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Abstract

In this paper, a novel multi-mode resonator-based ultra-wideband bandpass filter topology
is proposed, analyzed, and experimentally validated. The filter comprises a short shunt-
stepped impedance resonator and shunt-open stubs. Thus, it can be easily implemented
using microstrip technology, offering a simple and cost-effective alternative to multilayer
and high-temperature superconductor thin-film-based bandpass filters. S-parameter expres-
sions for the proposed filter are derived using even- and odd-mode methods. To validate
theoretical results, a filter prototype operating at the center frequency ( fo) of 6.85 GHz is
designed, fabricated, and experimentally tested. The measured 3 dB fractional bandwidth
(FBW) of the filter exceeds 176%, and the selectivity factor (SF) reaches 0.87. Additionally,
the filter outperforms most existing designs in the literature in terms of insertion loss (IL)
and return loss (RL). Finally, a figure of merit (FoM) is proposed to measure the trade-off
among key performance parameters (i.e., FBW, IL, RL, SF, fo, and group delay flatness),
and confirms that the proposed bandpass filter exhibits the best FoM compared to the state
of the art.

Keywords: bandpass filter; multimode resonator; transmission zero; ultra-wideband filter;
stepped impedance short stub

1. Introduction
The increasing requirements for faster and more efficient data transmission have trig-

gered the emergence of ultra-wideband radio frequency (RF) communication systems [1].
The overall efficacy of such systems is primarily dependent on the optimum performance
of the individual RF front-end components. The bandpass filter is the core device that
guarantees the selection of only desirable frequency components while blocking unwanted
frequencies. Consequently, ultra-wideband RF transceiver systems are expected to have a
bandpass filter with excellent passband and stopband characteristics [2]. The traditional
approach to realize an ultra-wideband bandpass filter is to cascade the low-pass/high-
pass [3], or band-pass/band-stop [4], or band-pass/low-pass [5] filtering sections. However,
the main drawback of this approach is the design of a matching network between the two
filtering units. The use of a defective ground structure (DGS) allows designers to achieve
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the desirable passband and stopband performance [6,7] at the expense of increased insertion
loss [8] and parasitic effects [9]. Microstrip-to-coplanar waveguide (CPW) transition-based
topology are also adopted to design ultra-wideband filters [10], which significantly improve
the coupling over traditional coupled resonator-based filters [11,12]. Furthermore, coupled
transmission line-based structures are widely used in bandpass filter design due to their
compact size, bandwidth control, and ease of integration with planar technologies [13–15].
In single-layer technology, maintaining an ultra-wide passband with adequate coupling
between input and output ports within the limited space is often a challenging task [16,17].
Thus, spoof surface plasmon polaritons (SSPP) [18], high-impedance slotline resonators [19],
low-temperature co-fired ceramic (LTCC) [20], and high-temperature superconductor (HTS)
thin-film technologies [21–23] are attractive solutions for the design of compact multilayer
filters. However, these approaches are associated with complex fabrication procedures [16].

Among the various methodologies explored for designing ultra-wideband filters,
the multi-mode resonator (MMR)-based technique has gained significant attention due to
its straightforward design methodology and simple structural topology [16]. The principle
of using an MMR-based approach for the design of the ultra-wideband bandpass filter was
initially proposed by Zhu et al. [24]. It achieves a fractional bandwidth (FBW) of about
113%. However, the proposed structure failed to generate transmission zeros, resulting
in poor selectivity. The λ/2 series transmission line of the filter in [24] is converted into
an open-circuited shunt stub to form a folded MMR filter [25], which has been able to
generate two fixed transmission zeros. Thus, it achieves better selectivity, but the FBW
is limited to only 60%. The authors in [26] have extended the classical folded MMR
filter proposed in [25] by inserting the two symmetric quasi-spiral loaded transmission
lines at the two extremes of the shunt λ/2 transmission line, achieving an FBW of 72.6%.
Additionally, various MMR-driven bandpass filter topologies have been reported in [27–40]
to achieve improved filter passband and stopband performance. In summary, the recent
advances in bandpass filter designs have explored a range of filter topologies that adopt
different fabrication technologies, with the aim of achieving wider FBW (i.e., usually
more than 100%) with enhanced stopband characteristics. Note that although many filter
designs rely on common analytical methods such as even/odd mode [32,33] or ABCD
matrix [34] techniques, the emphasis remains on achieving optimal performance and
cost-efficiency [16]. Bandpass filters developed using multilayer technology can achieve
a significantly large FBW of almost 174%. However, multilayer technology results in
a complex fabrication process, leading to higher complexity and cost for the RF system.
Moreover, in most of the reported designs, the insertion loss (IL), return loss (RL), selectivity
factor (SF), FBW, and group delay flatness are unsatisfactory.

In this paper, a novel MMR-based ultra-wideband bandpass filter topology is pro-
posed, analyzed, and experimentally validated. The proposed MMR-based bandpass filter
is based on a transmission line model with electrical length (i.e., a function of center fre-
quency fo) and impedances, avoiding the use of multilayer structures or coupled line-based
configurations. Thus, it can be easily implemented at any arbitrary operating frequency fo,
depending on the target applications. The primary highlights of the proposed bandpass
filter are as follows.

i A 3 dB FBW of 176% is achieved, which is substantially wider than that of the
ultra-wideband microstrip filters reported in the state-of-the-art works. In addi-
tion, it can be adjusted by varying the impedance ratio of the short-shunt-stepped
impedance resonator.

ii The filter outperforms most existing designs in the literature in terms of IL, RL, and flat
group delay response.
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iii The filter is fabricated using microstrip technology, offering a simpler and cost-
effective alternative compared to HTS thin-film and LTCC-based multilayer design
approaches reported in the literature.

iv A figure of merit (FoM) has been proposed to measure the optimal trade-off among
key filter performance parameters, such as IL, RL, FBW, SF, group delay flatness,
and center frequency fo and confirms that the proposed bandpass filter exhibits the
best FoM compared to existing designs.

The remainder of the papers is organized as follows. The extensive theoretical analysis,
including multi-mode resonance behavior, and the design procedures of the proposed
ultra-wideband bandpass filter using even- and odd-mode techniques have been discussed
in Section 2. The filter fabrication, experimental results compared to full-wave simulations,
FoM, and comparison with the state-of-the-art solutions have been illustrated in Section 3.
The conclusions follow in Section 4.

2. Proposed Ultra-Wideband Bandpass Filter Topology and Analysis
Figure 1 shows the equivalent transmission line model for the proposed MMR-based

ultra-wideband bandpass filter, which comprises a couple of series transmission lines, open-
circuit stubs, and short-circuit stubs. The central pair of transmission lines has the character-
istic impedance Z1 with an electrical length of θ, while the impedance Z2 and the electrical
length of 3θ characterize the outermost pair. A shunt short-circuit stepped impedance
transmission line is incorporated between the inner pair, which has the impedances Z4

and Z5 with electrical lengths θ and 2θ, respectively. Furthermore, an open-circuited stub
of electrical length θ and impedance Z3 is connected in a shunt between the central and
outer transmission lines. The proposed bandpass filter exhibits symmetry along the vertical
plane. Therefore, filter performance metrics can be evaluated using even–odd-mode decom-
position methods [2]. When an even (odd) mode is excited, a virtual open (short) circuit
appears [2] along the vertical plane, and the equivalent filter circuits are demonstrated in
Figures 2a and 2b, respectively.

Z1 , θ Z1 , θZ2 , 3θ Z2 , 3θ

Z 5
 , 
2θ

Z 4
 , 

θ

Z 3
 , 

θ

Z 3
 , 

θ

Port 1 Port 2

Figure 1. The proposed multi-mode resonator-based ultra-wideband bandpass filter transmission
line model.
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(a) (b)

Figure 2. The equivalent (a) even-mode and (b) odd-mode circuit topologies of the proposed filter.

The input impedance of the even- and odd-mode circuit configurations can be obtained
as follows:

ZinEven = Z2
ZLe + jZ2tan3θ

Z2 + jZLetan3θ
(1)

ZinOdd = Z2
ZLo + jZ2tan3θ

Z2 + jZLotan3θ
(2)

where ZLe and ZLo are indicated in Appendix A. The input impedances obtained in (1) and
(2) are utilized to compute the even (ΓEven) and odd (ΓOdd) reflection coefficients and thus
S parameters of the filter are as follows [2,33]:

ΓEven(Odd) =
ZinEven(inOdd) − Zo

ZinEven(inOdd) + Zo
(3)

S11 =
1
2
[ΓEven + ΓOdd] =

ZinEvenZinOdd − Z2
o

(ZinEven + Zo)(ZinEven + Zo)
(4)

S21 =
1
2
[ΓEven − ΓOdd] =

(ZinEven − ZinOdd)Zo

(ZinEven + Zo)(ZinEven + Zo)
(5)

where Zo (= 50 Ω) is the port reference impedance [2]. Note that the relationship between
the center frequency ( fo), arbitrary frequency ( f ), and the electrical length at the center
frequency (θo) is θ = θo × ( f / fo) [2]. The transmission zeros (i.e., frequencies at which the
signal transmission is nullified) play a crucial role in shaping the filter frequency response.
Therefore, three transmission zeros of the proposed filter are evaluated by solving S21 = 0
and given in (6)–(8) as follows:

fTz1 = 0 (6)

fTz2 =

(
fo

θo

)
tan−1

[√(
1 + 2

(
Z5

Z4

))]
(7)

fTz3 =

(
fo

θ0

)
π

2
(8)

Note that the transmission zeros fTz1 and fTz3 are fixed, while fTz2 can be adjusted with
impedances Z4 and Z5. As shown in Figure 3, when the impedance ratio Z5/Z4 increases,
the location of fTz2 gradually departs from the center frequency ( fo); thus, a higher band-
width is expected at the expense of the selectivity factor, as will be clarified in Section 2.1.
Furthermore, the variation in fTz2 remains nearly constant for higher impedance ratios;
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therefore, Z5/Z4 = 2.383 is considered, which maintains fTz2 at 2.04 fo, achieving a wide
bandwidth while maintaining better selectivity close to 1. The other values of Z5/Z4 (i.e.,
fTz2 > 2.04 fo) can be chosen; however, the improvement in bandwidth is marginal and
comes at the expense of a poorer selectivity factor and realization challenges.
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Figure 3. The location of transmission zeros as a function of impedance ratio Z5/Z4.

2.1. The Analysis of Even- and Odd-Mode Resonances

The resonance behavior of the even- and odd-mode circuit topologies depicted in
Figure 2 can be analyzed by identifying the frequencies where the input admittance becomes
zero [2,28,30,40,41], as shown in Figure 4a. It confirms that the proposed bandpass filter
circuit exhibits MMR behavior, with four even ( fe1, fe2, fe3, and fe4)- and three odd ( fo1, fo2,
and fo3)-mode resonance frequencies. Furthermore, in Figure 4b the magnitude of insertion
loss (|S21| dB) under weak coupling has been plotted, which provides a clear visualization
of even/odd frequencies, transmission zeros, and their significance in shaping the filter
characteristics. The key observations are as follows:

• The filter overall bandwidth is mainly characterized by two even-mode resonances fe1

and fe3, while the mid-passband behavior can be modified by fo1, fe2, and fo2.
• The largest bandwidth for a given Z5/Z4 (i.e., the location of fTz2 is known) is obtained

when the even-mode resonances fe1 and fe3 simultaneously diverge from the center
frequency ( fo), i.e., fe1 −→ fTz1 and fe3 −→ fTz2.

• When fe1 −→ fTz1 and fe3 −→ fTz2 (i.e., when Z4 and Z5 are increased proportionally),
the magnitude of S21 at the lower and upper passband edges becomes steeper and
higher selectivity is achieved.

• The even mode fe4 and the odd mode fo3 present in the upper stopband can be
suppressed by a transmission zero fTz3, and a wide stopband can be achieved.
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Figure 4. Proposed bandpass filter demonstrating multiple (a) even–odd mode resonances and
(b) magnitude of the insertion loss (|S21| dB) under a weak coupling.

The above analysis clarifies the importance of even/odd resonance frequencies in
defining the filter passband and stopband characteristics. However, the role of Z1, Z2, Z3,
Z4, and Z5 on the resonance frequencies must be studied. Therefore, the locations of the
three odd-mode frequencies fo1, fo2, and fo3 are evaluated from the resonance condition
YinOdd = 1/ZinOdd = 0 as given in (9)–(11):

fo1 =

(
fo

θo

)
tan

−1
−p2 +

√
p2

2 − 4p1 p3

2p1

 (9)

fo2 =

(
fo

θo

)
tan

−1
−p2 −

√
p2

2 − 4p1 p3

2p1

 (10)

fo3 =

(
fo

θo

)
π

2
(11)

where p1, p2 and p3 are indicated in Appendix B. Similarly, the position of the four even-
mode frequencies fe1, fe2, fe3 and fe4 can be extracted by solving the resonance condition
YinEven = 1/ZinEven = 0 as follows:

fe1 =

(
fo

θo

)
tan−1

(√
γcos

(
θe + 2π

3

)
− b

3a

)
(12)

fe2 =

(
fo

θo

)
tan−1

(√
γcos

(
θe + 4π

3

)
− b

3a

)
(13)

fe3 =

(
fo

θo

)
tan−1

(√
γcos

(
θe + 6π

3

)
− b

3a

)
(14)

fe4 =

(
fo

θ0

)
π

2
(15)

where γ, θe, a, b, and c are given in Appendix B. It should be noted that transmission zero
fTz3 suppresses both the modes fo3 and fe4 appearing in the upper stopband, as they all
occur at the same frequency (see (8), (11) and (15)). The complete visualization of passband
even- and odd-mode resonance variations and their importance in achieving larger FBW is
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demonstrated in Figure 5. Note that the impedances of the shunt short-circuited stepped
impedance line are set to Z4 = 57.6 Ω and Z5 = 137.28 Ω (with Z5/Z4 = 2.383) to preserve
the location of fTz2 at 2.04 fo, and all other impedances Z1, Z2, and Z3 are assumed to be
within the practical realization limits (i.e., about 25 Ω–150 Ω for microstrip technology).
It can be observed that the location of fe1 remains closer to transmission zero fTz1, which
is located at fTz1 = 0 as can be seen from (6) (i.e., fe1 → 0) when Z1 is below 50 Ω and
has minimal sensitivity to alteration in Z2 and Z3 for Z1 lower than 50 Ω. Furthermore,
fe3 settles closer to fTz2 = 2.04 fo (i.e., fe3 → 2.04 fo) when Z2 is approximately below 55 Ω
and is largely unaffected by variation in Z1 and Z3 for Z2 roughly below 55 Ω. Therefore,
it can be concluded collectively that when Z1 and Z2 have similar values in the lower
range, both fe1 and fe3 are closely aligned with fTz1 = 0 and fTz2 = 2.04 fo, respectively.
Thus, as expected, a 3 dB FBW of higher than 180% is obtained. Moreover, for a given
Z1, Z2, and Z3, mid-passband resonances fo1, fe2, and fo3 fall between the modes fe1 and
fe3, confirming that the 3 dB bandwidth is always governed by fe1 and fe3. Therefore,
to obtain the broader passband width of the proposed filter, the impedances Z1, Z2, and Z3

are constrained within the approximate ranges 35 Ω ≤ Z1 ≤ 55 Ω, 35 Ω ≤ Z2 ≤ 55 Ω, and
60 Ω ≤ Z3 ≤ 80 Ω, respectively. These values can be further fine-tuned to attain precise
filter characteristics.

Figure 5. The variation of even/odd-mode frequencies and 3 dB fractional bandwidth as a function
of Z1, Z2, and Z3 (Z4 = 57.6 Ω and Z5 = 137.28 Ω are considered).

2.2. Impedance Fine-Tuning and Filter Ideal Performance

In this subsection, based on the comprehensive theoretical analysis presented above,
the design methodology is first outlined, followed by a discussion of the filter’s ideal
performance. The detailed step-by-step design procedure is summarized as follows.

1. Decide the center frequency fo of the filter.
2. Define the location of the transmission zero fTz2 based on the bandwidth require-

ments (see Figure 3) and compute the impedance ratio Z5/Z4 using (7). To achieve
better selectivity, Z4 and Z5 must be maximized while maintaining the same ratio,
considering the range of impedance values allowed by the fabrication process.
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3. Finally, fine-tune the remaining impedances Z1, Z2, and Z3 to obtain accurate filter
characteristics.

Based on the extensive theoretical analysis and the design procedure given above,
an arbitrary center frequency fo is considered. The location of the transmission zero is
set at fTz2 = 2.04 fo, which eventually results in Z5/Z4 = 2.383 (see Figure 3 or (7)). The
optimum design parameters of the proposed bandpass filter are fine-tuned following the
approach in [32] using the Advanced Design System (ADS) 2024 software and are reported
in Table 1. Based on these electrical design parameters, the analytical S parameters of the
proposed bandpass filter are extracted using (4) and (5) and plotted as a function of the
normalized frequency ( f / fo), as demonstrated in Figure 6. It is important to emphasize
that these electrical design parameters are then used to determine the physical dimensions
(i.e., lengths and widths) of the transmission line sections through the microstrip calculator,
where the desired fo and material properties must also be specified, as will be addressed in
Section 3. As can be seen in Figure 6, the ideal 3 dB passband bandwidth ranges from 0.11 fo

to 1.89 fo with an FBW of 178%. Additionally, the RL is higher than 20 dB throughout the
passband, which ranges from 0.28 fo to 1.8 fo. As for the stopband attenuation, it is higher
than 19.5 dB and extends up to the 3.46 fo, showing excellent out-of-band rejection. Overall,
as the proposed bandpass filter relies on a transmission line model with electrical length
(i.e., a function of fo) and impedances, it can be easily designed at any arbitrary center
frequency fo, depending on the target applications.

Table 1. Final design parameters of the proposed MMR-based bandpass filter.

Parameter Z1 Z2 Z3 Z4 Z5 θ
∣∣

f0

Value 47.09 Ω 42.20 Ω 71.88 Ω 57.60 Ω 137.28 Ω 33◦
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Figure 6. The ideal S parameters of the proposed ultra-wideband bandpass filter.

3. Experimental Results and Discussion
This section addresses the fabrication, experimental verification, and performance

analysis of the proposed MMR-based ultra-wideband bandpass filter. The ideal electrical
design parameters, such as impedances and electrical lengths reported in Table 1, are uti-
lized to calculate the length and width of every transmission line segment of the bandpass
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filter shown in Figure 1. The filter is designed to operate for ultra-wideband applications
with a center frequency fo = 6.85 GHz. The filter is modeled and EM simulated using CST
Studio Suite 2021, and manufactured on a Rogers RT/Duroid 5880 (Rogers Corporation,
Chandler, AZ, USA) substrate with a thickness of 0.508 mm, a loss tangent (tan δ) of 0.0009,
and a dielectric constant (ϵr) of 2.2. The final filter layout, including all dimensions and
the fabricated filter prototype, is shown in Figure 7. Note that the short-shunt stepped
impedance resonator is implemented in a 90o bent configuration to reduce the overall foot-
print area of the filter while maintaining its electrical characteristics. The total circuit area
of the filter is only 23.46 × 8.27 mm2 (i.e., 0.79λg × 0.28λg, λg being the guided wavelength
at fo), which is smaller than many alternative solutions in the literature, as will be detailed
in the comparison in Table 2.

5.87 1.65 8.801.95

2.
46

2.
46

3.
09

2.93

0.90

0.16

1.22

1.20

Shorting pin

All dimensions are
in mm

Port 2Port 1

1.56

2.0
2.0

(a) (b)

Figure 7. The proposed bandpass filter (a) layout with dimensions and (b) fabricated prototype.

The prototype of the filter is tested using the Keysight FieldFox Microwave Analyzer
N9950B 32 GHz (Santa Rosa, CA, USA), as shown in Figure 8a. The measured S parameters
of the filter compared to the full-wave simulated results are represented in Figure 8b. As
shown, the measured 3 dB passband bandwidth ranges from 0.85 to 13.65 GHz with an
FBW of 176.6%, which is in good agreement with the full-wave simulation results, where
the observed FBW is 176.16%, ranging from 0.87 to 13.76 GHz. Furthermore, the proposed
bandpass filter achieves a measured (simulated) IL of 0.41 dB (0.19 dB) and an RL of
21.49 dB (22.3 dB) at the operating frequency fo = 6.85 GHz, whereas the RL is better than
19 dB throughout the passband, spanning from 2.25 to 13.32 GHz. The transmission zeros
fTz2 and fTz3 appearing in the upper stopband are located at 14.83 GHz and 19.66 GHz,
respectively. Thus, a wide stopband is achieved, which extends up to nearly 23.6 GHz (i.e.,
up to 3.44 fo) with an attenuation level better than 14 dB. Additionally, the proposed filter
maintains a flat group delay response throughout the passband, with a maximum variation
of 0.25 ns (0.2 ns to 0.45 ns) in measurements and 0.21 ns (0.17 ns to 0.38 ns) in full-wave
simulation, as shown in Figure 8c. This ensures the minimum distortion of the signal [42]
and an accurate response in the time domain throughout the operational bandwidth,
making the proposed bandpass filter a highly suitable candidate for very narrow pulse
transmission/reception [43], such as RFID and radar systems. Furthermore, one of the
important aspects of the proposed filter in real-life operation is its stable performance
with respect to both temperature and input power. The use of a Rogers RT/duroid 5880
ensures excellent thermal stability, while the distributed microstrip line configuration
provides high RF power handling capability. Therefore, the proposed filter design is robust
and reliable for integration in practical scenarios where consistent performance under
varying environmental and operating conditions is essential, such as aerospace systems,
radar front ends, and high-power wireless links. Finally, it is important to note that the
minor discrepancies between the measured and full-wave simulated results could be
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due to imperfections in the measurement setup, fabrication tolerances, connectors/cables,
soldering, etc.
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Figure 8. An illustration of (a) a measurement setup, (b) a comparison between the measured and
full-wave simulated results, and (c) a group delay response.

Table 2. Comprehensive comparison between the proposed ultra-wideband bandpass filter and the
state-of-the-art literature.

Ref. fo
(GHz)

FBW
(%)

IL
(dB)

RL
(dB)

SF Group Delay
(ns)

HS Size
(λg × λg)

ML Filt. Conf./Fabr. Pro.

[5] 2.10 140.4 0.8 >15.0 N/A 0.4 e–0.8 14.3 fo (22.5 dB) 0.23 × 0.37 No BPF + LPF/Conv. PCB

[7] 6.85 114.0 0.60 >14.0 N/A 0.30–0.60 9.70 fo (26 dB) 0.354 × 0.302 Yes SIDGS Res./ML-PCB

[13] 3.04 110.3 0.79 >12.9 N/A 0.60–2.00 2.53 fo (18.7 dB) 0.70 × 0.30 No UWTCL/Conv. PCB

[18] 2.40 174.0 1.10 >11.0 N/A 0.90–2.06 2.91 fo (20 dB) 1.30 × 0.19 Yes SSPP/ML-PCB

[19] 2.001 133.7 0.65 >13.6 N/A 1.23 miv 2.09 fo (10 dB) 0.8 × 0.51 Yes HISL Res./ML-PCB

[21] 6.00 73.0 0.18 >17.8 0.84 0.5 e–0.90 2.0 fo (22 dB) 0.07 × 0.23 No † High-Q CRLH-TL/HTS-PCB

[22] 6.85 125.3 0.42 >15.2 0.87 0.16–1.06 2.33 fo (20 dB) 1.57 × 1.18 No † Dual-Ring Res./HTS-PCB

[23] 1.75 108.0 0.29 >14.0 N/A N/A 2.28 fo (40 dB) 0.73 × 0.47 No † LPF-Derived BPF/HTS-PCB

[30] 6.82 115.0 0.50 >11.0 0.86 0.10–0.50 2.34 fo (18 dB) 0.56 × 0.16 No CRLH-TL/Conv. PCB

[31] 4.04 122.3 0.75 >10.7 0.91 0.19–1.78 2.22 fo (20 dB) 1.53 × 0.45 No † Ring-MMR/HTS-PCB

[32] 6.95 97.0 0.42 >19.0 N/A 0.025–0.37 + 4.31 ∗ fo (24 dB) 0.128 × 0.378 No Two 5-Stage SIRs/Conv. PCB

[33] 2.49 103.2 0.87 >15.0 0.93 0.99–2.20 2.20 fo (25 dB) 0.165 No SIOS & ST/Con. PCB

[34] 4.50 155.6 0.72 >13.5 N/A 0.60 e–1.40 8.9 fo (30 dB) 0.60 × 0.44 No MSCLP/Conv. PCB

[35] 6.80 132.8 1.60 >10.0 N/A 0.68–0.90 2.72 fo (12 dB) 0.80 × 0.42 No OSSLR-SSSLR/Conv. PCB

[37] 6.85 110.9 0.9 >13.0 N/A 0.2–0.40 4.38 fo (18 dB) 0.22 × 0.20 No CRLH-TL/Conv. PCB

[38] 6.85 110.1 1.6 >12.0 0.92 N/A 3.50 ∗ fo (15 dB) 0.60 × 0.54 No HM-SIW + EBG/SIW-PCB

T.W. 6.85 176.6 0.33 >19.3 0.87 0.20–0.45 3.44 fo (14 dB) 0.79 × 0.28 No SSSIS & SOS/Conv. PCB

T.W.: This work; FBW: 3 dB fractional bandwidth; IL: insertion loss; RL: return loss; selectivity factor
(SF) = ∆3dB/∆30dB; HS: harmonic suppression; ML: multilayer; λg: guided wavelength at fo ; ∗: measured;
+: simulated; miv: maximum in-band variation; e: estimation; HTS: high-temperature superconducting; †: dielectric
with HTS films, higher cost and complex fabrication process; PCB: printed circuit board; LPF: low-pass filter; BPF:
bandpass filter; SIDGS: substrate-integrated defected ground structure; Res.: resonators; UWTCL: unequal-width
three-coupled line; SSPP: spoof surface plasmonic polariton; HISL: high-impedance slotline; Q: quality factor;
CRLH: composite right-/left-handed; TL: transmission line; MMR: multi-mode resonator; SIR: stepped impedance
resonators; SIOS & ST: stepped impedance open stub and series transformers; MSCLP: modified short-circuited
coupled-line pairs; OSSLR-SSSLR: open stepped impedance stub-loaded resonator–shorted stepped impedance
stub-loaded resonator; HM-SIW: half-mode substrate-integrated waveguide; SSSIS & SOS (Proposed): short
shunt-stepped impedance stubs, and shunt-open stubs.
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The detailed comparison between the proposed ultra-wideband bandpass filter and
the current state-of-the-art works is reported in Table 2. As can be seen, the proposed
bandpass filter exhibits an extremely wide bandwidth while being implemented using
traditional printed circuit board (PCB) technology, demonstrating substantial improvement
over the existing HTS, multilayered, and conventional PCB technology-based filter designs.
Furthermore, the proposed bandpass filter outperforms existing designs in terms of RL, IL,
SF, and stopband harmonic suppression. Although the design proposed in [18] achieves a
comparable FBW, it exhibits poor RL and IL performance, and it depends on multilayer
technology, eventually leading to complex fabrication procedures and higher costs. In addi-
tion, filter designs that utilize HTS technology [21–23,31] require specialized materials such
as DyBCO and YBCO to be coated on MgO substrates, making them expensive due to the
complex manufacturing procedure.

Figure of Merit

The primary goal of the proposed bandpass filter is to achieve an extremely wide
bandwidth while maintaining a high SF, low IL, high RL, and a flat group delay using
printed circuit board (PCB) technology (i.e., microstrip technology). Additionally, the pro-
posed filter exhibits stopband rejection up to 3.44 fo, which outperforms most of the designs
reported in the state-of-the-art literature. Indeed, the stopband attenuation level is 14 dB,
which is better than the commonly accepted threshold of 10 dB [2,43,44], ([35] Figure 10).
A figure of merit (FoM) has been introduced that gives the best trade-off between key filter
parameters such as FBW, RL, IL, SF, and group delay flatness as follows:

FoM(a.u.) =

[
FBW(%) × 10RL/20 × SF

10IL/20 × ((GD)max − (GD)min)

]
× fo(GHz) (16)

where GD is the group delay in nanoseconds, and when the difference (GD)max − (GD)min

approaches zero, it ensures a flat group delay response of the filter, which is desirable
to achieve lower signal distortion or narrow pulse transmission/reception. Furthermore,
it is important to note that the multiplication of fo ensures that the FoM fairly accounts
for increased design challenges at high frequencies, such as parasitic effects, dielectric
losses, fabrication difficulties, etc. The FoM lies in the interval (0, ∞), and the larger the
FoM, the better the trade-off between the filter performance parameters. Accordingly,
the FoM has been evaluated using (16), and the corresponding values are presented in the
bar chart depicted in Figure 9. As can be seen, the proposed ultra-wideband bandpass
filter achieves the highest FoM, representing the best trade-off among the FBW, IL, RL,
SF, and flat group delay response compared to the state-of-the-art designs reported in
Table 2. Overall, the proposed bandpass filter surpasses the state-of-the-art designs in
performance, size, cost, and complexity; thus, it is a potential candidate for ultra-wideband
communication systems.
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Figure 9. The figure of merit (FoM) comparison between the proposed ultra-wideband bandpass
filter (this work, right last bar) and state-of-the-art designs [5,7,13,18,19,21–23,30–35,37,38], presented
in the same order as in Table 2.

4. Conclusions
In this study, a novel configuration of an MMR-based ultra-wideband bandpass filter

has been proposed and experimentally verified. The proposed filter topology comprises
a short-circuited shunt-stepped-impedance resonator and shunt-open-circuited stubs, ex-
hibiting symmetry in the vertical plane. Thus, the even and odd decomposition methods
are employed to obtain closed-form expressions for even/odd resonance frequencies,
transmission zeros, and scattering parameters, which are essential for analyzing the filter
performance metrics, thereby establishing a robust theoretical framework. The filter has
been prototyped using microstrip technology and outperforms state-of-the-art designs.
Additionally, the proposed filter maintains a flat group delay response throughout the pass-
band, with a maximum variation of 0.25 ns (0.2 ns to 0.45 ns) in measurements and 0.21 ns
(0.17 ns to 0.38 ns) in full-wave simulation. This ensures minimal signal distortion and an ac-
curate time-domain response throughout the operational bandwidth, making the proposed
bandpass filter a highly suitable candidate for very narrow pulse transmission/reception,
such as UWB communication, radar systems, and RFID reader systems.

As the proposed bandpass filter is based on a transmission line model with electri-
cal length (as a function of frequency) and impedances, it can be easily scaled to other
frequencies depending on the target applications, especially up to a few GHz. Neverthe-
less, the absence of additional transmission zeros in the lower stopband may degrade the
selectivity factor at higher frequencies, which we will consider in our future investigations.
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Appendix A
The even- and odd-mode input impedances given in (1) and (2) must be evaluated us-

ing a set of intermediate impedance expressions. These are obtained using the transmission
line theory [2]. The ZLe in (1) can be expressed as follows:

ZLe =
ZinE3ZinE4

ZinE3 + ZinE4
(A1)

ZinE4 = −jZ3cotθ (A2)

ZinE3 = Z1
ZinE2 + jZ1tanθ

Z1 + jZinE2tanθ
(A3)

ZinE2 = 2Z4
ZinE1 + j2Z4tanθ

2Z4 + jZinE1tanθ
(A4)

ZinE1 = j2Z5tan2θ (A5)

Similarly, the expressions for the ZLo in (2) can be written as follows:

ZLo =
ZinO1ZinO2

ZinO1 + ZinO2
(A6)

ZinO2 = −jZ3cotθ (A7)

ZinO1 = jZ1tanθ (A8)

Appendix B
The following intermediate expressions are used to compute the location of the even-

and odd-mode resonance frequencies. Thus, p1, p2, and p3 in (9)–(11) is as follows:

p1 = −
(

3Y2Y3 + Y2
2

)
(A9)

p2 =
(

Y2Y3 + 3Y1Y2 + 3Y2
2

)
(A10)

p3 = −(Y1Y2) (A11)

The expressions for γ, θe, a, b, and c in (12)–(15) is as follows:

γ = 2

√
−P
3

, θe = cos−1

(
3Q
2P

√
−3
P

)
(A12)

P =
3ac − b2

3a2 , Q =
2b3 − 9abc + 27a2d

27a3 (A13)

a = 3k11 + Y2k9, b = k11 + 3k10 + 3Y2k9 + Y2k8 (A14)

c = k10 + 3k5 + 3Y2k8, d = k1Y1 (A15)

k1 = 0.5Y4Y5, k2 = 0.5Y4(Y5 + 2Y4), k3 = 2Y4 + Y5 (A16)

k4 = Y5, k5 = k1Y1, k6 = Y1(k2 + Y1k3) (A17)

k7 = Y2
1 k4, k8 = Y1k3 + k1, k9 = Y1k4 + k2 (A18)

k10 = Y3k8 + k6, k11 = Y3k9 + k7 (A19)

In (A9)–(A19), the admittances are defined as Yi = 1/Zi for i = 1, 2, 3, 4, 5 (i.e., the admit-
tance is simply the reciprocal of its corresponding impedance).
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