input voltage can also be swept from 0 V to 12 V.

Figure 19 presents the simulation results of the filtering balun. The required
frequency tuning is about 17% at the center frequency of 2.9 GHz with the proper
performance on the differential output line such as the amplitude and phased
imbalance. The mixed-mode S-parameters (Sds21, Scs21, and Sdd22) are calculated and

Figure 17.
Simulation model of the frequency tunable filtering balun and its detailed view with high permeability foils.
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Figure 18.
Simulation results of the frequency tunable filtering balun.

Figure 19.
Measurement results of the frequency tunable filtering balun.
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also given in Figures 18 and 19. The operating frequency of the fabricated filtering
balun is tuned from 2.65 to 3.15 GHz which satisfies the requirement and both
amplitude and phase imbalanced performance at the passbands are given. Some
discrepancies between the simulated and measured results are from some unex-
pected factors raised from fabrication or assemblies that can impact the electrical
characteristic of the differential output signal. In this section, the frequency tuning
method utilizing the electromagnets with high-permeability foil has been tested and
the measurement results show that it can provide a comparable performance with
the one with piezoelectric disks.

4. Conclusions

In this chapter, we explore the design process of the reconfigurable filter which
can exhibit both frequency tunable bandpass and absorptive bandstop frequency
responses. The coupling structures that can satisfy the predetermined requirements
are designed from the theoretical normalized coupling coefficients, and its simula-
tion/measurement models are also given. In order to realize the frequency tunable
characteristic, two different tuning elements which are based on the piezoelectric
disks or electromagnets are shown with the operation mechanism, and its
application to the fabricated filtering balun is implemented especially using the
electromagnets.
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