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ABSTRACT: This paper presents a compact dual-band bandpass filter, based on substrate integrated waveguide (SIW) technology, high-
lighting independent tuning abilities over center frequencies. Rectangular mushroom resonators (RMRs) are inserted inside an SIW cavity
to realize the filtering structure, where two transmission bands are generated, which are centered at 2.2 GHz and 4.2 GHz, respectively,
by simultaneously employing TE101 and TE201 resonant modes. Unlike conventional tunable dual-band filters, which generally exhibit
interdependent frequency shift between the operating bands, the proposed design employs an independent modal-tuning mechanism via
selective perturbation of the resonant current paths. In the proposed methodology, radial and linear perturbation slots are strategically
introduced at locations derived from modal electric-field and surface-current analyses to selectively modify the effective electrical length
of separate resonant modes. One mode can be shifted without noticeable influence on the other by properly orienting these perturba-
tion elements and thereby enabling isolated control of each passband while preserving the original cavity geometry. To obtain practical
dual-band bandpass filtering, cascaded RMR-loaded SIW resonators are configured into a highly selective filter topology. Metallic ra-
dial perturbation shafts are incorporated into the resonator structure to facilitate dynamic adjustment of slot exposure for real-time and
post-fabrication tuning. Experimental verification confirms independent tuning of the lower passband from 2.0 GHz to 2.2 GHz, corre-
sponding to around 9.5% frequency shift, while maintaining the upper band unchanged. Similarly, the upper passband is independently
shifted from 4.0 GHz to 4.1 GHz, yielding close to 2.5% tuning range without affecting the lower band. The filter has insertion loss be-
low 2 dB across the full tuning range while showing negligible compromise in passband selectivity. With its compact structure, low-loss
characteristics, and independently reconfigurable capability, the proposed design is well suited for adaptive multiband microwave and
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wireless front-end implementations.

1. INTRODUCTION

ndependent control over passbands offered by bandpass

filters of multiple passbands has substantially influenced
transponder systems in microwave communication. In con-
temporary microwave engineering, reconfigurable multiband
bandpass filters are expected not only to provide indepen-
dent passband tunability but also to maintain high Q-factor,
low passband insertion loss, enhanced selectivity, compact
form factor, and ease of integration with planar circuitry.
In response to these demanding specifications, considerable
progress has been made in advancing Substrate Integrated
Waveguide (SIW) technology, paving the way for implement-
ing high-performance filter designs with compact filters [1-3].
Extensive prior work has exploited inherent advantages of
SIW technology to realize multiband bandpass filters, with
various techniques proposed for regulating the resulting
passbands. However, these approaches generally have limited
flexibility in achieving truly independent control due to
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inherent modal coupling and structural constraints [4-6].
Composite right/left-handed (CRLH) structures have been
used to enhance selectivity and out-of-band response while
enabling compact multiband bandpass filter designs [7-9].
Mushroom resonators, as typical CRLH structures, have been
used to enable passband tuning in SIW cavity-based multiband
bandpass filters [10]. The present approach surpasses existing
methodologies by facilitating precise, decoupled control of
passband characteristics through a systematically engineered
compact resonant architecture, resulting in better selectiv-
ity and improved overall performance for next-generation
reconfigurable microwave systems.

Various research groups have carried out extensive investi-
gation and systematic engineering regarding passband tuning
in bandpass filters. Much of the literature has reported tunable
center frequency control over SIW-based bandpass filter as sig-
nificant progress. In certain cases, exploiting the electric-field
intensity of the SIW cavity and employing lumped capacitor
and varactor-type tuning elements establish the control over the
resonant frequencies of individual passbands [11]. The usual
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types of tuning elements implemented to tune the passbands
in multiple bandpass filters are electrical, mechanical, or ra-
dio frequency microelectromechanical systems (RF-MEMSs).
Microwave filter designers, researchers, and microwave engi-
neers choose electrical tuning elements above all due to their
ease in handling the controlling voltage to control passband
center frequencies. The CFs of passbands are controlled, as
reported, by multiple types of electrical tuning elements, such
as stub capacitors, lumped capacitors, surface-mount capaci-
tors, and piezoelectric actuators [12—17]. The complexity and
operational limitations of those implemented electric tuning el-
ements are critical to those tunable bandpass filters [12—17].
Although incorporating electrical or electronic tuning elements
helps gain noticeable control over the CFs of passbands, they
add significant insertion losses in passbands [12, 14,17]. RF-
MEMS devices are also considered impactful and advantageous
members of passband tuning elements along with other con-
ventional electrical tuning elements as far as center frequencies
and bandwidth tuning of SIW based bandpass filters are con-
cerned [18,19]. Mechanical tuning elements have also been
used for the development of passband control [20-22]. Metal-
lic perturbation elements are formed by inserting multiple tun-
ing screws into the auxiliary vias of SIW cavity resonators to
control the passbands while maintaining low insertion loss in
both common and differential modes [22]. Passband control
has been demonstrated predominantly for single-band band-
pass filters, whereas comparatively fewer studies have explored
dual- and multi-band configurations with tunable passband con-
trolling ability [12, 14—-16, 22, 23]. Introducing complementary
split ring resonators (CSRRs) and perturbation slots within the
resonator cavity became an interesting modification in the en-
tire structure as far as achieving control over the passband is
concerned, although exact tuning techniques were not defined
in such reports [23].

Extensive research on tunable bandpass filters has led to
developing numerous techniques that provide operational fre-
quency flexibility, bandwidth reconfigurability, and compact
filter architectures suitable for modern wireless communication
systems. Although CMOS-based programmable filters show
excellent bandwidth reconfigurability and rapid operational fre-
quency tuning, their application in high @ microwave envi-
ronments is often restricted by intricate circuits and relatively
low power-handling capacity [24]. Dual-band filters using hy-
brid resonator configurations with varactor-based tuning have
demonstrated independent adjustment of operating frequencies,
enabling large frequency separation and broad stopband char-
acteristics. However, these benefits are often achieved at the
expense of increased structural complexity and reduced res-
onator quality factor at higher operating frequencies [25]. The
realization of band-reconfigurable filtering responses through
mode-switching techniques typically requires multiple tuning
elements, which facilitate transitions between single-band and
multiband operation. Nevertheless, the resulting architectures
often have increased implementation complexity and limited
compatibility with compact planar platforms [26]. SIW filters
incorporating RF-MEMS technology offer high quality factors
and substantial size reduction; however, their practical imple-
mentation is often constrained by fabrication complexity and
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limited tuning flexibility [27]. Continuous frequency tuning
and improved stopband attenuation can be achieved through
varactor-integrated SIW filters. However, inherent coupling
between the tuning mechanism and other filter performance
metrics may introduce operational trade-offs and compromise
system stability [28]. Wide-range frequency reconfigurability
and high selectivity have been achieved via coaxial resonator
and liquid crystal-based filter designs. Despite these advan-
tages, their practical implementation is often complicated by
intricate biasing schemes and constrained tuning responsive-
ness [29,30]. Graphene-assisted filter designs have demon-
strated tunable attenuation and enhanced functional versatility.
Nevertheless, these techniques generally cannot achieve inde-
pendent reconfiguration of multiple passband center frequen-
cies [31,32]. Liquid-metal-based resonator technologies offer
an attractive route toward continuous frequency tuning while
maintaining low insertion loss, but challenges associated with
response speed and implementation complexity continue to
limit their widespread adoption [33]. By effectively suppress-
ing unwanted reflections, absorptive and quasi-reflectionless
filters contribute to improved system-level performance. De-
spite this advantage, most reported implementations provide
tuning capability only within a single operating band [34, 35].
A Substrate Integrated Suspended Line (SISL)-based quad-
operation-mode bandpass filter has been developed to provide
simultaneous control over center frequency, bandwidth, and ex-
ternal quality factor. This functionality is achieved by com-
bining varactor-integrated resonators with separate electric and
magnetic coupling mechanisms [36]. The discrete switching
nature of PIN diode makes established passband filters specif-
ically suitable for applications with fixed operating modes but
suffers from high insertion loss [37]. Availability of commer-
cial components with wide capacitance tuning ranges and rela-
tive ease of integration with planar microwave circuits are the
consequences of matured varactor technology [38]. Multiple
passbands with tuning ranges spanning from modest 10—15%
fractional bandwidths to impressive multi-octave coverage has
been proposed too, but with significant insertion loss [39]. Ab-
solute bandwidth design, which maintains fixed channel band-
width across the tuning range, is essential for applications with
standardized channel allocations, such as cellular base sta-
tions and satellite communications [40]. However, such im-
plementations require more complex tuning-element configura-
tions, typically involving simultaneous adjustment of resonator
frequencies and coupling coefficients, which increases design
complexity and control-circuit requirements. Multiple pass-
band filters with applications requiring continuous frequency
agility and wide tuning ranges, such as cognitive radio and
spectrum-sensing systems with varactor-based designs, demon-
strate clear advantages despite their performance trade-offs.
The emergence of variable bandwidth designs that offer inde-
pendent control of both center frequency and bandwidth repre-
sents the advanced flexibility of passbands, though at the cost
of significantly increased complexity [41]. While recent devel-
opments have considerably advanced the state of tunable mi-
crowave filters, developing a compact SIW architecture capa-
ble of independently reconfiguring multiple passbands without
compromising selectivity, insertion loss, or modal isolation re-

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 118, 153-175, 2026

rPIER B

(a) (b) (©
s 8 8 80888888880 s 8888888008888 8 8 088800880
. . . 3 . .
- - - L] - L
- L » L] - L
. . . . . .
L L L L] - L
. 3 . . . .
. . . . . L
. . . . . L
. . . . . .
‘Y . . _Y . . AY . .
LU e 0 00 L

‘ le, ‘ .
Y Z upper conductor Y

z Open cavity after  Cavity via
removing metal patch

e, ‘ - e,
Y

Z Mushroom resonator
loaded inside SIW cavity

FIGURE 1. (a) A substrate integrated waveguide (SIW) cavity, (b) a SIW cavity with upper conductor portion etched out, and (c¢) schematic of SIW

cavity loaded with a mushroom resonator.

mains an open research challenge. The proposed work is di-
rected toward addressing this critical gap.

To take care of these ongoing issues in multiple-passband
tuning, this article proposes a dual-band SIW bandpass filter
based on rectangular mushroom resonators, and independently
controlling fundamental and higher-order resonant modes is
achieved through a systematic perturbation strategy. Selec-
tively positioned perturbation slots are introduced to alter the
effective electrical path of each mode individually after exploit-
ing the distinct electric-field distributions and thereafter the sur-
face current distributions of TE;(; and TE5g; modes, which en-
abled true decoupled tuning of the corresponding passband cen-
ter frequencies. Structural simplicity with minimal passband
interactions is ensured in this proposed method, which is a quite
different approach from existing ones, fundamentally based on
multiple coupled tuning elements or hybrid resonator combi-
nations. A post-fabrication tuning approach based on radial
metallic perturbation elements is further introduced to realize
continuous, real-time frequency tuning without structural mod-
ification of the cavity. As a result, the filter delivers indepen-
dent dual-passband tuning with minimal insertion loss, main-
tained bandwidth, and enhanced selectivity, offering a compact
and effective solution for reconfigurable microwave filtering.

The proposed work explores the development of indepen-
dently tunable dual-band bandpass filters using rectangular
mushroom resonators (RMRs) embedded in substrate-
integrated waveguide structures, with emphasis on modal
control and frequency reconfigurability. This research arti-
cle has the following key contributions: (1) By employing
strategically positioned arc-shaped and linear perturbation
slots, independent modal tuning is realized in RMR-loaded
SIW cavities, with tuning ranges of nearly 12.5% and 7%
for the first and second excited modes, respectively, without
cross-coupling effects. (2) The development of a bandpass
filter architecture of dual passbands with enhanced selectivity,
by using cascaded RMRs with extended coupling slots that
generate transmission zeros. (3) A novel post-fabrication
tuning mechanism is implemented using radial metallic shafts
and allows adjusing both passbands independently with
tuning ranges of 9.5% and 2.5%, respectively. (4) Displaying
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insertion loss values of about 1.0 dB and 1.8 dB across the 15¢
and 2"? passbands, respectively, measured results authenticate
the proposed approach and thereby establishes state-of-the-art
performance for dual-band filters in 2—5 GHz frequency region
with mechanical tuning ability.

2. THEORY DESIGN

An approach for independently manipulating the excited modes
of a single mushroom resonator embedded in an SIW cavity
is used in this overall concept of CF passband tuning. This
strategy facilitates autonomous passband tuning in mushroom-
loaded filters intrinsically characterized by high Q-factor, en-
hanced selectivity, and excellent out-of-band rejection. The
mushroom resonator comprises two parallel metallic plates, but
separated by a dielectric substrate and connected by a via. It
is loaded into an SIW cavity by etching a selected region of
the SIW upper conductor. The total structure is based on SIW,
and Ansys HFSS is used to model and simulate a prototype of
the proposed structure. A part of the SIW’s upper conductor is
etched out to make an exposed cavity, as shown in Figure 1(a)
and Figure 1(b). Figure 1(c) shows the schematic of the entire
structure after loading a mushroom resonator into SIW cavity.
Parametric dimensions of the mushroom resonator are extracted
by carrying out the simulator-driven eigenmode analysis.

2.1. Rectangular Mushroom Resonator

The fundamental architectural units of the proposed dual-band
bandpass filter structure are rectangular mushroom resonators
(RMRs). A rectangular metallic patch fabricated on a dielec-
tric substrate and connected to a continuous metallic ground
plane through a central cylindrical via are the constituents of
a mushroom resonator. A composite resonant structure that
allows multiple electromagnetic modes to be excited, which
is studied and analyzed for distinct field distributions at ex-
cited resonance frequencies, is created by this mushroom con-
figuration. Rogers RT/Duroid 5880 substrate, a low-loss mi-
crowave laminate with relative permittivity £, = 2.2, loss tan-
gent tand = 0.0009, and thickness h = 0.787 mm, is used
to implement the RMR. A balance between the electrical per-
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FIGURE 2. (a) Top view of the mushroom resonator and (b) cross-sectional view of the mushroom resonator.
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FIGURE 3. Electric fields distributions of mode 1, mode 2, and mode 3 of the rectangular mushroom resonator.

formance and mechanical stability for operational frequencies
is primarily provided by this chosen substrate layer. Standard
copper cladding of thickness 35 wm, which maintains compat-
ibility with the fabrication process of conventional printed cir-
cuit board and provides low resistive losses, is used to imple-
ment the top patch and bottom ground plane of metallic layers.
The rectangle-shaped mushroom structure is viewed from the
top end as shown in Figure 2(a) and from the cross-sectional
end as shown in Figure 2(b).

Careful optimization of the RMR’s geometric dimensions
is carried out to excite desired resonance modes at target fre-
quencies. The rectangular patch dimensions are defined as
a; = 21 mm along the X-axis and ao = 23 mm along the
Y -axis, creating a slightly asymmetric structure that facilitates
mode separation. The central via has diameter d; = 2 mm and
provides a low-inductance connection between the metal patch
and the ground plane. These dimensions are selected through
eigenmode analysis to position fundamental and second-order
modes at frequencies suitable for dual-band operation in the
2 GHz-5 GHz range. Eigenmode analysis of the RMR struc-
ture reveals the dominant resonance mode within the frequency
range of interest. Figure 3 shows electric-field distributions
of the fundamental mode, i.e., mode 1 (TEjg1), and the next
higher-order modes, i.e., modes 2 and 3.

The fundamental mode, designated as TE1g;, shows a reso-
nant frequency of approximately 2.4 GHz. This mode is char-
acterized by a half-wavelength variation of the electric field
along the x-axis (a; dimension) with maximum field intensity
concentrated near the edges of the patch perpendicular to the z-
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axis. The surface-current distribution for the TEp; mode flows
radially to the patch’s perimeter, with maximum current den-
sity at the patch edges parallel to the y-axis. The next higher-
order resonant modes, designated as TE1g2 and TE2q, occur at
approximately 4.3 and 4.5 GHz, respectively, whose electric-
field distributions are presented in Figure 3. These modes ex-
hibit a full-wavelength variation of the electric field along the
Z-axis and z-axis, respectively, creating two regions of max-
imum field intensity separated by a null at the patch center.
Surface-current distributions for TE1gs and TE9p; modes are
more complex than the fundamental mode, featuring multiple
current loops with maximum density occurring at specific lo-
cations along the Y'-axis. The spatial separation of maximum
current density regions between the TE1; and the higher-order
TE 102 and TE2p; modes provide the physical basis for indepen-
dent mode control through strategically positioned perturbation
elements. The transmission line theory can be used to antic-
ipate the resonant frequencies of these mushroom resonators’
excited modes. An individual mushroom resonator structure is
modelled as a short-circuited transmission line with additional
capacitive loading from the patch edges. The expression of res-
onant frequency for TE;(,, modes is given by

ne
2a1 ﬁeﬁ‘

where n represents the mode number (1 for TEqg1, 2 for TEq s,
and likewise); c represents the speed of light; e, is the effective
permittivity accounting for fringing fields; and a4 is the patch
dimension along the direction of field variation. The effective

(M

fresonance =
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FIGURE 4. Electric-field distributions of mode 1, mode 2, and mode 3 of a rectangular mushroom resonator loaded into an SIW cavity.

permittivity is lower than the substrate permittivity due to the
air above the patch, typically ranging from 1.6 to 1.8 for the
chosen substrate parameters. A separate eigenmode analysis is
carried out in order to study the excited modes after loading the
mushroom resonator into the open SIW cavity. Electric field
distribution is studied for the excited modes of the SIW cavity
loaded with mushroom resonators and shown in Figure 4. It
is evident from Figure 3 and Figure 4 that the electric field of
mode 1 is perturbed by vias of the mushroom resonators placed
at the center of the cavity, and the maximum field intensity is
pushed towards the mushroom boundary. However, field dis-
tributions remain undisturbed in cases of modes 2 and 3 because
the maximum field intensity is over the resonator’s sides. The
quality factor of the mushroom resonator is determined primar-
ily by conductor losses in metallic layers, dielectric losses in
the substrate, and radiation losses from the patch’s open edges.
For the Rogers RT/Duroid 5880 substrate with its low loss tan-
gent, dielectric losses are minimal. Conductor losses are mini-
mized via using standard copper cladding with adequate thick-
ness. Radiation losses are inherently low for the mushroom
structure due to the short-circuit boundary condition imposed
by the central via, which suppresses radiation modes.

2.2. Rectangular Mushroom Resonator (RMR)-Loaded SIW Cav-
ity

A hybrid structure composed of a rectangular mushroom res-
onator integrated into an SIW cavity provides the benefits
of both technologies, i.e., the mushroom resonator and the
SIW cavity. The SIW cavity provides electromagnetic shield-
ing, suppresses spurious modes, and facilitates integration with
planar transmission lines, while the loaded mushroom res-
onator introduces multiple controllable resonance modes within
a compact footprint. The SIW cavity is formed by embedding
two parallel rows of metallic vias in the substrate, creating side-
walls that confine electromagnetic fields in a manner analogous
to conventional rectangular waveguides. The SIW cavity via
diameter is selected as 0.8 mm with center-to-center spacing
of 1.5 mm, satisfying the design rule that via spacing should
be less than twice the via diameter to minimize leakage. The
SIW width is designed to support desired propagation modes
while maintaining single-mode operation below the cutoff fre-
quency of higher-order modes. To accommodate the mushroom
resonator, a rectangular aperture is etched in the upper con-
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FIGURE 5. Schematic of mushroom resonator loaded SIW cavity.

ductor of the SIW cavity, creating an open region into which
the mushroom patch is loaded. The aperture dimensions are
slightly larger than the mushroom patch dimensions to prevent
direct contact between the patch edges and the SIW sidewalls,
maintaining the intended electromagnetic coupling character-
istics. The mushroom via is positioned at the aperture’s cen-
ter, providing symmetric coupling to SIW cavity modes. As
shown in Figure 5, a rectangular mushroom resonator is loaded
inside a rectangular SIW cavity, and the loaded resonator is ex-
cited through capacitive coupling slots using a microstrip line
of 50 Q2 characteristic impedance. This resonator with its funda-
mental mode (TE1;) excited at 2.4 GHz and 274 mode excited
at 4.3 GHz has parametric values as follows: a; = 21 mm,
ay = 23mm, d;i = 2.0mm, ¢; = 0.3mm, ¢ = 0.3mm,
g1 = 0.66 mm, go = 0.53 mm, w; = 1.65 mm, wy = 2.0 mm,
e =0.59mm, d = 0.8mm, ¢t = 2.42mm, w3 = 1.12mm and
! = 7.65mm. Microstrip lines are positioned to couple to the
electric-field distribution of desired resonance modes, with the
coupling strength controlled by the overlap length and gap be-
tween the microstrip and the mushroom patch. This coupling
configuration provides external quality-factor control, enabling
the adjustment of the filter bandwidth without affecting reso-
nant frequencies. When a single mushroom resonator is loaded
into the SIW cavity and excited through the microstrip cou-
pling structure, the transmission response, as shown in Figure 6,
shows two distinct resonance peaks corresponding to TEq¢;
and TE;p2 modes of the mushroom resonator. Sharp transmis-
sion peaks at 2.4 GHz and 4.35 GHz, with insertion loss be-
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FIGURE 6. Simulated S1; and S2; of mushroom resonator-loaded SIW
cavity.

FIGURE 7. Fabricated mushroom resonator-loaded SIW cavity.

low 1dB at both frequencies, are revealed after a full-wave
electromagnetic simulation. The slight frequency shift com-
pared to the isolated mushroom resonator, i.e., from 4.3 GHz
to 4.35 GHz for the second mode, results from electromagnetic
coupling between the mushroom structure and the SIW cavity
walls. Figure 7 shows the fabricated sample of a mushroom
resonator-loaded single cavity with parametric values, as men-
tioned above. Figure 8 shows the comparison between simu-
lated and measured frequency responses of Ss; of the mush-
room resonator-loaded SIW cavity, where the measured re-
sponse agrees fairly well with the simulated one.

The electric-field distributions, as shown in Figure 9 at the
two resonant frequencies, confirm the mode assignments and
provide insight into the coupling mechanisms. At 2.4 GHz
(TE;01 mode), the electric field shows maximum intensity near
boundaries of the mushroom patch perpendicular to the x-axis,
with field lines extending vertically between the patch and the
ground plane. The field distribution is pushed toward the edges
of the mushroom structure due to the short-circuit boundary
condition imposed by the central via. This field configuration
creates strong coupling to the microstrip feed lines when they
are positioned near the patch edges, as shown in Figure 9 (Mode
1). At 4.35 GHz (TE1p2 mode), the electric-field distribution
becomes more complex, with maximum intensity at two loca-
tions along the x-axis of the mushroom patch, separated by a
field null at the patch center, as shown in Figure 9 (Mode 2).
The field lines show a full-wavelength variation along the z-
axis, creating two distinct regions of high field intensity along
z-axis. This spatial field distribution is critical for achieving
independent control of the second mode through perturbation
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elements positioned at the patch areas of maximum field inten-
sity.

The magnetic-field distributions at the two resonant frequen-
cies reveal complementary patterns that are essential for under-
standing the surface-current distributions and designing effec-
tive perturbation strategies. Figure 10 shows surface-current
distributions of an SIW cavity loaded with a mushroom res-
onator at modes 1 and 2.

At the TEjp; resonance mode, magnetic field lines form
closed loops around the perimeter of the patch, with maxi-
mum intensity occurring at the patch edges parallel to the Y-
axis. So, in Mode 1 a strong concentration of surface current
is observed around the mushroom via, corresponding to a mini-
mum in the electric field distribution and conversely, the mush-
room edges exhibit reduced current density while supporting
the highest electric-field intensity as it has been illustrated in
Figure 10 (Mode 1). At the TE;(2 resonance mode, the mag-
netic field pattern exhibits multiple loops corresponding to the
full-wavelength field variation, with maximum intensity at spe-
cific locations along the z-axis. Therefore, the mode 2 current
distribution shows a pronounced concentration of surface cur-
rent along the central axis of the mushroom structure in the -
axis. This region coincides with near-zero electric-field inten-
sity, indicating a current-dominant resonant behavior.

2.3. Independent Control over Fundamental and Higher-Order
Modes Using Perturbation Slots

The proposed modal-selective perturbation scheme, realized
through strategically positioned slots, represents the key in-
novation enabling independent dual-band tunability. Mode-
selective perturbation is implemented by strategically intro-
ducing slots at regions corresponding to the maximum surface
current density of the targeted resonant mode, while simul-
taneously avoiding high-current regions associated with other
modes. This deliberate placement ensures selective modifica-
tion of the desired mode without inducing significant interac-
tion with adjacent modes. The perturbation slots elongate the
surface current path, increasing the electrical length and pro-
ducing a controlled reduction in the resonance frequency.

For controlling the first mode (TE1¢1), a pair of arc-shaped
slots is etched into the mushroom patch. The arc slots are char-
acterized by thickness ¢;, radius of curvature r, and angular
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FIGURE 11. (a) Schematic, (b) surface current distribution of mode 1 and mode 2 of the mushroom resonator-loaded SIW cavity with perturbation
slots of parameters, t1 = 1 mm, » = 5mm and # = 30°, to control mode 1.

extent 6 as shown in Figure 11. As shown in Figure 11(a),
the slots are positioned at a radial distance of 5 mm from the
mushroom center, corresponding to the location of maximum
surface-current density for the TE;g; mode. The arc shape is
chosen to follow the natural current flow pattern of the funda-
mental mode, maximizing the perturbation effect while min-
imizing impact on higher-order modes. Owing to the nearly
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transverse alignment of the perturbation slot with respect to the
mode 1 surface current direction, the current is redistributed
around the slot boundaries, extending the effective current path,
as shown in Figure 11(b). As the arc slot angle 6 increases
from 60° to 120°, the surface currents associated with the TE ¢
mode are forced to follow progressively longer paths around the
slot boundaries. This increased path length reduces the reso-
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FIGURE 12. (a) Schematic, (b) surface current distribution of mode 1 and mode 2 of the mushroom resonator-loaded SIW cavity with perturbation
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FIGURE 13. (a) Schematic and (b) surface current distribution of mode 1 and mode 2 of the mushroom resonator-loaded SIW cavity with perturbation
slots of parameters, [ = 6 mm, t3 = 1 mm, and r = 3.5 mm, to control mode 2.

nance frequency from 2.4 GHz to 2.1 GHz, representing a shift-
ing range of 12.5%. Critically, the TE;p> mode remains virtu-
ally undisturbed throughout this tuning range, with frequency
variation less than 0.5%. This independence results from the
arc slots positioned at locations of relatively low current den-
sity for the TE; 92 mode, where the current distribution exhibits
a null due to the full-wavelength field variation. The domi-
nant surface current distribution of mode 2 is oriented nearly
parallel to the perturbation slots etched on the metallic patch.
Owing to this alignment, the slots exert minimal influence on
the effective current path of the TE;2 mode, as illustrated in
Figure 11(b). Therefore, adjusting the perturbation angle 6 se-
lectively alters the resonance frequency of mode 1, whereas the
resonant characteristics of mode 2 remain largely unaffected.
This behaviour establishes a practical approach for indepen-
dently tuning mode 1 while preserving the original cavity ge-
ometry.

For independently controlling the second mode (TE1¢2), two
alternative perturbation strategies are investigated. The first ap-
proach employs arc-shaped slots with different orientations and
dimensions compared to those used for the first mode. Fig-
ure 12(a) shows the schematic of the mushroom-loaded SIW
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cavity with perturbation slots introduced to independently con-
trol mode 2. These two perturbation slots are aligned along X
axis with a flaring angle ¢ with respect to the mushroom cen-
ter. Such a location of the perturbation slots directs the current
path of mode 2 to diverge from its actual path and cover an in-
creased path length, as shown in Figure 12(b). This increase
in surface current path reduces the resonant frequency of mode
2 (TE192). These slots have thickness t, = 5.5 mm and ra-
dius = 3.5 mm, and are positioned to intersect the regions of
maximum current density for the TE;2 mode along the x-axis
of the mushroom patch. As the slot angle ¢ increases from 0°
to 30°, the resonance frequency of the TE;g2 mode decreases
from 4.55 GHz to 4.25 GHz, achieving a 7% tuning range. The
TE1091 mode remains unaffected because these slots are posi-
tioned at locations of low current density for the fundamental
mode.

The second approach to control the TE 42 mode uses a pair
of linear slots positioned at a distance » = 3.5 mm from the
mushroom center along the z-axis as shown in Figure 13(a).
These linear slots have thickness {3 = 1 mm and variable length
l. Increasing the slot length [ from O mm to 6 mm reduces
the resonance frequency of the TE;g2 mode from 4.65 GHz to
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FIGURE 14. Simulated S1; and S21 of mushroom resonator-loaded
SIW cavity with perturbation slots to control mode 1, with £; = 1 mm
and r = 5 mm.

4.35 GHz, providing a tuning range of 4.5%. The linear slot
configuration offers simpler mechanical implementation com-
pared to arc slots, though with somewhat reduced tuning range.

Again, the TE;p; mode remains undisturbed due to strate-
gically positioning slots at locations of low current density for
the fundamental mode (TE1p1). These linear slots are paral-
lel to the direction of the surface current density along the X
axis in mode 1; conversely, in the case of mode 2, the slot
is transverse to the direction of the current density, as shown
in Figure 13(b). The independence of mode control is quan-
titatively verified through parametric electromagnetic simula-
tions. Figure 14 shows the frequency responses of S7; and Soq
when the slot angle, € of 1 mm thick perturbation slots, placed at
r = b mm is increased at uniform steps from 60° to 120°. Fig-
ure 14 clearly shows that an increase in perturbation slot angle,
6, from 60° to 120° decreases the resonance frequency of mode
1 (TE1¢1) from 2.4 GHz to 2.1 GHz, keeping mode 2 (TE¢2)
almost undisturbed. A minimum insertion loss of less than 1 dB
is observed during this shift in the resonant frequency of mode
1. Naturally, independent control over the fundamental mode
of resonance is attained when the resonant frequency of mode
1 is shifted by 12.5% after changing 6 from 60° to 120°. The
fabricated samples of such a structure, which controls mode 1,
with a set of three perturbation slots having perturbation slot
angle, 6 = 60°, 90° and 120°, with slot thickness ¢; = 2mm
and r = 5 mm, are shown in Figure 15. Figure 16 shows the
measured frequency response of Sy; of these fabricated struc-
tures. For § = 0°, we consider the fabricated structure with
no perturbation slot, as shown in Figure 7. The measured re-
sults in Figure 16 show the lower shift in resonance frequency
of mode 1 as the perturbation slot angle, 6, increases. As per
the analysis of mode 2, it is expected to remain undisturbed,
but the shift observed here can be attributed to fabrication dis-
crepancies. Practical fabrication limitations make discrepan-
cies between the simulated and measured responses almost un-
avoidable. The minor shift in the resonant frequency of mode 2,
which is expected to remain unaffected by variations in the per-
turbation slot angle, can be primarily attributed to PCB manu-
facturing tolerances, including deviations in the dimensions of
the perturbation slots, mushroom patch, and via locations. Ad-
ditional dimensional inaccuracies arising during PCB milling
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FIGURE 15. Fabricated mushroom resonators with radial perturbation
slots loaded into an SIW cavity to vary mode 1 with t; = 2mm and
r = 5mm, (a) § = 60°, (b) 6 = 90°, and (c) = 120°.
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FIGURE 16. Measured S21 of mushroom resonator-loaded SIW cavity
with perturbation slots to control mode 1, with ¢{ = 2mm and r =
5 mm.

and metallization, together with variations in substrate param-
eters such as dielectric constant and substrate thickness from
their nominal values, further contribute to deviations in the res-
onant characteristics. Moreover, assembly-related errors, in-
cluding slight misalignment of the SMA connectors and sol-
dering imperfections, introduce additional parasitic effects that
are not accounted for in the ideal electromagnetic model. The
combined effect of these non-idealities leads to slight frequency
aberrations while preserving the anticipated modal behaviour of
the proposed filter. Figure 17 shows the frequency response of
S11 and So; for the first approach for controlling mode 2, when
the slot angle, o, of 5.5 mm thick perturbation slots, placed at
r = 3.5 mm, is increased at uniform steps from 0° to 30°. Res-
onance frequency of mode 1 (TEjg;) remains nearly fixed as
the increment in ¢ from 0° to 30° hardly changes the current
path of TE;o;. However, the resonance frequency of mode 2
(TE102) decreases from 4.55 GHz to 4.25 GHz due to an in-
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FIGURE 17. Simulated S1; and S21 of mushroom resonator loaded
SIW cavity with perturbation slots to control mode 2, with to =
5.5mm and » = 3.5 mm.

FIGURE 18. Fabricated mushroom resonators with radial perturbation
slots loaded to SIW cavity to vary mode 2 with 2 = 5.5mm and
r = 3.5mm, (a) p = 15°, (b) ¢ = 30°, and (c) p = 45°.

crease in the current path as the slot angle, ¢, increases from
0° to 30°. So, the resonance frequency of 2"¢ mode (TE102)
with minimum insertion loss less than 2 dB is separately con-
trolled within a range of 7% when ¢ increases from 0° to 30°.
Figure 18 shows a set of three such structures with flaring angle
of ¢ = 15°, 30°, and 45°, and slot thickness {5 = 5.5 mm and
r = 3.5 mm, which are fabricated to verify the fact practically.
Figure 19 shows measured results of So; frequency responses
of these fabricated samples. The lower shift in resonance fre-
quency of mode 2, keeping mode 1 undisturbed, as the flaring
angle of the perturbation slot, ¢, increases, is observed in Fig-
ure 19.

The frequency response of S11 and So; for the 2" approach
for controlling mode 2 is illustrated in Figure 20, where the
slot length, | of 1 mm thick linear perturbation slots, placed
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FIGURE 20. Simulated S71 and S2; of mushroom resonator-loaded
SIW cavity with perturbation slots to control mode 2, with t3 = 1 mm
and r = 3.5 mm.

at r = 3.5mm is increased from O0mm to 6 mm. This fig-
ure shows that the resonance frequency of mode 2 decreases
from 4.65 GHz to 4.35 GHz when the length of linear slot is in-
creased by 6 mm. This change in the length of linear slot shifts
the resonance frequency of mode 2 by 4.5% without disturbing
the resonance frequency of mode 1, as shown in Figure 20.
When the TE;; mode is tuned across its full range by vary-
ing the arc slot angle 6, the TE;y2 mode frequency variation is
less than 15 MHz (0.35% relative variation). Conversely, when
the TE ;g2 mode is tuned by varying either the arc slot angle ¢
or the linear slot length [, the TE;(; mode frequency variation
is less than 10 MHz (0.42% relative variation). These marginal
cross-coupling effects confirm that the perturbation slots en-
able truly independent control of the two resonance modes. The
physical mechanism underlying this individuality in mode con-
trol can be understood via examination of the surface current
distributions. For the TE;g; mode, surface currents flow pri-
marily in closed loops around the patch’s perimeter, with max-
imum density at the edges parallel to the y-axis. The arc slots
designed for TE;(; control are positioned to intersect these cur-
rent paths, forcing them to bypass the slot boundaries. How-
ever, the TE;92 mode current distribution exhibits a different
pattern, with currents flowing in multiple loops along the x-axis
and exhibiting a null at the radial distance where the TE1o; con-
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FIGURE 21. Coupling topology of the dual-bandpass filter.

trol slots are positioned. Consequently, the TE;g; mode control
slots have marginal effect on the TE;¢2 mode currents. Simi-
larly, the perturbation elements designed for TE;y2 mode con-
trol are positioned at locations of maximum current density for
the second mode but low current density for the fundamental
mode (TEq1g1). This spatial orthogonality of the current distri-
butions for different modes provides the physical basis for in-
dependent mode control. A careful selection of perturbation el-
ement positions, shapes, and dimensions is critical to achieving
mode-control independence while maintaining adequate tuning
range for each mode.

2.4. Dual-Band Bandpass Filter Design

This section describes a method to separately reconfigure the
passband’s CF and BW of a bandpass filter based on SIW
loaded with rectangular mushroom resonators (RMRs). The
dual-band bandpass filter is constructed by cascading two rect-
angular mushroom resonators within a single SIW cavity. This
configuration creates a second-order filter response for each
passband, providing steeper skirt selectivity and improved out-
of-band rejection compared to single-resonator designs. Fig-
ure 21 shows the coupling topology of the proposed dual-band
bandpass filter used to extract the coupling coefficient in or-
der to design the filter. The subscripts I and I /denote the first
and second passbands, which are dominated by the TE;(; and
TE2o; modes, respectively. The operating specifications of the
first and second passbands are: center frequencies at 2.4 GHz
and 4.35 GHz, respectively, 3 dB fractional bandwidth (FBW)
of 12.9% and 10.8%, respectively, and 15dB return loss in
both passbands. According to the adapted coupling topology,
strong direct couplings exist between the source and Resonator
1 and between Resonator 2 and the load for two separate pass-
bands. The resonators directly couple between them for indi-
vidual passbands, but there is no coupling between two differ-
ent modes. Based on specified design requirements, the pro-
posed dual-band bandpass filter is developed through the fol-
lowing sequential design steps.

i) As the first step, the specified center frequency (CF) and
FBW are used tomdetermine the required filter quality factor
Q.

ii) Based on the CF, FBW, and calculated Q, a fairly equiva-
lent resonating structure is assumed according to the considered
resonator coupling topology.
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FIGURE 22. Schematic of the RMRs-loaded STW-based bandpass filter.

iii) Thereafter, depending on this anticipated coupling topol-
ogy, coupling coefficients are roughly calculated on the basis of
the respective coupling mechanism among Source (S), 1st Res-
onator (1), 2nd Resonator (2), and Load (L). The split frequen-
cies used in the calculation are considered around the CF based
on the bandwidth (BW), as mentioned in filter design specifi-
cation.

iv) Lastly, as mentioned, the optimization method is em-
ployed in this design; the roughly extracted coupling coeffi-
cients are used as references to optimize coupling parameters in
the filter structure using weakly capacitive coupled microstrip
feed lines between Source (S) and the 1st Resonator (1), the 1st
Resonator (1) and 2nd Resonator (2), and the 2nd Resonator (2)
and Load (L).

Finally, full-wave optimization is carried out to achieve the
desired bandpass response. The resulting coupling topology
confirms direct coupling between the excited modes along the
signal path from the source (S) through resonators 1 and 2 to
the load (L).

The two RMRs are positioned along the signal propagation
direction with a controlled spacing that determines the inter-
resonator coupling strength. Figure 22 shows the schematic of
the RMRs-loaded SIW-based bandpass filter. The filter struc-
ture, as modelled in Ansys Electronic Desktop 2020, is im-
plemented on a double-sided copper-clad Rogers RT/Duroid
5880 substrate with thickness 0.787 mm and relative permit-
tivity e, = 2.2, maintaining consistency with single-resonator
designs. The SIW cavity is formed using via arrays with diam-
eter 1.0 mm and spacing 1.5 mm, providing effective electro-
magnetic shielding while maintaining compatibility with stan-
dard PCB fabrication processes. Input and output coupling is
achieved through 50 2 microstrip transmission lines that are ca-
pacitively coupled to the first and second mushroom resonators,
respectively. The mushroom resonator is made of a metallic
patch on one surface of a dielectric substrate and shorted by
a metallic via to a ground plane attached to the other surface
of the dielectric substrate, as shown in Figure 2(a) and Fig-
ure 2(b). An eigenmode analysis is carried out to determine
RMR’s TE;p; mode excitation at nearly 2.3 GHz. Parametric
values of the loaded mushroom resonators in the SIW cavity are
fixed as follows: a; = 23.0mm, a; = 21.0mm, d; = 2.0 mm,
h = 0.78 mm, and £,, = 2.2. Two such RMRs are cascaded and
loaded to an SIW cavity after etching a rectangular portion from
the upper conductor of the SIW cavity. A capacitively coupled
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TABLE 1. Optimized schematic parameters of the RMR-loaded bandpass filter.

Parameters L1 LQ L3 L4 g1 g2 C1 Cc2 S1 d d1 d2 d3 d4 w1 w2 ws ay | az | e P
1

\(/aue)s 1832 1162|162 |162|059 0580303242 |02(08| 2|2 |6 [452(09]|098|1.01]23|21|1]22
mm

feeding technique transitioned from a microstrip transmission
line of 50 €2 characteristic impedance, as shown in Figure 22, is
employed to excite the RMR-loaded SIW cavity. Table 1 lists
optimized schematic parameters of the RMR-loaded bandpass
filter shown in Figure 22.

Due to loading two cascaded RMRs in the STW cavity, a 2"¢-
order passband response with two poles is observed in the fre-
quency response of S-parameters, as shown in Figure 23. A
critical innovation in the filter design is the implementation of
extended coupling slot lines between the two cascaded RMRs.
These coupling slots, designated as Ly, Lo, L3, and Ly, are
etched in the ground plane between the two mushroom vias.
The slots create controlled capacitive coupling between the res-
onators, with coupling strength determined by the slot dimen-
sions and positions. The extended slot configuration introduces
a transmission zero (TZ) at the lower stopband, significantly
enhancing the passbands’ lower-edge selectivity. The transmis-
sion zero generated by the extended coupling slot lines appears
at approximately 1.75 GHz, below the lower edge of the first
passband. This transmission zero results from interference be-
tween the direct coupling path through coupling slots and the in-
direct path through resonant modes of the mushroom structures.
By carefully designing the slot dimensions and positions, the
transmission zero can be positioned to provide maximum im-
provement in lower-stopband rejection while maintaining low
insertion loss in the passband.

T]Em1 mode

- ATZ

-80 S
1.5 20 25 30
Frequency (GHz)

3.5

FIGURE 23. Simulated S-parameters of the RMRs-loaded SIW-based
bandpass filter.

Figures 24(a) and 24(b) show electric-field distributions and
surface-current distributions, respectively, of the RMR-loaded
SIW-based bandpass filter at the excited fundamental mode
(TE101). The electric-field intensity maximizes at the mush-
room periphery, and the surface-current distribution shows its
maximum intensity near the mushroom vias and decreases ra-
dially towards the periphery.
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2.5. Single Passhand Control

Independent control over the characteristics of a single pass-
band is demonstrated using perturbation slots and coupling gap
adjustment. This capability is essential for applications requir-
ing dynamic reconfiguration of filter parameters to accommo-
date changing system requirements or environmental condi-
tions.

Center-frequency control of a single passband is achieved
by introducing arc-shaped perturbation slots in mushroom res-
onators, as shown in Figure 25(a). The slots are characterized
by thickness ¢, radius r, and angular extent . As the slot angle
( increases, it is clearly shown in Figure 25(b) that surface cur-
rents are forced to follow longer paths around slot boundaries,
effectively increasing the electrical length of the resonant struc-
ture and reducing the resonant frequency. This perturbation
mechanism affects the excited mode (TE;; in this case) while
leaving other modes relatively undisturbed. Parametric analy-
sis reveals that varying the arc slot angle  from 0° to 90° shifts
the passband’s center frequency by 14.5%, from approximately
2.1 GHz to 2.35 GHz, as shown in Figure 26. Throughout this
tuning range, the 3 dB fractional bandwidth remains nearly con-
stant at approximately 3.5%, demonstrating that the perturba-
tion slots primarily affect the resonance frequency rather than
the coupling characteristics. The minimum insertion loss across
the tuning range is 0.7 dB, occurring at mid-range slot angles
where the current path perturbation is balanced between mini-
mal and excessive deviations. The physical mechanism under-
lying center-frequency control can be understood via examina-
tion of the surface current distributions at different slot angles.
At p = 0° (no perturbation), currents flow in the shortest possi-
ble paths around the mushroom perimeter, resulting in the high-
est resonant frequency. As ¢ increases, the slots force currents
to detour around the slot boundaries, increasing the effective
current path length. This increased path length is equivalent
to increasing the inductance of the resonant structure, which
reduces the resonant frequency according to the standard LC
resonator formula

1

21V LC

Bandwidth control is achieved independently of center fre-
quency through adjusting the coupling gap, s, between the two
cascaded mushroom resonators. The coupling gap directly af-
fects the inter-resonator coupling coefficient, k, which deter-
mines the frequency splitting between the two transmission
poles of the second-order filter response. According to cou-
pled resonator filter theory, the 3 dB fractional bandwidth is
approximately proportional to the coupling coefficient (k) for
weakly coupled resonators. The internal electrical coupling be-
tween the loaded mushroom resonators across the linear slot

f= 2
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FIGURE 24. (a) Electric-field distributions and (b) Surface current distributions.
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FIGURE 25. (a) Bandpass filter loaded with perturbation slot of ¢ = 2mm, » = 5.5mm and angle, ¢, and (b) surface-current distributions after

loading perturbation slots.
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FIGURE 26. Shift in the center frequency by varying the perturbation
slot angle (¢).

gap, s, forms the 2"¢ order dual-pole passband. To understand
the effect of a change in k191 on passband bandwidth, Equation
(3) shows the modified expression of the coupling coefficient
(k101) at the TE19; mode.

fo—fi
(F1+ f2) = 205

k101 =

3)

where f; and f, are split 1°* and 2" resonances of the cas-
caded mushroom resonators loaded into an SIW cavity at the
TE 1091 mode. As the coupling gap, s, increases from 0.1 mm to
0.5 mm, the coupling coefficient k1y; decreases, bringing the
split resonance frequencies fi and f> closer together and nar-
rowing the passband bandwidth, as illustrated in Figure 27 and
Figure 28. Specifically, increasing the split gap, s, from 0.1 mm
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to 0.5 mm reduces the 3 dB bandwidth by 2.9%, from approx-
imately 90 MHz to 87.4 MHz, while the center frequency re-
mains virtually unchanged (variation less than 0.3%). The min-
imum insertion loss for bandwidth control is 0.8 dB, slightly
higher than for center frequency control due to the reduced cou-
pling strength at larger gap values.

The independence of center frequency and bandwidth con-
trol is verified via cross-parametric simulations. When the cen-
ter frequency is tuned across its full range by varying ¢, the
bandwidth variation is less than 2% for a fixed coupling gap.
Conversely, when the bandwidth is adjusted by varying s, the
center frequency variation is less than 0.5% for fixed slot angle.
This independence enables flexible filter design where center
frequency and bandwidth can be optimized separately to meet
specific application requirements.

2.6. Post-Tuning of Dual Passbands

The ultimate goal of the filter design is to achieve independent
post-fabrication tuning of both passbands simultaneously. This
capability is realized through a novel mechanical tuning mech-
anism based on radial metallic shafts that can be rotated to vary
the effective perturbation of each resonance mode.

As illustrated in Figure 29(a), the electric-field intensity in-
creases towards the loaded mushroom peripheries inside the
SIW cavity at the TE;g; mode. At the TE5y; mode, two half-
wavelength electric fields attaining their maximum value along
the X axis and one half-wavelength electric field attaining its
maximum value along the Z axis are observed, as shown in
Figure 29(b). At the TE19; mode, the intensity of the surface
current distribution over the metal patch of loaded mushroom
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FIGURE 30. Surface current distributions of the dual-band bandpass filter structure at (a) TE191 mode and (b) TE201 mode.

resonators is maximum near the mushroom via, and it mini-
mizes away from the via, i.e., near the mushroom periphery, as
shown in Figure 30(a). In the case of TE5p; mode, surface-
current distributions attain maximum intensity at the region
where the electric-field distribution is minimum, as presented
in Figure 30(b). These particular orientations of surface-current
distributions at two different resonant modes are used to pro-
pose the idea of independently tuning passbands.

Specific perturbation slots are introduced into the metal patch
of loaded mushroom resonators with typical orientations in or-
der to separately disturb excited modes which are responsible
for generating passbands. A pair of radial slots of thickness ¢1,
which make an angle ¢ w.r.t the center of the mushroom via,
are placed at a distance r; from the mushroom via center along
the X axis in both the RMRs, as presented in Figure 31.
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Another pair of linear slots with thickness ¢2 and length [ is
placed at a distance 75 from the mushroom via center along the
Z axis in both RMRs, as presented in Figure 31. A careful ob-
servation of surface-current distributions at TE1¢; mode, shown
in Figure 30(a), helps realize that the pair of radial slots of thick-
ness t; is placed nearly in the region of maximum intensity of
surface current and transverse to the direction of surface current
vector. Similarly, the surface-current distributions at the TE5g;
mode shown in Figure 30(b) helps realize that the pair of linear
slots of thickness ?9 is placed in the region of maximum inten-
sity of the surface current and is transverse to the direction of
the surface-current vector at the TEop; mode.

After introducing these perturbation slots to control excited
modes, surface-current distributions at TE{y; and TE9g; modes
are studied again. Figure 32(a) and Figure 32(b) show the
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FIGURE 31. The RMRs loaded SITW-based dual-band bandpass filter structure with pairs of perturbation slots loaded to each RMR for independent
control over the excited modes with slot parameters, t1 = to = 2mm, 1 = 4.5mm, ro = 3mm, | = 4.5mm and ¢ = 60° and other parametric

values of the structure are as listed in Table 1.
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FIGURE 32. Surface current distributions of the dual-band bandpass filter structure at (a) TE191 mode and (b) TE201 mode after loading the mode

perturbation slots.

surface-current distributions after loading those perturbation
slots into the metal patch of the RMRs. At the fundamental
mode, i.e., the TE19; mode, the surface current emerges from
the center of the mushroom vias with maximum intensity near
the vias. The direction of these surface current vectors at the
TE101 mode is normal to the orientation of radial perturbation
slots, as explained earlier. Figure 32(a) clearly illustrates that
radial perturbation slots positioned in the region of maximum
intensity at the TE;p; mode force the surface current to di-
verge from its original path and cover an elongated path length.
Therefore, more the radial slot angle, ¢ increases more the path
length is covered by the surface current at the TE;9; mode. The
linear perturbation slot of thickness ¢2 and length [ is oriented
parallel to the surface-current vector at the TE;3; mode. Conse-
quently, keeping the slot thickness ¢, constant, a change in the
slot length, [, hardly makes any deviation in the current path
length at the TE;p; mode. So it is quite understandable that a
change in radial slot angle, ¢, will disturb the surface current
distributions at the TE;g; mode, which can change the reso-
nant frequency of the excited mode, but a change in slot length
l of the linear perturbation slot will hardly affect surface-current
distributions at the TE19; mode or its corresponding resonance
frequency. A detailed observation of the surface current dis-
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tributions at the TEog; mode shown in Figure 32(b) illustrates
that the linear perturbation slots of thickness ¢5 and length [ are
placed exactly in the region of maximum intensity of surface-
current distributions at the TE,p; mode, and the radial pertur-
bation slots of thickness ¢; with an angle ¢ w.r.t the center of
mushroom vias are placed away from the maximum intensity
of surface-current distributions at the TEq; mode. Therefore,
it is not difficult to understand that linear slots transversely ori-
ented to surface-current vectors at the TEop; mode will obstruct
the current path length when their length [ is increased. As a
consequence, the TE5p; mode will be disturbed, resulting in a
change in the corresponding resonance frequency. The radial
slots making an angle ¢, placed in regions of weak intensity of
surface current at the TE9; mode, are unable to significantly
diverge the surface currents at the TE5p; mode until the radial
angle ¢ is made too large. The technique of diverging the sur-
face currents by changing the parametric values of perturbation
slots loaded into the RMRs helps realize independent control
over excited modes, which are responsible for generating dual
passbands in the dual-band bandpass filter. Thus, it is evident
that the radial perturbation slots are useful to control the TE ;¢
mode without disturbing TE2; mode, and the linear perturba-
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FIGURE 34. The tuning element implemented into the dual-band bandpass filter (a) with a single radial shaft shown in a 2-dimensional view and (b)
with four radial shafts, presenting the entire tuning element shown in a 3-dimensional view.

tion slots are useful to control the TE5y; mode without disturb-
ing the TE;9; mode.

The signal-coupling path from the source to the load through
SIW-integrated mushroom resonators is a critical aspect of the
bandpass filter design. Accordingly, once the perturbation slots
are verified for effective passband tuning, the external qual-
ity factor (QQ.) of the complete dual-band filter is analysed to
evaluate the source-resonator coupling characteristics. Q¢101
and Q001 are external quality factors of the entire filter struc-
ture at TE19; and TEgg; modes, respectively. The slot gap s;
between two cascaded rectangular mushroom resonators con-
trol the coupling strength between the individual excited modes
during the generation of respective passbands. So, variations
of Qc101 and Q201 W.r.t slot gap s; are observed and pre-
sented in Figure 33(a). Here, we found that as the gap between
the mushroom resonators, that is, s; increases, the electric
coupling strength between those resonators decreases, which
brings the passband reflection zeros close to each other and in-
creases (QQ.101 initially. However, as the gap increases further,
the energy transfer is restricted due to a lack of necessary cou-
pling, and thus, ().101 remains constant thereafter. In the case
of Qc201, it initially decreases as the gap s; increases, and af-
ter a certain value of s1, QQc201 becomes constant because there
is no further change in coupling strength. Coupling slotlines,
L1, Lo, L3, and L4, shown in the schematic of the proposed
filter, are used to excite the two modes of this dual mushroom
structure. The role of one slotline L; in controling (). is real-
ized and explained in this study. Figure 33(b) shows the varia-
tion in external quality factors, (Q¢101 and Qe201, for change in
L1. Both Q191 and ().201 decrease due to increase in L, but
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rate of (201 decrease is clearly prominent compared to that of
Q101 which is almost uniform after a certain value of L. Both
studies of external quality factor (Q).) show that the values of
Qc101 and Q201 at those optimised values of s; = 0.2 mm and
L, = 18.32 mm come nearly at 58 or 59.

Figure 34(a) shows the cross-sectional view of a single ra-
dial shaft acting as a tuning element implemented in a single
mushroom resonator. The radial shaft is like a metal patch hav-
ing a thickness equal to that of a metal cladding, with a given
shape of a fraction of the entire circular patch, and is made to
rest on the patch of the mushroom resonator, as shown in Fig-
ure 34(a). The radial shaft is connected to an axial pin fitted at
the top of the extension of the mushroom via along the Y axis,
as shown in Figure 34(a). As the radial shaft rests on the metal
patch of the mushroom resonator, it is easy to move the metal-
lic radial shaft by rotating the shaft connector about the axial
pin either clockwise or anti-clockwise. To increase or decrease
the radial angle  of the radial perturbation slot, the arc length
should be increased or decreased at both ends, for which two
radial shafts are needed. These radial shafts either cover or ex-
pose the radial perturbation slot by decreasing or increasing the
angle o5 in between. Two additional radial shafts are required
as well to vary the other radial perturbation slot placed radi-
ally opposite to the former. Therefore, four such radial metallic
shafts are employed in each mushroom resonator loaded to the
SIW cavity to control the TE;o; mode and tune the 15¢ pass-
band. Figure 34(b) shows the entire tuning element composed
of four radial metallic shafts resting on the metal patch of the
mushroom resonator. These four radial shafts are simultane-
ously used to vary the length [ of the pair of linear slots loaded
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FIGURE 35. Installation of radial metallic shafts in mushroom resonators to control (a)

and (b) 2"? passband by covering the pair of linear perturbation slots.
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FIGURE 36. Installation of radial metallic shafts in the dual-band bandpass filter (a) o1 = 20.5° and (b) 1 = 60°.

to mushroom resonators. If the angle between the radial shafts
along the Z-axis, i.e., g, is decreased, the corresponding pair
of shafts comes closer to each other and consequently covers
the linear perturbation slot placed along Z-axis in the mush-
room resonator. On the contrary, linear perturbation slots are
exposed when the angle 5 in between the radial shafts is in-
creased. Therefore, the simultaneous use of these four radial
metallic shafts is quite convincing to control the TE2p; mode
and tune the 2"¢ passband of the dual-band bandpass filter. Fig-
ures 35(a) and (b) show the installation of radial metallic shafts
in mushroom resonators to control the 1°¢ passband and 2"¢
passband, respectively.

3. RESULTS AND DISCUSSION

3.1. Tuning of 1 Passband

As explained earlier, the variation of angle ¢ made by the pair
of radial perturbation slots w.r.t the center of mushroom vias is
employed to tune the 1°¢ passband. This variation in angle ¢4
is made possible by using the angular separation ¢ between
radial metallic shafts along the X axis. As the radial metallic
shafts rotate about the axial pin and come closer to each other,
the angle (; decreases, and a cover of metal patch is formed
over the radial perturbation slot by decreasing the arc length
from both ends of the radial perturbation slot. This variation
in angle ¢ directly covers or exposes the pair of radial pertur-
bation slots and consequently governs the deviation in surface-
current path length. This leads to the establishment of control
over the 1°¢ passband. Figure 36 shows the structure of this
dual-band bandpass filter after implementing the metallic radial
shafts into the loaded RMRs as explained in the previous sec-
tion. Figure 36(a) shows the angle ¢ in between the two radial
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shafts aligned along the X axis, with a value of 20.5°. Such a
position of the entire set of radial shafts covers almost the whole
arc length of the radial perturbation slots, as presented in Fig-
ure 36(a). An increase in angle ¢ to a value of 60° partially
exposes the pairs of radial perturbation slots, as shown in Fig-
ure 36(b). These angular positions of the radial metallic shafts
are considered keeping in mind not to disturb the linear slot
which is responsible for the tuning of 2"¢ passband. Figure 37
shows surface-current distributions over the upper conductor of
the filter structure at TE1g; and TEsp; modes for 1 = 20.5°,
and Figure 38 shows those for p; = 60°. Figure 37(a) shows
that the path length of current distributions at the TE;(; mode
are completely undeviating over the radial perturbation slots as
those slots are almost covered by the radial metallic shafts. Lin-
ear perturbation slots are observed not to deviate the surface-
current path length at the TE;4; mode, clearly observed in Fig-
ure 37(a). Figure 37(b) shows a deviation in the surface current
path length at the TE2p; mode across the linear perturbation
slots when angle ¢; = 20.5°. The increase in angle ¢; fur-
ther from 20.5° to 60° exposes the pairs of radial perturbation
slots partially, as shown in Figure 38. These partial exposures
of radial perturbation slots restrict the path of the surface cur-
rent partially at the TE;4; mode, as shown in Figure 38(a). The
more the value of ¢; increases, the more the perturbation slot
increases, resulting in a larger deviation in surface current at the
TE101 mode. The linear perturbation slot aligned to the surface-
current vector and its dimension being constant hardly disturbs
the TE o, mode.

At the TE90; mode, the partial exposure of these radial per-
turbation slots does not make any significant deviation in the
surface-current path as these slots are positioned in regions
of surface-current distributions with lower intensity, which is
clearly illustrated in Figure 38(b), whereas the linear perturba-
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FIGURE 39. Shift in the 1°* passband, keeping the 2"*¢ passband undis-
turbed.

tion slots being transverse to the surface-current vector exten-
sively deviate the current paths at the TE53; mode, as shown in
Figure 38(b). During the variation of angle (; from the lowest
attainable angle to the value for which radial perturbation slots
are completely exposed, the dimensions of linear perturbation
slots are kept unchanged, due to which the TE;g; mode is per-
turbed, and consequently the control over the CF of the 15% pass-
band is established. As no change takes place in the deviation
of surface current at the TEoy; mode, the 2% passband remains
unchanged. Figure 39 shows the S5; frequency response char-
acteristics of this dual-band bandpass filter with tuning over CF
of the 1%¢ passband. It is clearly illustrated that the increase in
angle ¢, exposes the radial perturbation slot more, and conse-
quently, the surface-current path length elongates due to devi-
ation in path length, which results in the decrease of resonance
frequency at the TE1p; mode. Thus, the CF of 1% passband
shifts to lower value as y; increases. It is observed in Figure 39

that a change in angle (1 continuously by 40° shifts the CF of
15! passband independently in real time by 9.5% keeping 2"¢
passband undisturbed. The dimensions of perturbation slots are
the same as those in the caption of Figure 31.

3.2. Tuning of the 2"¢ Passhand

As explained earlier, the linear perturbation slots of thickness
to and length [ are positioned transverse to the direction of the
surface-current vector, and naturally, variations in slot dimen-
sions are used to control the TE5j3; mode. The variation in an-
gular separation @5 in between the radial metallic shafts along
the Z-axis is employed to vary the thickness to of the linear
perturbation slot along the Z-axis. As the radial metallic shafts
rotate about the axial pin and come closer to each other, the
angle (o decreases, and an inclined cover of metal patches is
formed over the linear perturbation slots. Figure 40(a) and Fig-
ure 40(b) show the positions of these radial metallic shafts with
angle o = 0° and 38° which respectively cover linear pertur-
bation slots completely and partially, as illustrated in these fig-
ures. The two extreme values of angle w9 mentioned above are
fixed such that, within this range, the linear perturbation slots
will be exposed partially from complete cover, that too with-
out disturbing the dimensions of the radial perturbation slots.
A further increase in o from 38° to a higher value is also
possible to completely expose the pairs of linear perturbation
slots, as some margin remains for the radial metallic shafts to
rotate before the dimensions of the pairs of radial perturbation
slots are disturbed. Surface-current distributions at TE1¢; and
TEs9; modes for ¢ = 0° and 38° are studied and presented
in Figure 41 and Figure 42. When @2 = 0°, the radial metallic
shafts completely cover the linear perturbation slots, for which
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FIGURE 40. Installation of radial metallic shafts in the dual-band bandpass filter (a) 2 = 0° and (b) @2 = 38°.
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FIGURE 42. Surface current distributions over the upper conductor of the dual-band bandpass filter (a) at TE101 mode when 2 = 38° and (b) at

TE201 mode when s = 38°.

the surface current distributions at the TE;3; mode remain un-
perturbed over the region of the linear perturbation slot but face
a deviation across the region of the radial perturbation slot, as
shown in Figure 41(a). Figure 41(b) shows surface-current dis-
tributions at the TEo; mode, where the surface current remains
undeviated over the region of the linear perturbation slot, but a
constant deviation of the surface current occurs across the ra-
dial perturbation slot. An increase in 5 to a value of 38° after
rotating metallic radial shafts exposes the linear perturbation
slots partially, but they are aligned with current distributions,
and TEjp; modes are hardly disturbed, as illustrated in Fig-
ure 42(a). As 5 increases and attains a value of 38° after ro-
tating the metallic radial shafts, the linear perturbation slots are
partially exposed and deviate the surface current over the upper
conductor of the filter structure at the TE5p; mode, as shown in
Figure 42(b). For both values of (o, the radial perturbation
slot offers a constant deviation in the surface current at TE g1
and TE5p; modes because the dimensions of the radial pertur-
bation slots are constant. During the variation of angle 5 from
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0° to the value for which the linear perturbation slots are com-
pletely exposed, the dimensions of the radial perturbation slots
are kept unchanged, due to which the TE5y; mode is perturbed,
and consequently, the control over the CF of the 2”? passband
is established. As no change takes place in the deviation of the
surface current at the TE19; mode, the 15 passband remains
unchanged. Figure 43 shows S3; frequency response charac-
teristics of this dual-band bandpass filter with tuning over CF
of 2™ passband. It clearly illustrates that the increase in angle
(o exposes the linear perturbation slot more in an inclined fash-
ion, and consequently the surface current path length elongates
due to deviation in current path length, which results in the de-
crease of resonance frequency at the TEog; mode. Thus, the
CF of the 2™¢ passband shifts to lower value as 5 increases. It
is observed in Figure 43 that a continuous change in angle ¢2
by 40° shifts the CF of the 2" passband independently in real
time by around 2.5%, keeping the 1°¢ passband undisturbed.
The dimensions of the perturbation slots are the same as the
initial ones. Therefore, this entire process of rotating installed
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TABLE 2. Comparison with other referred tunable bandpass filters.

Continuous
Technology and Biasing and, Order Tuning Tuning IL (dB)
Refer | Independent network | Mechanical | CF (GHz) 15t/pnd FBW |in CF (%) | in CF (%) TZs| 15/204 /374 Size
ences tuning requirement tuning f1/f2) band (%) of 1% of 2" band Ag® Ag
(Yes/No) (Yes/No) (Yes/No, passband | passband
Yes/No)
12 SIW, No Yes No, No 1.3 2 — 26% — 0 7 —
13 SIW, No Yes Yes, No 2.14 2 —_— 60.8% — 2 3.6 0.19 *0.11
SIEvM
14 Cavity, Yes Yes, No 0.8 2 4 52.4% — 0 2.05
No
15 HMSIW, Yes Yes Yes, No 2.26/4.59 | 2/2 — 36.4% 32.7% 2 |2.33/3.38 | 0.19 *0.15
16 | Microstrip Yes Yes, No 12 2 | — | 173% 2]
and SIW, No
17 SIW, No. No Yes, Yes 22.8 2 2.1 10.5% — 0 3.05
18 SIW, No Yes No, No 1.4 2 3.7 28% — 0 4 1.19* 1.7
19 HMSIW, No Yes No, No 1.4 — 28% — 2.3 1.0 *0.7
4.56%
(lsz
20 SIW, No No Yes, Yes 10.75 1 o method)y |
5.1%
(nd
method)
21 SIW, No No Yes, Yes 10 4 8 10% —_— ——  |4.65*15.78
22 SIW, No No Yes, Yes 7.62 2 — 4.2% — 1.3 1.06 * 1.06
23 (Mifi?é:(:ftsrol) No Yes, No 7.71/9.64 | 2/2 | 5.4/8.1 6.6% 5.5% 0 | 1.9/1.65 |0.58 *0.58
2q | CMOS Chip-LC Yes No, No 15 2 | 15-67| —— — o | — S
Resonator
Varactor-loaded
25 dg:z(t’rsitcr‘fo:z:d Yes Yes, Yes | 3.52126.5 | 22 | 928 | 9.1% 79% | 4 | 3035 |116*1.01
cavity, Yes
26
(Desi | Waveguide, Yes No Yes, Yes | 15.1/16.62 | 2/2 [2.42/1.73| 7.92% 6.08% 1 — —
gnl)
26
(Desi | Waveguide, Yes No Yes, Yes [14.81/16.69| 3/2 |2.5/2.58 | 6.77% 5.16% 1 2.0/2.0 —
gn2)
g9 | Coaxialcavity No Yes, Yes 0.65 4 | — | 258% |2 1.4 S
resonator, No
Stub loaded
30 | resonatorand Yes Yes, No 10.04 3002933 | n21% | — |2 | 277 —
liquid crystal,
No
Varactor diodes
32 + Graphene Yes Yes, No 0.85 3 — 82.87% — 0 2.70 —
sheet, No
172 WWwWw.jpier.org
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3-D printed
liquid metal
33 . No Yes, Yes 1.3 1 E— 22.14%  — 0 2.1 _—
helical resonator,
No
34 SIW, No Yes Yes, No 2.3 2 —_— 34.57% —_ 0 1.77 —_
35 SIC, No No Yes, Yes 3.0 2 6.0 2238% | —— | 0O 2.5  —
36 SISL, No Yes No, No 1.0 e 75% —_— 2 2.5 0.09 * 0.07
37 Single switchable Yes No,No | 0710 | 22| o0.15 30% | 25% | 3 3 S
J inverter, Yes
Capacitor Loaded
38 Coupled Lines, Yes No,No | 2/3.79 | 2/2 | 22.2/8.5 43.8% —— | 4| 1.3/1.28 | 1.13*0.2
Yes
39 FPF/HPF Yes No, No 3.5 3 42 74% —_— 3 5.7 —_—
Diplexer, No
40 Quadrature Yes No,No | 1.2/1.7 | 272 | 353/346 | 37% | 27.1% |4 | 4361 | ——
coupler, Yes
41 SISL, Yes No Yes, Yes | 6.9/8 | 4/4 7 0.54 0.61 * 0.51
Pro
posed SIW, Yes No Yes, Yes | 2.2/4.2 | 2/2 | 12.5/10.5 | 9.5%, | 2.65%, | 3 | 1.0/1.8 0.31 *0.5
work
0 icant features, such as the used technology, independent pass-
10l band tunability, requirement of any biasing network, possibil-
20l X ity of continuous tuning of passband CF, and usage of me-
chanical tuning elements, are also included in this compara-
@’ ig __ s EE» tive .study., as listed in Table 2. Quite considerabl.e and seri-
e o 6=30" ous insertion losses are observed at passband CFs in those re-
» =500 0 ferred tunable filters where biasing networks are used as part of
220 Rt N R tuning elements [12-15, 18, 19,25, 30, 32,36,37,39-41]. Pure
=70 % [ center Sraquency ¢,=10 mechanical elements are introduced in the filter structure to
ECNE T . . . . .
80 _ Frequency (GHz) , deal with the exposed dimensions of the perturbation slots in
2 3 4 5 order to independently tune both CFs of the passbands, which
Frequency (GHz)

FIGURE 43. Shift in the 2" passband, keeping the 1°¢ passband undis-
turbed.

radial metallic shafts separately over both pairs of perturbation
slots establishes the independent tuning technique of dual pass-
bands in a dual-band bandpass filter. In practical implementa-
tion, factors such as contact resistance, mechanical clearance,
friction, and wear may bring small variations in tuning char-
acteristics of the proposed mechanism. However, these effects
have not been separately quantified through dedicated contact-
resistance, repeated-cycle, or long-term stability measurements
in the proposed design. Therefore, the results are considered
primarily a tentative validation of the proposed radial-shaft-
based tuning concept and its electromagnetic tuning capability.

The proposed technique of independent tuning of center fre-
quencies of this dual-band bandpass filter is comprehensively
compared with those significantly tunable state-of-the-art band-
pass filters reported by other research groups and is highlighted
in Table 2. The comparison includes key performance met-
rics such as frequency range, tuning range percentage, num-
ber of bands, independent tuning capability, passband inser-
tion loss, and fractional bandwidth. In addition, some signif-
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is unique in itself and novel compared to conventional meth-
ods using electrical, electronic, or RF-MEMS tuning elements.
As an added advantage, the possibility of continuous tuning is
established in both passbands, which is hindered if electrical
or electronic tuning elements are employed [12, 18, 19, 24,36—
40]. In comparison to other referred works, center frequencies
of both passbands in the proposed bandpass filter are indepen-
dently tunable. The independent tunability of passband CFs
is achieved around 2.2 GHz for the 15! passband and around
4.2 GHz for the 2"¢ passband for this compact filter structure
compared to other referred works with operational frequen-
cies at higher values and larger size [21,23,25]. More flex-
ibility is achieved, as far as CF tuning is concerned, for the
proposed filter, compared to other referred tunable bandpass
filters [20,22,23,25,26 (both designs)]. Both passbands can
be tuned independently in the proposed filter structure com-
pared to [12—14,16-22,29,30,32-36] where single-passband
tuning is only reported. The minimum insertion losses suffered
by the 1% and 2"¢ passbands of the proposed filter are close
to 1 dB and 1.8 dB, respectively, which is quite low compared
to the referred tunable filters [12-21,23-26, 30,32-36]. Both
passbands show relatively wider Fractional Bandwidth (FBW)
at comparatively lower operating frequencies in this proposed
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CF tunability technique than other reported filters that work at
higher operating frequencies [14,17,18,21,23-26,30,35]. A
compact area of 0.31 x 0.5)\3 is covered as the footprint by the
proposed structure in comparison to other referred works which
occupy significantly more area with poor passband selectivity
due to fewer transmission zeros (TZs) through the passband re-
sponse [18,19,21-23,25].

4. CONCLUSION

This work presents a detailed study on independently tun-
able dual-band bandpass filters using rectangular mushroom
resonator-loaded substrate integrated waveguide (SIW) struc-
tures. The proposed approach establishes that carefully en-
gineered perturbation slots can selectively manipulate multi-
ple resonant modes independently, enabling controllable dual-
band tuning within a compact SIW platform. Unlike conven-
tional techniques relying on complex electronic biasing cir-
cuitry or mechanically intensive tuning mechanisms, the pro-
posed method provides a simpler and more efficient solution
for achieving reconfigurable dual-band filter operation. One
of the principal contributions of this work is the realization of
mode-selective perturbation using arc-shaped and linear slots
strategically introduced at regions of maximum surface cur-
rent concentration for the intended resonant modes, while min-
imizing interaction with modes showing high current density
in other regions. A 12.5% frequency tuning for the TE;¢;
mode and 7% tuning for the TE;p2 mode are achieved using
this approach with minimal mutual interference. The inde-
pendent tuning behavior originates from the spatial orthogo-
nality of surface current distributions associated with differ-
ent resonant modes, which allows individual modes to be se-
lectively perturbed with minimal mutual interaction. Further-
more, the proposed dual-band bandpass filter configuration, re-
alized using cascaded rectangular mushroom resonators and ex-
tended coupling-slot structures, achieves second-order filter-
ing characteristics for each passband while improving selec-
tivity through the introduction of transmission zeros. Incor-
porating a transmission zero in the lower stopband provides
more than 40 dB attenuation, resulting in a sharp passband-to-
stopband transition and improved filtering selectivity. The pre-
sented topology further demonstrates that compact planar struc-
tures can effectively support high-performance multiband fil-
tering while preserving compatibility with standard PCB man-
ufacturing techniques. By employing radial metallic pertur-
bation shafts, the proposed post-fabrication tuning scheme en-
ables independent adjustment of the lower and upper passbands
with measured tuning ranges of 9.5% and 2.5%, respectively.
The filter consistently shows average insertion losses close to
1.4 dB and return losses exceeding 15 dB over all tuning condi-
tions, indicating robust impedance matching and stable filter-
ing characteristics. The achieved performance highlights the
practicality of the proposed technique for compact and indepen-
dently tunable dual-band SIW filter implementations. Based on
this proposed tunability technique over CFs, the achieved fre-
quency coverage incorporates critical bands for contemporary
wireless applications, including Wi-Fi (2.4 GHz), Long Term
Evaluation (LTE; 2.3-2.7 GHz), and satellite communications
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(4.2-4.4GHz). The achieved operating range, together with
the capability for independent dual-band frequency reconfig-
uration, makes the proposed filter well suited for wireless plat-
forms requiring simultaneous support for multiple communica-
tion standards. Such functionality is particularly advantageous
in multi-service communication environments where individ-
ual frequency bands must be optimized independently accord-
ing to system requirements. In mobile and wireless terminals,
the proposed filter can facilitate concurrent operation across
multiple frequency bands while maintaining tailored filtering
characteristics for each band. For satellite and space communi-
cation systems, independently tunable passbands offer the flex-
ibility to accommodate frequency allocation changes and com-
pensate for frequency offsets arising from operational condi-
tions. Likewise, in cognitive, adaptive radio networks, dynami-
cally adjusting passband frequencies enables efficient spectrum
utilization by mitigating interference and accessing available
spectral resources in real time.
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