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ABSTRACT- This study analyzes the growing need for effective in-band and out-of-band interference mitigation in ultra-
wideband (UWB) communication systems. We present a novel microstrip bandpass filter (BPF) with changeable triple-notched
bands that preserves a large passband and a higher stopband. The filter comprises a multimode resonator (MMR) architecture that
incorporates a hollow T-shaped structure that generates two transmission zeros at the passband boundaries, thereby boosting
selectivity. Furthermore, we deploy a circular complementary split-ring resonator (CCSRR)-based metamaterial to extend the upper
stopband and implement a folded F--shaped electromagnetic bandgap (EBG) architecture for dynamic notch frequency modulation.
This design achieves sharp notches at 4.93 GHz, 6.32 GHz, and 9.81 GHz, efficiently minimizing the interference from WLAN and
X-band satellite signals. The simulation results revealed a passband ranging from 3.06 to 10.79 GHz, with an insertion loss of less
than 1.2 dB and a relative bandwidth of 112.85%. The filter exhibits significant selectivity, including a skirt factor of 0.91 and an
upper stopband reaching 19.8 GHz with an insertion loss of 18 dB, rendering it suitable for UWB applications that require substantial
interference rejection.
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band, and X-band satellite communications, requires the
m implementation of notch bands to prevent signal interference
(3]
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Various notch-band UWB bandpass filters have been proposed
to mitigate the interference caused by narrowband systems in
ultra-wideband systems. Many notch techniques have been
proposed for UWB-bandpass filters. In [4]-[6], a notch was
generated by etching a defected ground structure (DGS) into a
multimode resonator (MMR) structure. In [4], three rectangular
defected ground structures etched on the ground plane were
used to mitigate the three interfering frequency bands in C, X,
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#1. INTRODUCTION

Ultra wideband (UWB) technology has attracted substantial

attention throughout the past decade owing to its potential for
high-speed communication across wireless networks, security
systems, and applications requiring imaging [1]. UWB systems
operate in a large frequency range, particularly from 3.1 GHz to
10.6 GHz, enabling a high bandwidth for data transmission [2].
However, enabling good signal transmission throughout this
broad spectrum involves various problems, particularly
interference from the bordering frequency bands and ensuring
sufficient selectivity. One of the key components of UWB
structures is a bandpass filter (BPF), which has a vital function
in signal shaping and noise rejection. The design of BPFs for
UWB applications requires careful consideration of
performance aspects, including selectivity, return loss, insertion

and fixed wireless systems. In [6], a single notch band
characteristic was obtained by incorporating hybrid DGS
techniques, that is, a combination of a spiral-shaped resonator
and an H-slot resonator in the ground plane. Nevertheless, this
approach of incorporating notches is not appropriate for the
implementation of several notch bands with sharp selectivity. In
[71-[9], a notch band was implemented using line slots. In [7],
a meander line slot was designed to avoid interference from
WLAN signals, and in [9], a spiral slot was studied and adopted
to introduce a notched band. However, the selectivity of the
filter is very low. In [10], by placing open stubs in microstrips,
the filter realizes a notched band in the passband; in [11], the
process of creating a notch band is explained using concepts
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related to transversal signal interactions; in [12], three notches
were created by implementing a comb-like resonator
configuration beneath the uniform impedance resonator and
symmetrically expanding the bottom arm edge of the
interdigital coupled lines; and in [13], a triple-notch
ultrawideband filter utilizing an Archimedean spiral
electromagnetic bandgap configuration was introduced, these
above mentioned designs suffer either from poor transmission
coefficients within the notches, poor upper stopband
performance, or larger circuitry size.

To address these issues, this study presents a novel microstrip
bandpass filter for UWB applications. The novelty of this study
lies in its integrated approach to the UWB filter design.
Specifically, it introduces a novel microstrip bandpass filter that
uniquely combines a hollow T-shaped stub with a multimode
resonator to generate two precise transmission zeros, thereby
significantly enhancing the selectivity at the passband edges.
Additionally, this study innovatively extends the upper
stopband by incorporating circular complementary split-ring
resonators (CCSRR), a strategy that effectively minimizes
interference from neighboring frequency bands. Furthermore,
the design integrates a folded F-shaped electromagnetic
bandgap (EBG) structure, which uniquely enables the formation
of three tunable notched bands to suppress narrowband
interference from systems such as WLAN and X-band satellite
communication. Together, these integrated design elements
deliver a compact, high-performance filter with a wide
passband, low insertion loss, and excellent interference
mitigation, representing a significant advancement over the
existing UWB filter solutions.

The remainder of this study is organized into 5 sections. Section
2 details the synthesis of the UWB bandpass filter, focusing on
the design of the multimode resonator with a hollow T-shaped
stub that generates key transmission zeros for enhanced
selectivity. In section 3, the integration of the folded F.-shaped
electromagnetic bandgap (EBG) architecture is presented,
explaining how its triple-mode resonant features enable the
formation of tunable notched bands for effective interference-
mitigation. Section 4 discusses the simulation results and
performance evaluation, highlighting the filter’s operational
bandwidth, insertion loss, and upper stopband characteristics.
Finally, Section 5 summarizes the conclusions and potential
implications of the proposed design for advanced UWB
communication systems.

i 2. UWB BANDPASS FILTER SYNTHESIS
The filter presented in this study consists primarily of a
multimode resonator composed of a step-impedance
transmission line. To achieve optimal selectivity, a hollow T-
shaped structure was connected in parallel at its center to
provide transmission zeros. This structure generates
transmission zeros on either side of the passband, thereby
enhancing the filter’s selectivity. The model of the improved
filter is illustrated in figure I (a), whereas figure I (b) presents
an equivalent model of the MMR structure with a hollow T-
shaped structure.
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Figure 1. Hollow T-shaped UWB BPF (a) the configuration (b) the
equivalent model

According to [14] and as illustrated in figure 1 (b), its scattering
parameters can be expressed as
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From equation (1), it can be deduced that S;=2/(1+Y). By
setting S»;=0, the conditions for the occurrence of transmission
zeroes can be determined as

Y, Y tanf, tan b, =0 (5)
tand, =0 (6)

where k=Y¢/Ys and 0= 0s= 0s when 0,=n/2, frz; is the first
transmission zero at the lower band of the passband, and frz is
the second transmission zero at the upper band of the passband,
which can be obtained as

0(frp) = arctan( %) (7
O(frz2) = ﬂ—arctan( %) (®)

The above equations demonstrate that the transmission zeros,
frz1 and frz», are jointly influenced by the admittance ratio k and
the lengths Ls and Le.
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Figure 2. S-Parameters Hollow T-shaped UWB BPF

By conducting an optimization analysis of the admittance ratio
k and lengths Ls and Le, the S-parameters for the highly
selective UWB BPF, as shown in figure 2, were obtained. In
this figure, the transmission zeros frz; and frz» occur at 2.63
GHz and 11.07 GHz, respectively, with a -25 dB skirt factor of
0.93. These results clearly demonstrate that the introduction of
hollow T-shaped stubs effectively enhances the filter selectivity
by generating transmission zeros. The filter has a 3dB
bandwidth extend from 2.97 GHz to 10.76 GHz, a relative
bandwidth of 113.72%, a steady group delay of 0.3 ns in the
passband and the upper stopband is from 10.98 GHz to 16.15
GHz with S21 of 17.9dB. The filter’s size is 0.26 Ag x 0.99 Ag;
Ag as the wavelength in the dielectric at the center frequency of
6.85 GHz, and its dimensions are given in table 1.

7 Table 1. Dimensions of Hollow T-shaped UWB BPF (all
values in mm)

Parameter | Value | Parameter | Value | Parameter | Value
L0 8.1 L3 8.2 L6 4.39
WO 1.64 W3 0.21 w6 2.14
L1 15.21 L4 3.87 t6 0.55
Wi 2.15 W4 1.11 S 0.1
L2 8.26 L5 11.76 g 0.28
W2 0.25 W5 0.55

Studies indicate that a complementary split-ring resonator
(CSRR) positioned on the ground plane or conductor strip
demonstrates negative effective permittivity at its resonant
frequencies [15], [16]. Consequently, the CSRR unit,
characterized by inductive and capacitive components arranged
in parallel, can be defined as a resonant circuit with a resonant
frequency expressed as follows [17]:

1

o= fic ©)

Lo denotes the equivalent inductance, whereas Cc signifies the
equivalent capacitance of the CSRR.
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Figure 3. Simulated S21 with nd without CCSRR structure

To attain an enhanced out-of-band performance, two pairs of
circular complementary split-ring resonator (CCSRR)-based
metamaterials were integrated into the ground plane beneath the
center part of the MMR in the UWB filter. Cross-coupling has
been established between two neighboring CCSRR stubs,
resulting in the generation of additional transmission zeros in
the upper stopband, thereby successfully mitigating undesirable
spurious frequency bands. Figure 3 shows the simulated
transmission coefficients (S21) with and without the CCSRR.
As shown in this figure, the upper stopband was extended from
10.94 GHz to 20 GHz with more than 15 dB of attenuation,
where most of the part is below 20 dB.

3, NOTCHED-BAND UWB BPF
SYNTHESIS

To mitigate interference from narrowband systems in ultra-
wideband (UWB) systems, three tunable notch bands are
incorporated into the UWB bandpass filter to mitigate
interference from narrowband systems in UWB systems. These
notch bands are introduced by coupling a folded +-shaped
electromagnetic bandgap (EBG) architecture unit in proximity
to the multimode resonator (MMR) of the basic UWB filter.

3.1 Folded EBG Architecture Analysis

The folded *-shaped EBG architecture demonstrates three
separate resonance frequencies and gives a significant degree of
tuning flexibility. It was folded to lessen the capacitive
couplings between the two resonators at the end and to achieve
a compact size. The analysis demonstrates that its triple-mode
resonant features permit the fabrication of a triple-band stop
performance. These three notched bands can be easily created
and fine-tuned by altering the resonance frequencies of the even
and odd modes within the EBG structure, which contains two
half-wavelength resonators and two short-circuit stubs
positioned in the central plane. Owing to the symmetrical
structure of the resonator, the odd-even-mode analysis method
can be performed, and the resonant frequencies can be
determined [18]. The odd-mode resonant frequency is
determined as follows:
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c

= —4La1 » (10)

f;n ,odd

where f;, is the notch band central frequency, c is the speed of
light in a vacuum, and ¢y is the effective dielectric constant.

The resonant frequencies of the even mode can be calculated as
follows:

fin,evenl = 4(L +L +La3)\/7 (11)

f;n,evwﬁ = 2(L +L +L 4)\/7 (12)

From the above equations, the resonance frequencies can be
established based on the electrical length. Furthermore, the
proposed structure can generate three resonant frequencies,
providing greater freedom to modify the placement of the
resonant modes. The suggested F.-shaped EBG can accomplish
triple band-stop functionality when positioned adjacent to the
microstrip line, effectively operating as three shunt-connected
series resonance circuits, as depicted in figure 4.

La4
La2 La?
® . ® —
Ly | I I '
£ TS
50 Ohm
(a)
|
2 LL3

“T

Figure 4. Structure of the EBG (a) the test model with a 50 Q
microstrip line (b) its equivalent model

The frequency characteristics of the linked EBG of various
dimensions were investigated using HFSS software to confirm
its multimode resonant behavior, as shown in figure 5. The
results indicate that increasing the lengths of La2 and La4
causes the frequency locations of the first and second notched
bands to simultaneously decrease downward. Comparatively,
increasing Lal leads to a decrease in the second and third
notched bands. However, diminishing La3 causes only the first
notched band to move upwards. Therefore, by carefully
modifying the resonator dimensions, it is feasible to generate
three adjustable notched bands at the required frequencies.
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Figure S. Simulated S-Parameters of the coupled folded EBG for
different dimensions (a) Lal, (b) La2, (c) La3, and (d) La4
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3.2 Triple Notched Band UWB Filter Analysis
Figure 6 displays the placement of the folded F--shaped EBG
unit near the fundamental hollow T-shaped stub-loaded MMR
filter to generate triple-notched bands within the UWB
passband; Figure 6 (a) shows the top layer and (b) shows the
bottom layer displaying the CCSSR placement. The coupling
gap (S) was determined to be the lowest possible distance to
optimize the coupling between the EBG and the fundamental-
based MMR filter.

Triple notches can be achieved by integrating the folded EBG
with a hollow T-shaped stub-based fundamental ultrawideband
bandpass filter. This design is both straightforward and
adaptable, effectively blocking unwanted narrow-band radio
signals in the band and out of the band that may interfere with
UWB operations while achieving high selectivity and compact
size.

L Wy LW
T,ooa | L& L, P
L, : - | {Lﬂ
_______ P L, T
& w5, L, L
) Fa N P :
HSI — Tzllwl Lo i IWC
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L r I ‘.L? d 12
—— S
77777777 L, ILI
LIS
(a)

Ground

Figure 6. The structure of the proposed triple notched band BPF (a)
top layer (b) bottom layer

4. RESULTS AND DISCUSSION

The design and optimization of the triple-notched ultra-
wideband bandpass filter (UWB BPF) were performed using
the commercial software package Ansoft HFSS 2021. A Rogers
5880 substrate with a dielectric constant (¢7) of 2.2, a loss
tangent of 0.0009, and thickness h=0.51 mm. Figure 7 depicts
the simulated results of the proposed filter, indicating its high
performance. The optimized dimensions for the filter are given
in table 2 and the dimensions of the designed filter are
approximately 0.37 Ag x 0.95 Ag.
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‘7 Table 2. Optimal Parameters of the Proposed Triple
Notched Filter (all values in mm)

IParameter | Value | Parameter | Value | Parameter | Value

LO 8.1 L3 8.2 L6 4.39
WO 1.64 W3 0.21 W6 2.14
L1 14 L4 3.87 to6 0.55
W1 1.8 W4 1.11 S 0.1
L2 8.26 L5 11.76 g 0.26
W2 0.25 W5 0.55 d 0.4
L7 9.4 L8 3.8 L10 2
W7 0.5 L9 8.6 L11 1
L12 1 L13 1.5 L14 1.5
dl 0.2 gl 0.2 tl 0.2
d2 0.5 r 1.2

Based on the data acquired, the notched bands are visible at 4.93
GHz, 6.32 GHz, and 9.81 GHz, to mitigate interferences from
IEEE 802.11j and IEEE 802.11be WLAN signals and X- band
satellites communication systems (SCS). Rejection levels of the
first, second and third notch are S21< -18.8 dB, S21 < -20.97
dB, and S21 < -23.88 dB, respectively. The return losses for the
first, second, and third notched bands are observed at less than
1.2 dB (S11 >-1.2 dB). The filter has a high selectivity; a 30 dB
skirt factor of 0.91 and a 3 dB relative bandwidth for the notches
of 5.5% for the first notch, 4.8% for the second notch, and
11.8% for the third notch, showing a sharp selectivity.
Additionally, an upper stopband of less than 18 dB (S21<-18
dB) from 11 GHz up to 19.8 GHz is observed, where the most
part is below 20dB. The group delay (GD) within the passband
is measured between 0.32 ns and 1 ns, except at the notches, as
indicated in figure 7. A comparison of the efficiency of the
previously reported UWB filters with that of the proposed
design is presented in fable 3.

0 — - 8
'—— 7 i
— 1511
——=1821|
-10 | 6
------- Group Delay
p~y A
7 vf-----iH¢---- - 4+L4+----------—---~—~~ —
2 204 Ao ke 2
4 i ] PN 5
B Fat i H AV =
£ [ 1y I a
& soh I 1 Es
g -304 ! ! Lz 3
%] i h ]
1 I
] 1
1 I
-40 4 1 1 FO
i ! f
: - b eend
H H i
-50 T : T ; |:‘ T :\ H T T T T -2
2 4 B 8 10 12 14 16 18 20

Frequency (GHz}

Figure 7. Simulation results of the proposed filter

Table 3. Efficiency Comparison with Previous Studies

PB | High | 1L | USB NFAL | oo

Ret. | GHzy | k2 | @B | | Guyar) | *2
K /dB) )g)

[19] | 28 | No | 08 | NA | 335183/ | 006x
10.6 >15 0.02

0] | 325 | Yes | 052 | 1695520 | 5664803 | 1.04x
10.73 ns 0.66
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[12] | 286~ | Yes | 097 | 152720 | 6,6.53,8.35/ | 0.81x
10.72 >15 0.71

21] | 275- | Yes | <18 | 1815 6.1,8.1/ | 044x
10.7 >15.5 0.33

[22] 29- No 1 25/10 5/40 0.62x
11.02 0.42

23] | 306- | No | <1.5 | 134720 | 5487.68, | 1.02x
9.58 8.82/>16 | 034

This | 3.06- | Yes | <12 | 19.8/18 | 4.93,6.32, | 037x
study | 10.79 9.81/>18 | 0.95

The excellent frequency selectivity of 0.91 is attributed to the
two transmission zeros positioned at 2.68 GHz and 11.14 GHz,
which are created by the hollow T-shaped stub at the center of
the design. By employing the CCSRR, the upper stopband was
extended, and by employing the EBG structure, three notches
were generated within the UWB passband. Therefore, our
design achieves all the desired characteristics of the UWB
passband, including good performance in the passband and
upper stopband, high selectivity, and compact size with sharply
notched bands.

:5. CONCLUSION

This study proposes a high-performance UWB bandpass filter
that employs a hollow T-shaped structure, metamaterial
structure, and folded EBG structure to boost its performance.
The incorporation of hollow T-shaped stubs introduces two
transmission zeros at the lower and upper cutoff frequencies of
2.68 GHz and 11.14 GHz, significantly improving filter
selectivity up to 0.91, and the implication of metamaterial
structure extends the upper stop band up to 19.8 GHz with S21
lower than -18dB. In addition, the design contains a notch-band
structure using a folded EBG architecture that permits the
production of three notched bands. These notched bands can be
easily tuned to certain frequencies by modifying the EBG-
resonator settings. Spanning a frequency range from 3.06 GHz
to 10.79 GHz, the proposed UWB bandpass filter successfully
reduces interference from wireless bands as well as X-band
satellite communication systems. The simplicity and flexibility
of EBG make it an ideal solution for minimizing narrowband
interference in UWB systems. Overall, the proposed planar
UWRB bandpass filter is appropriate for modern UWB wireless
communication systems because it provides a compact design
and excellent performance.

Abbreviations: Ref: reference, PB: passband, SF: selectivity
factor, IL: insertion loss, USB: upper stopband, NF: notch
frequency, Att: attenuation, NA: not applicable
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