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ABSTRACT: To suppress multiple narrowband interferences in ultra-wideband (UWB) communication systems while maintaining a com-
pact size and wide passband response, a quad-notch UWB filter based on a bowtie T-shaped resonator is proposed and investigated.
The proposed filter employs an improved stepped-impedance resonator (SIR) with multi-branch loading and an annular defected ground
structure (DGS) to enhance bandwidth extension, passband flatness, and frequency selectivity. A novel quasi-closed-loop C-shaped res-
onator with an additional coupling path is introduced to generate an extra controllable resonant mode, providing enhanced flexibility for
independent notch-band tuning. Combined with an asymmetric open-circuited branch, four independently adjustable notch bands are
achieved within the UWB passband. Resonance characteristics of the proposed multimode structure are analyzed using even-odd mode
theory, providing an effective approach for mode-frequency control. Experimental results demonstrate that the fabricated filter achieves
a wide passband from 2.71 to 11.5GHz with a fractional bandwidth of 124%, along with four sharp rejection bands centered at 5.91,
6.75, 7.29, and 8.08GHz. The maximum attenuation reaches 34.55 dB, while the filter maintains a compact size of 23mm× 29.74mm
with excellent passband flatness and out-of-band suppression. The proposed quad-notch UWB filter provides an effective solution for
interference-resistant wireless communication systems.

1. INTRODUCTION

Presently, multimode resonators are extensively employed in
broadband and ultra-wideband (UWB) filters. The inher-

ent independence of the multiple resonance modes within a
single multimode resonator facilitates substantial reduction in
the required number of resonant elements. Consequently, this
characteristic minimizes both the circuit footprint and overall
physical dimensions, establishing the multimode approach as a
pivotal technology for the miniaturization of UWB filters [1].
To generate multiple discrete passbands or resonances, tradi-
tional approaches often rely on coupled, cascaded, or periodic
cavity arrangements; however, these configurations typically
occupy substantial physical space and suffer from significant
transmission throughput degradation due to compounding cas-
cading losses. To overcome these spatial limitations, contem-
porary designs leverage advanced single-cavity geometries to
exploit a rich mode spectrum via extended optical paths and
spatial mode folding within an ultra-compact footprint. Cru-
cially, such architectures naturally separate spectral and spatial
degrees of freedom, allowing for independent, mode-selective
spectral tunability via structural parameters and successfully
overcoming uniform scaling constraints inherent to conven-
tional ring, disk, or stub resonators.
In ultra-wideband (UWB) systems, filters are convention-

ally situated at the front end to handle signal processing [2].
Such components necessitate compact form factors and cost
efficiency, coupled with exceptionally broad bandwidth, min-
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imal insertion loss, and superior frequency skirt selectivity.
Consequently, the concurrent realization of high performance
and miniaturization constitutes a paramount research focus in
this domain. To optimize front-end architectures and reduce
overall system size, modern methodologies place heavy em-
phasis on structural miniaturization and functional integration,
such as co-designing filtering and radiation features to avoid
separate components and eliminate additional unwanted inter-
ferences. Beyond these prerequisites, interference rejection
has emerged as a critical performance metric for UWB sys-
tems. The rapid proliferation of wireless communication tech-
nologies has introduced substantial fixed-band interference, no-
tably from WiMAX and WLAN signals, into the UWB spec-
trum [3]. Consequently, incorporating multi-notch characteris-
tics into UWB filters constitutes an effective strategy for miti-
gating these in-band interferences. Although dual- and triple-
notch configurations are prevalent in the literature, quad-notch
UWB filters with highly independent mode optimization re-
main comparatively scarce in both theoretical simulation and
experimental validation.
This paper proposes a quad-notch UWB filter based on a

bowtie T-shaped resonator. Initially, the structure’s resonant
characteristics are analyzed to develop a foundational UWB fil-
ter with enhanced band selectivity and an expanded passband.
Building upon this baseline design, four in-band notches are in-
troduced by integrating supplementary branches and dedicated
notch resonators, which generate one and three notches, respec-
tively. The geometric parameters of these resonating elements
are systematically optimized to ensure independent operation
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FIGURE 1. Schematic diagram of a traditional multimode resonator and its simulation results. (a) Schematic diagram and (b) simulation results.

(a) (b)

FIGURE 2. Equivalent circuit of the SIR parity mode with a single branch loaded. (a) Odd-mode equivalent and (b) even-mode equivalent.

without mutual interference. Finally, a physical prototype was
fabricated and experimentally characterized. The measured re-
sults exhibit strong agreement with the simulations, thereby
validating the feasibility of the proposed approach.

2. ULTRA-WIDEBAND FILTER BASED ON A BOWTIE-
TYPE MULTIMODE RESONATOR DESIGN

Existing literature [4] presents an ultra-wideband (UWB) band-
pass filter based on a five-mode resonator, designated as a con-
ventional multimode resonator. The optimized physical layout
and corresponding simulation results of this filter are depicted
in Fig. 1(a). Structurally, the conventional multimode resonator
employs a single-branch-loaded stepped-impedance resonator
(SIR) configuration. Specifically, it comprises a centrally po-
sitioned SIR (L2, L3, W2, W3) that is symmetrically loaded
with a single branch (L1, W1) on each side. Additionally, the
microstrip feeding network uses an interdigital coupling struc-
ture. To enhance the coupling performance of the microstrip
line, a defected ground structure (DGS) was integrated beneath
it [5]. In contrast to configurations previously reported in the
literature, the optimized design utilizes a Rogers 5880 substrate
characterized by a relative permittivity of 2.2, a thickness of
0.787mm, and a copper cladding thickness of 35µm. Fol-
lowing iterative electromagnetic simulation and optimization
via High Frequency Structure Simulator (HFSS) 15.0, the fi-
nal physical dimensions were established as follows (in mm):
L1 = 3.6, L2 = 3.68, L3 = 9.1, L4 = 7.81, L5 = 11.1,

W0 = 2.6, W1 = 0.5, W2 = 4.4, W4 = 0.4, g1 = 0.12,
d1 = 0.21, L6 = 6.4,W6 = 2.4, and d2 = 0.72.
As depicted in Fig. 1(b), the filter exhibits a 3-dB passband

ranging from 2.89 to 11.93GHz, corresponding to a fractional
bandwidth of 122%. Additionally, two transmission zeros are
successfully introduced at 2.58GHz and 12.38GHz, respec-
tively.
Figure 2 illustrates the fundamental structure of a single-

branch SIR. An even-odd mode equivalent transmission line
model is employed to analyze its resonance conditions [6].
Within this framework, the single branch is characterized by
an admittance Y2 and an electrical length θ2. Correspondingly,
the stepped-impedance section is defined by characteristic ad-
mittances Y4 and Y5, with respective electrical lengths θ4 and
θ5.
The odd-mode admittance is:

Yin,odd = jY1
Y2 tan θ2 − Y1 cot θ3 + Y1 tan θ1
Y1 − (Y2 tan θ2 − Y1 cot θ3) tan θ1

(1)

The even-mode admittance is:

Yin,even = Y1
Y1e + jY1 tan θ1
Y1 + jY1e tan θ1

(2)

Y1e = jY2 tan θ2 + Y1
Y2e + jY1 tan θ2
Y1 + jY2e tan θ2

(3)

Y2e = Y4
Y3e + jY4 tan θ4
Y4 + jY3e tan θ4

(4)
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FIGURE 3. Equivalent circuit of the SIR parity mode with a single branch loaded. (a) Schematic diagram, (b) odd-mode equivalent circuit, and (c)
even-mode equivalent circuit.

Y3e = jY5 tan θ5 (5)

By applying the odd-mode resonance condition,
Im[Yin,odd] = 0, the following equation can be derived:

Y1 − Y2 tan θ2 tan θ3 − Y1 tan θ1 tan θ3 = 0 (6)

By applying the even-mode resonance condition, Im[Yin,even] =
0, the following equation can be derived:

Y1e + jY1 tan θ1 = 0 (7)

As indicated by Equation (6), the odd-mode resonance fre-
quency is governed exclusively by the uniform-impedance
branch and remains independent of the stepped-impedance sec-
tion. Consequently, this frequency can be systematically tuned
by adjusting the structural parameters (θ1, Y1) of the uniform
branch. Conversely, Equation (7) demonstrates that the even-
mode resonance frequency is jointly determined by the physical
dimensions of both the stepped-impedance section (Y2, θ2, Y3,
θ3) and the uniform-impedance branch (Y1, θ1). Building upon
the aforementioned multimode resonator, an enhanced config-
uration is developed by substituting the conventional stepped-
impedance resonator (SIR) with a bowtie SIR. Furthermore, the
design incorporates two pairs of uniform-impedance branches
— replacing the original single pair — which are symmetri-
cally loaded on both sides of the central bowtie structure. The
fundamental geometric layout and the corresponding even- and
odd-mode equivalent circuits are illustrated in Fig. 3. Specifi-
cally, the characteristic admittances of the two pairs of uniform-
impedance lines are denoted as Yb1 and Yb2, with corresponding
electrical lengths of θb1 and θb2, respectively. Furthermore, the
distinct sections of the dumbbell-shaped stepped-impedance
resonator (SIR) exhibit characteristic admittances of Ys1 and
Ys2, corresponding to electrical lengths of θs1 and θs2, respec-
tively [7, 8].
Under even-mode excitation, based on transmission line the-

ory, the even-mode input admittance, Yin,even, can be derived as
follows:

Yin,even = Y1
Y1e + jY1 tan θ1
Y1 + jY1e tan θ1

(8)

Among them

Y1e = jY2 tan θ4 + Y1
jY2e + jY1 tan θ2
Y1 + jY2e tan θ3

(9)

Y2e = jY2 tan θ5 + Y1
jY3e + jY1 tan θ3
Y1 + jY3e tan θ3

(10)

Y3e = Y3
jY4e + jY3 tan θ6
Y1 + jY4e tan θ6

(11)

Y4e = jY4
Y5 tan θ8 + Y4 tan θ7
Y4 − Y5 tan θ8 tan θ7

(12)

Under odd-mode excitation, based on transmission line theory,
the odd-mode input admittance, Yin,odd, can be derived as fol-
lows:

Yin,odd = Y1
Y1o + jY1 tan θ1
Y1 + jY1o tan θ1

(13)

Y1o = jY2 tan θ4 + Y1
jY2 tan θ5 − jY1 cot θ3 + jY1 tan θ2
Y − Y2 tan θ5 − jY1 cot θ3 tan θ2

(14)
By applying the even- and odd-mode resonance conditions,
Im[Yin,even] = 0 and Im[Yin,odd] = 0, to Equations (8) and (14),
the respective resonance equations can be derived as follows:

Y1e + jY1 tan θ1 = 0 (15)
Y1o + jY1 tan θ1 = 0 (16)

As indicated by Equations (16) and (17), both the odd- and
even-mode resonance frequencies depend on the uniform-
impedance branches (L2,W2). However, the dumbbell-shaped
stepped-impedance section (L7, L8, W7, W8) exclusively
influences the even-mode resonance frequency. Consequently,
modifying the physical parameters of the central bowtie
stepped-impedance resonator alters only the even-mode
response, leaving the odd-mode resonance entirely unaffected.
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FIGURE 4. Equivalent circuit of the SIR parity mode with a single branch loaded.

FIGURE 5. Comparison of S21 parameters for two ultra-wideband fil-
ters.

Although slightly more structurally complex than the pre-
ceding architecture, this proposed design offers significantly
enhanced flexibility for frequency tuning.
Based on the preceding analysis, Fig. 4 illustrates the

schematic configuration of the enhanced multimode resonator-
based ultra-wideband (UWB) filter. This multimode resonator
comprises a bowtie-shaped, stepped-impedance open-circuited
branch positioned in the central plane, which is symmetrically
loaded on either side with uniform-impedance branches of
varying lengths. Additionally, the filter utilizes a parallel-
coupled feeding structure, beneath which two annular defected
ground structures are etched to substantially enhance the
overall coupling strength. This configuration minimizes the
requisite etched area, mitigates in-band insertion loss, and
flattens the passband ripple, thereby yielding an ultra-wideband
(UWB) filter with superior filtering characteristics.
The proposed filter was modeled and evaluated using the

electromagnetic simulation software Ansys HFSS 19.0. The
design was implemented on a Rogers 5880 substrate, charac-
terized by a thickness of 0.762mm, a relative permittivity of
2.2, and a loss tangent of 0.0009. Following iterative optimiza-
tion, the final physical dimensions were established as follows
(in mm): L1 = 3, L2 = 8, L3 = 0.5, L4 = 0.5, L5 = 3.42,
L6 = 1.56, L7 = 0.62, L8 = 0.5, L9 = 6.4, L10 = 1,

L11 = 8.2, W1 = 1.5, W2 = 2.5, W3 = 0.4, W4 = 3.6,
W5 = 1.93,W6 = 9.5,W7 = 2.8,W8 = 2, width = 0.13, and
D1 = 0.21.
Compared to designs previously reported in the literature, the

proposed configuration introduces three principal structural en-
hancements: first, the substitution of the conventional rectan-
gular stepped-impedance resonator (SIR) with a bowtie SIR;
second, the transition from a single-branch to a multi-branch
loading scheme; and third, the replacement of the rectangular
defected ground structure (DGS) with an annular DGS. Fig. 5
compares the S-parameters of the two distinct designs. As ev-
idenced by the transmission characteristics, the enhanced mul-
timode resonator demonstrates superior passband flatness and
reduced insertion loss across the UWB frequency range of 2.7
to 12.0GHz. Crucially, this design effectively suppresses the
response fluctuations previously observed near 9.5GHz in the
conventional architecture. Although the proposed structure ex-
hibits a marginally shallower upper-stopband rejection depth
above 12.5GHz relative to the traditional design, it provides a
significantly sharper edge roll-off. Overall, the enhanced con-
figuration successfully optimizes in-band transmission, achiev-
ing a highly flat passband response while simultaneously main-
taining robust out-of-band rejection.

3. DESIGN OF A QUAD-NOTCH ULTRA-WIDEBAND
FILTER
Building upon the proposed ultra-wideband (UWB) filter uti-
lizing a bowtie multimode resonator, this section details the
introduction of multiple band-notched characteristics via the
asymmetric coupling of external resonant structures. Specif-
ically, a single notch is generated by integrating an open-
circuited branch above the primary resonator, and three addi-
tional notches are realized by coupling a novel quasi-closed-
loop C-shaped resonator beneath it. This strategic configura-
tion ultimately yields a quad-notch UWB filter.
The formation of the initial notch is governed by an asym-

metric coupling structure. Fig. 6 presents the schematic of a
single-notch UWB filter, wherein an auxiliary branch is inte-
grated into the fundamental UWB architecture to introduce a
transmission zero within the passband. This structural modi-
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FIGURE 6. Schematic diagram of a single-notch ultra-wideband filter.

FIGURE 7. Effect of the length ofW9 on the notch filter.

fication yields a notch depth of 39.39 dB at 6.76GHz, thereby
effectively mitigating interference from the Fixed Satellite Ser-
vice (FSS) uplink and safeguarding the overall UWB sys-
tem [9].
The dimensions of the auxiliary branch, particularly its

length and width, critically govern the notch performance.
Fig. 7 illustrates the effect of varying the length parameter
W9 on the notch characteristics. The results demonstrate that
adjustingW9 facilitates the precise tuning of the in-band notch
near 6.7GHz. Specifically, optimal performance is achieved
at W9 = 2.7mm (red curve), yielding a peak attenuation
approaching −40 dB and demonstrating the most robust
interference suppression. In contrast, alternative parameter
configurations exhibit notable performance degradations: at
W9 = 2.4mm (black curve), the notch center frequency shifts
upward with inadequate stopband attenuation (approximately
−28 dB); conversely, at W9 = 3.0mm (blue curve), the notch
center undergoes an excessive downward frequency shift,
accompanied by a diminished notch depth and compromised
isolation (approximately −32 dB).
To achieve an efficient transition from a single-notch to a

quad-notch filtering response, this design abandons the conven-
tional redundant strategy of stacking multiple resonant stubs
and, instead, introduces a novel quasi-closed-loop C-shaped
resonator unit, as illustrated in Fig. 8. From a topological per-

FIGURE 8. C-type resonator.

(a)

(b) (c)

FIGURE 9. Structure diagram and odd-even mode equivalent analy-
sis of the UISL-SIR. (a) Structure diagram, (b) odd-mode equivalent
analysis, and (c) even-mode equivalent analysis.

spective, the proposed resonator is not merely a simple geo-
metrical combination; rather, it represents an ingeniously inte-
grated composite structure consisting of a stepped-impedance
resonator (SIR) loaded with a stepped-impedance stub, a uni-
formly impedance stub-loaded SIR (UISL-SIR), and an outer
C-shaped coupling ring. Benefiting from this highly integrated
physical architecture, three independently controllable resonant
modes can be simultaneously excited within an extremely com-
pact footprint, thereby enabling multiple notch bands with min-
imal circuit complexity and size penalty.
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FIGURE 10. Basic structure and odd-even mode equivalent models of the SISL-SIR. (a) Structure of the SISL-SIR, (b) odd-mode equivalent analysis,
and (c) even-mode equivalent analysis.

In the design of the multi-notch ultra-wideband bandpass fil-
ter, the outer configuration of the approximately closed-loop
C-shaped resonator (ACLC-SIR) is symmetrically constructed
by combining an open-ended uniform-impedance-stub-loaded
stepped-impedance resonator (UISL-SIR) and a short-ended
stepped-impedance-stub-loaded stepped-impedance resonator
(SISL-SIR). Owing to the strict geometrical symmetry of the
proposed structure with respect to the central reference plane,
the odd-even mode analysis method is employed to decompose
the resonator into two independent equivalent transmission-line
models corresponding to the odd and even modes. This ap-
proach enables effective extraction and decoupling of key pa-
rameters governing individual resonant frequencies, providing
valuable theoretical guidance for the precise control and opti-
mization of multiple notch characteristics. The structures of
the UISL-SIR and SISL-SIR are shown in Fig. 9 and Fig. 10,
respectively.
Under odd-mode excitation, no current flows through the

central symmetry plane of the proposed structure, which can be
equivalently regarded as an ideal electric wall (short circuit).
For both the UISL-SIR and SISL-SIR configurations, the char-
acteristic impedances of the main stepped-impedance resonator
(SIR) are denoted as Z1 and Z2, while the corresponding elec-
trical lengths are represented by θ1 and θ2, respectively.

Zin,odd = jZ1
Z1 tan θ1 + Z2 tan θ2
Z1 − Z2 tan θ1 tan θ2

. (17)

According to the fundamental theory of resonant networks,
the odd-mode resonance condition can be obtained by setting
the imaginary part of the input admittance to zero, i.e.,

Im
[

1

Zin,odd

]
= 0. (18)

Consequently, the odd-mode resonant condition is derived as

tan θ1 tan θ2 =
Z1

Z2
. (19)

It can be observed from the above resonance equation that,
regardless of the open-ended UISL-SIR or short-ended SISL-
SIR, the odd-mode resonant frequencies are solely determined

by the characteristic impedance ratio and electrical lengths of
the main SIR. In particular, they are completely independent of
the physical dimensions of the loaded stub, including the uni-
form open-ended stub and the stepped-impedance shorted stub.
Under even-mode excitation, the electric fields are symmet-

ric with respect to the central plane, which can be equiva-
lently modeled as an ideal magnetic wall (open circuit). In
this case, the parameters of the loaded stubs directly participate
in the derivation of the resonance conditions. For the open-
ended UISL-SIR configuration, the characteristic impedance
and electrical length of the loaded uniform impedance open stub
are defined as Z3 and θ3, respectively. The impedance ratios
are introduced as

RZ1 =
Z2

Z1
, (20)

RZ2 =
Z1

Z3
. (21)

By imposing the even-mode resonance condition

Im
[

1

Zin,even

]
= 0, (22)

the corresponding resonance equation of the UISL-SIR can be
obtained as

2RZ1 tan θ1 + 2 tan θ2 +RZ1RZ2 tan θ3
= RZ2 tan θ1 tan θ2 tan θ3. (23)

For the short-ended SISL-SIR configuration, the character-
istic impedances of the loaded stepped-impedance stub are de-
fined as Z3 and Z4, with corresponding electrical lengths θ3
and θ4. The impedance ratio is defined as

RZ3 =
Z3

Z4
. (24)

By solving the even-mode resonance equation and perform-
ing mathematical simplification, the resonance condition of the
SISL-SIR can be expressed as

RZ2(RZ1 − tan θ1 tan θ2)(RZ3 − tan θ3 tan θ4)
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FIGURE 11. Schematic diagram of a quad-notch ultra-wideband filter design.

= 2(RZ1 tan θ1 + tan θ2)(RZ3 tan θ3 + tan θ4). (25)

Unlike the odd-mode characteristics, even-mode resonant
frequencies of the UISL-SIR and SISL-SIR structures are not
only determined by the dimensions of the main SIR but also
strongly dependent on the impedance ratios and electrical
lengths of the loaded stubs.
Based on the above analysis, the proposed ACLC-SIR struc-

ture exhibits remarkable resonant frequency decoupling charac-
teristics. Specifically, variations in the physical parameters of
the loaded stubs only affect the even-mode resonant frequen-
cies, while the odd-mode resonances remain completely im-
mune to these variations. This decoupling mechanism provides
important theoretical guidance for the synthesis of multimode
resonators (MMRs) and subsequent full-wave electromagnetic
optimization. During the optimization of the transmission char-
acteristics of the microstrip filter, such as the S11 and S21 re-
sponses, a stepwise tuning strategy can be adopted:
Odd-mode tuning: The odd-mode resonance frequencies

can be accurately positioned by adjusting the impedance ratio
(K value) and physical length of the main SIR structure.
Even-mode tuning: The even-mode resonances can subse-

quently be independently optimized by modifying the geomet-
rical parameters of the externally loaded stubs, such as their
lengths and widths, thereby providing flexible control over the
resonant frequencies and notch depths.
Through this design methodology, compact, high-

performance multi-notch wideband filtering responses can be
achieved without increasing the circuit’s overall footprint.
A quad-notch filter is realized by coupling the complete C-

shaped resonant unit beneath the single-notch filter and incor-
porating a rectangular defected ground structure (DGS). The
proposed structural model is illustrated in Fig. 11. However,
direct coupling may induce mutual interference among the re-
spective notches, consequently degrading the overall frequency
response. To mitigate this issue, a rectangular ground plane
is introduced underneath, and both the coupling spacing and

device parameters are iteratively optimized to achieve opti-
mal simulation results. Fig. 12(a) presents the simulated S-
parameters of the complete filter obtained viaHFSS. The results
indicate that the proposed quad-notch ultra-wideband (UWB)
filter exhibits excellent transmission and matching characteris-
tics across the target passband of 2.7–11.8GHz. In the non-
notch regions, the insertion loss (S21) is maintained above
−1.0 dB, while the return loss (S11) remains consistently be-
low −10 dB. To mitigate multi-source radio frequency (RF)
interference, the design successfully generates four indepen-
dent, steep-edged narrowband notches at 6.14GHz, 7.02GHz,
7.56GHz, and 8.41GHz. The attenuation level at each notch
frequency drops below −17 dB, with a peak attenuation reach-
ing −38 dB, thereby providing effective isolation against typ-
ical narrowband interfering signals, including WLAN and X-
band transmissions. Moreover, the proposed filter maintains
exceptional amplitude-frequency flatness — with fluctuations
below ±0.5 dB outside the notch regions — and low group-
delay distortion within the effective passband. Concurrently, it
introduces deep transmission zeros at both the lower (2.3GHz)
and upper (12.3GHz) out-of-band margins, substantially en-
hancing out-of-band suppression and the stopband roll-off rate.
Following the integration of the C-shaped resonator, the op-
erational passband narrowed marginally from 2.7–12.0GHz to
2.7–11.8GHz. This bandwidth reduction is attributed to the
adjustment of the overall coupling spacing, which was ne-
cessitated to achieve optimal attenuation across the three cor-
responding notches. Despite this minor bandwidth degrada-
tion, the trade-off remains highly justifiable within the design
paradigm, as it enables the successful realization of a quad-
notch frequency response. In summary, this design success-
fully integrates multiple highly independent notches with min-
imal mutual interference, while preserving a compact physi-
cal footprint. The simulated performance demonstrates strong
agreement with theoretical expectations, robustly validating the
efficacy and advanced nature of the proposed multimode res-

237 www.jpier.org



Gao, Li, and Wei

(a) (b)

FIGURE 12. Simulation S-parameter results for a quad-notch ultra-wideband filter. (a) S-parameter comparison chart and (b) the effect of D2 on
S21 parameters.

(a) (b)

FIGURE 13. Effects of various parameters on simulation results. (a) The effect ofLS1 on S21 parameters and (b) the effect ofLS5 on S21 parameters.

onator and defected ground structure (DGS) for ultra-wideband
anti-interference communication systems operating in complex
electromagnetic environments.
The coupling distance between the C-shaped resonator and

the improved multimode resonator plays a critical role in deter-
mining coupling strength and filtering characteristics. There-
fore, a parametric study of D2 was conducted, and the corre-
sponding simulated results are presented in Fig. 12(b). It can
be observed that the variation ofD2 has a negligible impact on
the notch responses at 6.14GHz and 7.02GHz, and the higher-
order notchmodes located at 7.56GHz and 8.41GHz are signif-
icantly affected. This phenomenon indicates that the coupling
distance primarily regulates the resonant modes associated with
the C-shaped coupling structure while maintaining the stability
of other resonances.
When D2 = 0.1mm, the notch depth at 7.56GHz is

enhanced; however, the transmission characteristic between
7.56GHz and 8.41GHz deteriorates significantly, resulting
in an undesirable attenuation of approximately −3 dB. In
contrast, whenD2 = 0.16mm, the passband attenuation is im-
proved, but additional perturbation appears around 9.88GHz,
leading to degraded passband flatness. After comprehensive

consideration, D2 = 0.13mm achieves an optimal balance
among coupling intensity, notch rejection, and passband
stability.
To investigate the influence of the loaded stub length LS1

on the resonant characteristics, a parametric analysis was per-
formed by varyingLS1 from 2.15mm to 2.35mm. As shown in
Fig. 13(a), changing LS1 primarily affects the notch resonance
associated with this loaded stub, while the other notch frequen-
cies remain almost unchanged. With increasing LS1, the corre-
sponding notch frequency shifts toward lower frequencies due
to the increased equivalent electrical length and enhanced reac-
tive loading.
The weak interaction between LS1 and remaining resonant

modes demonstrates that the introduced resonance can be inde-
pendently controlled. Meanwhile, the notch depth variation is
mainly attributed to modification of the coupling strength be-
tween the resonator and the main transmission path. Therefore,
LS1 provides an effective tuning degree of freedom for accu-
rately positioning the specific notch band without deteriorating
the overall filtering response.
Similarly, the effect of LS5 on the high-frequency notch re-

sponse was investigated by varying its value from 2.9mm to
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(a) (b)

FIGURE 14. Photographs of the fabricated device. (a) Front view showing the microstrip line structure and (b) back view showing the rectangular
defect region.

3.3mm. As depicted in Fig. 13(b), LS5 predominantly controls
the fourth notch located around 8.3GHz, and the other reso-
nant modes and the UWB passband characteristics remain al-
most unchanged. As LS5 increases, the notch frequency moves
toward lower frequencies, which can be attributed to the in-
creased electrical length of the resonant path.
Furthermore, the LS5 variation slightly influences the notch

depth due to the change in coupling strength. An optimized
value ofLS5 = 3.1mm provides the desired notch location and
sufficient rejection level, demonstrating the effectiveness of
this parameter in independently regulating the high-frequency
notch characteristic.
The above parametric analyses reveal that the proposed

ACLC-SIR resonator possesses remarkable multi-mode
frequency-decoupling capability. Specifically, the parameters
D2, LS1, and LS5 provide independent control over different
resonant modes, enabling flexible adjustment of multiple
notch bands without significant interaction among them. This
characteristic originates from the unique composite topology
of the quasi-closed-loop C-shaped resonator, in which different
resonant paths are spatially integrated while maintaining elec-
trical independence. Compared with conventional multi-notch
filters relying on multiple cascaded or stacked resonators,
the proposed structure achieves compact size, reduced design
complexity, and enhanced modal controllability. Therefore,
the ACLC-SIR provides an effective approach for realizing
high-performance UWB bandpass filters with independently
tunable multi-notch characteristics.
Based on the preceding theoretical analysis, the proposed fil-

ter was modeled and optimized using the electromagnetic sim-
ulation software HFSS 19.0. The final physical dimensions (in
millimeters) are as follows: L1 = 3, L2 = 8, L3 = 0.5,
L4 = 0.5, L5 = 3.42, L6 = 1.56, L7 = 0.62, L8 = 0.5,
L9 = 6.4, L10 = 1, L11 = 8.2, W1 = 1.5, W2 = 2.5,
W3 = 0.4, W4 = 3.6, W5 = 1.93, W6 = 9.5, W7 = 2.8,
W8 = 2, width = 0.13, D1 = 0.21, L12 = 5.2, L13 = 3.4,
L14 = 3.4, L15 = 2.4, W9 = 2.7, W10 = 1.2, W11 = 1.2,
W12 = 1.4, W13 = 2.4, W14 = 2.0, D2 = 0.13, and
D3 = 0.21. The device was fabricated on a Rogers 5880
substrate with a thickness of 0.762mm, a relative permittiv-
ity of 2.2, and a loss tangent of 0.0009. The fabricated proto-
type is presented in Fig. 14, wherein Fig. 14(a) displays the top

microstrip layer, and Fig. 14(b) illustrates the bottom ground
plane.
To experimentally evaluate the practical performance of the

proposed quad-notch UWB filter, the fabricated prototype was
characterized using a professional microwave measurement
setup. The experimental S-parameters were measured using a
Ceyear 3674H vector network analyzer (VNA). Before the de-
vice testing, a full two-port Short-Open-Load-Thru (SOLT) cal-
ibration procedure was systematically implemented to ensure
measurement accuracy across the entire frequency band of in-
terest. Furthermore, to eliminate parasitic effects, phase shifts,
and insertion losses introduced by the testing fixtures and SMA
connectors, a de-embedding process was carefully performed,
thereby shifting the measurement reference planes precisely to
the actual input and output ports of the filter prototype.
As illustrated in Fig. 15, the measured results obtained us-

ing this setup (solid lines) exhibit strong agreement with sim-
ulated ones (dashed lines). The simulated center frequen-
cies for the four notches are 6.15GHz, 7.01GHz, 7.57GHz,
and 8.41GHz, and the corresponding measured values are
5.91GHz, 6.75GHz, 7.29GHz, and 8.08GHz. The measured
3-dB fractional bandwidths for these notches are 3.64% (5.75–
6.07GHz), 4.56% (6.53–6.93GHz), 3.87% (7.14–7.48GHz),
and 2.05% (7.99–8.17GHz), respectively, with corresponding
rejection depths reaching 15.63 dB, 34.55 dB, 15.01 dB, and
15.82 dB. Furthermore, the measured passband extends from
2.71GHz to 11.5GHz (compared to the simulated range of
2.92–11.88GHz). Operating at a center frequency of 7.11GHz,
the filter achieves a 3-dB fractional bandwidth of 124%, sub-
stantially exceeding the standard ultra-wideband (UWB) spec-
trum of 3.1–10.6GHz. The overall physical dimensions of the
device are 23mm×29.74mm (0.67λg×0.81λg). Notably, the
proposed quad-notch filter architecture offers exceptional de-
sign flexibility, as it can be independently configured to realize
single- or triple-notch responses based on specific application
requirements. Minor discrepancies observed between the mea-
sured and simulated S-parameters can be primarily attributed
to manufacturing tolerances and mutual interference among the
notches; nevertheless, the overall experimental results demon-
strate strong agreement with the simulations. In addition, the
group-delay characteristics of the proposed filter were also in-
vestigated. As shown in Fig. 15, the measured group delay re-
mains relatively flat within the UWB passband, indicating sta-

239 www.jpier.org



Gao, Li, and Wei

(a) (b)

FIGURE 15. Comparison of test simulation results: (a) Comparison with S21 and (b) Comparison with S11.

TABLE 1. Comparison of the multi-notch ultra-wideband filter proposed in this paper with those in other literature.

References
Relative

permittivity
(εr)

Passband
(GHz)

Notch frequency (GHz)/
Attenuation (dB)

Blockband
suppression

(dB)

Machining
dimensions

(λg)

Maximum number of
notches introduced by
a single resonator

[10] 3.38 3.1–10.4 5.3, 6.4, 7.4/>15 17 0.61× 0.34 1
[11] 3.66 2.8–10.6 3.3, 5.1, 8.3/>15 Unknown 0.06× 0.02 1
[12] 4.4 2.8–10.2 4.4, 5.3, 8.2/>10 20 0.37× 0.18 1
[13] 3.55 2.81–10.2 5.29, 5.83, 7.99 15 0.94× 1 1
[14] 10.8 3.25–10.73 5.6, 6.42, 8.03/>19 17 1.04× 0.66 1
[15] 2.2 3.2–12.4 5.18, 5.86, 7.92/>16 15.3 0.71× 0.34 1

This paper 2.2 2.71–11.5 5.91, 6.75, 7.29, 8.08/>15 34.55 0.67× 0.81 3

ble signal transmission performance and low phase distortion.
Although sharp variations in group delay are observed around
the notch frequencies due to the strong coupling effect of the
introduced resonant units, the delay fluctuation is mainly con-
fined to the rejected bands and has negligible influence on the
in-band signal integrity. These results further verify the excel-
lent filtering performance and practical applicability of the pro-
posed quad-notch UWB filter for high-speed wireless commu-
nication systems.
Table 1 presents a performance comparison between the pro-

posed quad-notch filter and other UWB filters reported in the
literature. The key parameters evaluated include passband
bandwidth, notch center frequencies, stopband rejection levels,
physical dimensions, and the maximum number of notches in-
troduced by a single resonator. The comparative data demon-
strate that, despite a relatively larger footprint, the proposed
design achieves a greater number of notches, enhanced re-
jection depths, and a broader passband. Consequently, the
proposed filter successfully integrates multiple rejection bands
while simultaneously delivering superior stopband attenuation
and an extended operational bandwidth. Minor discrepancies
observed between the measured and simulated S-parameters
can be primarily attributed tomanufacturing tolerances andmu-
tual interference among the notches; nevertheless, the over-
all experimental results demonstrate strong agreement with the
simulations.

4. CONCLUSION
To achieve multi-band notch suppression within an ultra-
wideband (UWB) filter while maintaining a wide passband
and high frequency selectivity, this study proposes a quad-
notch UWB filter based on a bowtie T-shaped resonator.
Experimental results demonstrate an operational passband of
2.71–11.5GHz, corresponding to a 3-dB fractional bandwidth
of 124% and a bandpass selectivity of 0.944. To effectively
mitigate fixed interference signals, such as WLAN and X-band
satellite communications, an open-loop branch and a novel
closed-loop C-shaped resonant unit are integrated into the
fundamental UWB architecture. This configuration success-
fully generates four independent notches with measured center
frequencies at 5.91GHz, 6.75GHz, 7.29GHz, and 8.08GHz.
The corresponding rejection depths exceed 15 dB (reaching
a peak attenuation of 34.55 dB), thereby ensuring robust
suppression of multiple narrowband interferers. The fabricated
prototype features a compact footprint of 23mm × 29.74mm
(approximately 0.67λg × 0.81λg). By strategically employing
miniaturization and performance-enhancement techniques
— including the bowtie T-shaped resonator, branch-loaded
notches, and a defected ground structure (DGS) — this work
provides a highly effective solution for developing high-
performance, multi-notch UWB filters. Furthermore, future
research will focus on extending this design methodology to
realize penta-notch and hexa-notch configurations by introduc-
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ing additional decoupled loading stubs or nested multi-mode
rings, thereby providing enhanced multi-band interference
immunity for more complex electromagnetic environments.
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