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ABSTRACT

This paper introduces a novel wideband bandstop filter designed for S and C band applica-
tions, utilizing rounded interdigital meander lines and impedance stubs to achieve significant 
bandwidth and performance improvements. The proposed filter, with compact dimensions of 
25 mm x 30 mm, exhibits a wide stopband spanning 4.58 GHz, covering critical frequencies 
for modern communication systems. The design leverages simple yet effective structural ele-
ments, including meandering lines and impedance stubs, to modify the impedance at the ex-
citation ports, ensuring efficient band rejection. The filter’s performance was thoroughly val-
idated through parametric simulations, followed by the fabrication of a prototype on an FR4 
substrate. Measurement results show excellent agreement with simulations, achieving |S11| of 
-0.56 dB and |S21| of -73 dB at 4 GHz, demonstrating the filter’s ability to deliver high rejection 
with minimal insertion loss. This BSF not only offers a robust solution for interference miti-
gation in S and C bands but also stands out for its ease of fabrication and stability, making it
a viable option for integration into compact and high-performance communication systems.
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INTRODUCTION

Microwave filters are essential components in modern 
communication systems, enabling the selective transmission 
or blocking of signals within specific frequency ranges. This 
study focuses on the development of a wideband microstrip 
bandstop filter, utilizing stubs and meander lines to enhance 
performance. To further expand the bandwidth, a rounded 
interdigital meander line is incorporated into the design.

The literature contains extensive research on filter 
structures [1–4]. Recent studies provide an in-depth exam-
ination of advances in microwave filter design, showcasing 
a variety of techniques and methodologies. Dual-band fil-
ters have emerged as important solutions for addressing 
the needs of multi-frequency communication systems. 
For example, [5] introduces a dual-band bandstop filter 
that uses a circular, folded, meandered-line stepped-im-
pedance resonator, which allows for precise control over 
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two resonant frequencies to achieve targeted signal rejec-
tion. Similarly, Compact dual-band bandstop filters using 
[6] presents compact dual-band bandstop filters with 
stepped-impedance resonators, offering multiple stopbands 
in a reduced-size design. A comparison of these approaches 
demonstrates their effectiveness in achieving dual-band 
functionality while minimizing physical size.

Bandstop filters are particularly useful for reducing inter-
ference from specific frequency bands. Studies such as [7] 
and [8] explore reconfigurable and compact bandstop filters 
using defected microstrip structures and interdigital resona-
tors. These designs provide tunable central frequencies and 
excellent band rejection capabilities, catering to a wide range 
of communication needs. Comparative analysis reveals the 
trade-offs between reconfigurability and compactness, pro-
viding insights into choosing filters for specific applications.

Bandpass filters also play a crucial role in allowing signal 
transmission within desired frequency bands. References 
[9–11] introduce innovative bandpass filter designs, 
employing novel resonator structures and coupling tech-
niques to achieve compactness, selectivity, and improved 
stopband performance. Through comparative analysis, the 
trade-offs between filter size, selectivity, and insertion loss 
are highlighted, aiding in the selection of suitable designs 
for specific applications.

Wideband filters are particularly important for systems 
requiring transmission across broad frequency ranges. 
Works such as [12] and [13] examine the design of compact 
ultrawideband filters with high selectivity and wide stop-
bands, addressing the demands of emerging communica-
tion technologies like 5G NR. A comparative evaluation of 
these designs highlights the balance between bandwidth, 
selectivity, and stopband suppression, guiding the selection 
of wideband filters.

Hybrid components, like the 90° hybrid branch-line cou-
pler discussed in [14], offer high-performance characteris-
tics in compact designs, making them ideal for integration 
into modern communication systems. Comparative anal-
ysis highlights the advantages of hybrid components over 
traditional designs, particularly for applications with size 
constraints. Finally, advancements in compact filter designs 
are evident in studies such as [15] and [16], which propose 
novel microstrip structures for bandstop and bandpass fil-
ters. These designs maintain small footprints while meeting 
critical performance metrics for reliable communication. 
Comparative assessments provide insights into the balance 
between filter size, complexity, and performance, supporting 
the selection of optimal designs for specific applications.

Recent developments in filter design have focused on 
compactness, performance, and enhanced selectivity for 
modern wireless communication systems. In [6], a dual-
band bandstop filter with stepped-impedance resonators 
achieves a 12.6% size reduction while maintaining control-
lable stopbands. In contrast, [8] presents an ultra-wideband 
bandpass filter using half-mode substrate integrated wave-
guide (HMSIW) structures, which offers a broad passband 

and wide stopband. Similarly, [11] introduces a wideband 
bandpass filter for 5G bands with tunable bandwidth via 
varactor diodes. While [12] explores a microstrip λ/4 inter-
digital structure for a wide passband and suppression of 
spurious frequencies, [16] uses a hybrid multilayer HMSIW 
filter for high selectivity, introducing transmission zeros for 
sharper filtering.

Despite different approaches, these designs all aim to 
improve size, selectivity, and suppression of unwanted fre-
quencies, addressing key challenges in modern communi-
cation systems. This study offers a simple, compact, and 
stable solution for wideband stopband filtering by com-
bining rounded meander lines with impedance stubs. The 
novelty of this design lies in merging these two classical 
methods to create a highly efficient bandstop structure. The 
proposed filter meets several important performance crite-
ria, as described in the following sections. This wideband 
bandstop filter is especially well-suited for applications in 
modern communication systems, such as mitigating inter-
ference in 5G networks and satellite communication sys-
tems operating within the S and C bands. Additionally, the 
filter can improve signal quality in wireless communication 
infrastructure by rejecting unwanted frequencies, thereby 
enhancing overall system performance in both commercial 
and defense applications.

This paper is structured as follows: the next sections 
discuss the design process of the proposed filter, followed 
by simulation results optimized for various parameters. 
Measurement results are then presented, and comparisons 
with existing literature are provided. The paper concludes 
with a summary of the findings.

DESIGN OF THE FILTER

We utilized the Sonnet program to both design and 
simulate our filter. Although sharing core similarities with 
existing filters, our goal was to bolster its ability to reject a 
wide range of signals. However, adapting the filter to suit the 
1mm thick FR4 substrate (the only available substrate for 
manufacturing in the research laboratory) required specific 
adjustments, adding complexity to the design process. The 
design process began with the matching of 50-ohm trans-
mission line widths to the input and output ports, ensuring 
optimal impedance matching. Subsequently, two symmet-
ric vertical stubs were incorporated to further enhance 
impedance matching. Finally, the S-shaped center separa-
tions were carefully adjusted, as these are known to play a 
critical role in the current distribution of bandstop filters, 
significantly influencing the filter’s overall performance.

In our pursuit of optimizing the performance of the pro-
posed bandstop filter, employing a rounded interdigital gap 
on the FR4 with a 4 GHz bandwidth, we meticulously ana-
lyzed and modified various design parameters [17,18]. These 
parameters encompassed the interdigital gap’s dimensions, 
transmission line width, and the overall structural geom-
etry of the filter. Through iterative adjustments guided by 
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simulation tools, we aimed to achieve the desired bandstop 
characteristics within the 4 GHz bandwidth [19–21]. 

The design of the microstrip filter relies significantly 
on several critical formulas pivotal to this process provided 
as (1) and (2) below. Accurate application of these foun-
dational equations is paramount for obtaining the desired 
filter properties. Our design strategy revolves around the 
following formulas [1,18]: 

  (1)

Here, Z0 is the characteristic impedance of the transmis-
sion line. Besides, h, w and t stand for the thickness of the 
dielectric substrate, the width of the transmission line, and, the 
thickness of the cladding of the metallic surface, respectively. 
Furthermore, effective epsilon value can be obtained as:

  
(2)

Besides, we extensively assessed the influence of the FR4 
substrate on the filter’s performance [12]. We meticulously 
considered the dielectric properties of FR4, including its rela-
tive permittivity and loss tangent, to ensure precise modeling 
and simulation outcomes. This analysis allowed us to fine-
tune the filter’s design and optimize its performance tailored 
to the characteristics of the specific substrate material [20]. 
For a visual representation, refer to Figure 1 depicting the 
filter’s three-dimensional view. The dimensions of the rect-
angle in the center of the filter are 10.6x10.1 mm, and the 
meander gap separation is 0.25 mm. The bottom layer is cop-
per cladding and is employed as a ground plate.

The design process followed a systematic approach, 
involving iterative refinements of the filter’s geometry while 
taking into account the distinct attributes of the FR4 sub-
strate. We relied on simulation tools extensively to validate 
the filter’s performance. This design methodology aimed to 
craft an effective bandstop filter with rounded interdigital 

gaps, specifically engineered to function within the targeted 
4 GHz bandwidth.

SIMULATION RESULTS

The S-parameters graph of the final design has a 4.24 
GHz bandwidth between 2.75 and 6.99 GHz. The min-
imum input match that the bandwidth reaches is -60 dB. 
The graph in Figure 2 shows the graphical results of the fil-
ter. Figure 2 The simulated S-parameters (in dB) versus the 
frequency graph of the bandstop filter (the red curve is |S11| 
and the blue curve is |S21|). We utilized Sonnet software for 
the complete design, development, and simulation of our 
filter. The simulation settings involved conducting a fre-
quency sweep and a parametric study on the filter design.

Figure 3 presents the current distribution across the filter, 
offering insights into its behavior. On the other hand, Figure 
4 provides a top view of the filter, showcasing the details of 
the parametric study conducted during our simulation. 

Figure 1. The 3D view of the filter.

Figure 2. Simulated |S11| and |S21| parameters of the structure.
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PARAMETRIC STUDY

In Figure 3, the top view of the filter is depicted. To ini-
tiate the parametric design, we configured the variables W 
and L within the simulation software to span across various 
values. The tables below showcase the outcomes resulting 
from the diverse values explored during the parametric 
study. In Tables 1 and 2, parametric studies about W and L 
are provided, respectively. As can be seen from the tables, 
parameters W and L have a crucial impact on the design. 
Two of the main design parameters are W and L due to their 
profound effect on the bandwidth and scattering parame-
ters. The parameter W determines the bandwidth whereas 
LL optimizes the scattering parameters.

Parametric Results
The fabrication process involved constructing the band-

stop filter on a standard FR4 dielectric substrate using the 
milling machine, showcasing the practical feasibility of our 
proposed concept. The chosen FR4 substrate had specific 
characteristics: a dielectric constant (εr) of 4.4, a thickness 
(h) of 1 mm, and a loss tangent (tan) of 0.02. These speci-
fications were deliberately selected to ensure compatibility 
with common manufacturing practices, streamlining the 
production process.

Employing the milling machine for fabrication allowed 
us to create the filter structure on a 1mm-thick FR4 sub-
strate. This fabrication approach was aimed at offering a 
practical solution for manufacturing the bandstop filter. 
The simplicity and ease provided by both the chosen sub-
strate and the milling machine pave the way for scalability 
and reproducibility in future production processes. Figure 
4 has the fabricated picture of the filter. 

After fabricating the filter with the milling machine, we 
undertook an additional fabrication using the toner transfer 
method, involving a laserjet printer, a laminating machine, 
and label paper. This method comprises printing our 
design onto label paper using the printer. Subsequently, we 
laminate the printed label paper onto the FR4 substrate to 

transfer the ink from the paper to the substrate. Following 
this, the FR4 substrate carrying our design negative is 
placed into an etchant solution, which comprises a mixture 
of hydrochloric acid and hydrogen peroxide. For the solu-
tion, we combine 120 grams of hydrochloric acid with 70 
grams of hydrogen peroxide within a container holding the 
substrate. After an elapsed time of approximately 2-4 min-
utes, our filter is successfully imprinted on the substrate. 

Figure 4. The fabricated design of the proposed filter with 
the milling machine.

Table 2. Changes made to the length (L)

L 
(mm)

Relative 
dielectric 
constant (εr)

|S11| 
(dB)

|S21| 
(dB)

BW 
(GHz)

8 4.4 -7dB -6dB 4.1
9 4.4 -2.6dB -13dB 4.24
10 4.4 -1.1dB -24dB 4.16
11 4.4 -1.1dB -27dB 4.1
12 4.4 -1.1dB -28dB 4.24

Table 1. Parametric study on the width (W)

W 
(mm)

Relative 
dielectric 
constant (εr)

|S11| 
(dB)

|S21| 
(dB)

BW 
(GHz)

0.2 4.4 -1.2dB -23dB 4.12
0.4 4.4 -1.1dB -24dB 4.24
0.6 4.4 -1.3dB -23dB 4.17
0.8 4.4 -1.4dB -22dB 4.08
1 4.4 -1.5dB -21dB 3.98

Figure 3. Current distribution of the filter at 4 GHz (port at 
left is excited only).
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Overall, both the milling machine and the toner trans-
fer method were utilized to successfully fabricate the band-
stop filter, providing different manufacturing options based 
on specific requirements and available resources.

Measurements Results
The image presented in Figure 5 shows a visual of our 

measurement of the filter that was fabricated with the mill-
ing machine. The fabricated bandstop filter, presented in 
Figures 5 and 6, revealed that our filter’s |S21| values closely 
matched those observed in the simulation software, as 
depicted in Figure 2. However, our |S11| values did not align 
with our initial expectations. Subsequently, we proceeded 
to fabricate and measure another filter using the toner 
transfer method. 

Addressing the performance of the previous filter, we 
conducted measurements using the newly fabricated filter, 
yielding exceptional outcomes for an FR4 substrate-based 
filter. Notably, we achieved a superior bandwidth com-
pared to the simulation results. Additionally, the absence 
of a second notch in the middle of the |S21| indicated a 
marked improvement in the filter’s performance. In our 
research’s measurement phase, we conducted a compar-
ison between the simulated and measured values of the 
|S21| and |S11| parameters for our filter. Remarkably, the 
simulation results closely aligned with the actual measured 
values, signifying a high level of precision in our design. 
Figure 6 distinctly portrays the remarkable concurrence 

between the simulated and measured |S21| and |S11| values. 
This near-match between the simulated and measured data 
affirms the dependability and efficiency of our filter design. 
The simulation and the measurement results coincide. As 
expected, the produced prototype under test is operating 
properly in-band as designed. The deviations in the oper-
ating band are generally at a higher frequency regime since 
FR4 is a lossy material and the production errors may affect 
more at a higher frequency regime. 

The consistency observed in the performance between 
the simulated and measured results validates the accuracy 
of our simulation model. It underscores the successful real-
ization of our proposed filter. The slight decline in high 
frequencies of the |S11| parameter is likely attributed to the 
inherent lossy characteristic of the FR4 substrate.

In summary, our research yielded two sets of measured 
filter data due to unexpected values obtained from our 
initial filter. Consequently, we proceeded to fabricate and 
measure the filter using an alternative FR4 substrate avail-
able to us. Post-measurement analysis revealed that our lat-
est filter outperformed the previous one and was notably 
easier to fabricate, primarily owing to the rounded corners 
of the interdigital coupler. This design detail took longer 
to fabricate using the milling machine. Our measurements 
were conducted utilizing a Rohde & Schwarz ZVL network 
analyzer.

Several recent studies have contributed significantly to 
the development of wideband filter technology for diverse 
frequency band applications (see Table 3). Zhou et al. [8] 
and Golestanifar et al. [11] showcased similar wide-band 
band-pass filter (BPF) designs spanning 3.15 to 6.05 GHz, 
catering to 5G NR frequency bands n77, n79, and 5G Wi-Fi, 
achieving low insertion loss (IL), good and stable return 
loss (RL), sharp roll-off rates, and suppression of unwanted 
harmonics up to 12 GHz. In contrast, Lin & Dong [16] 

Figure 6. Comparison of S-parameters (in dB) versus fre-
quency between measured and simulated results of the 
filter.

Figure 5. Measurement of the filter fabricated with the 
milling machine.
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innovatively employed a hybrid multilayer half-mode sub-
strate-integrated waveguide (HMSIW) for enhanced selec-
tivity, achieving a fourth-order response and improved 
stopband performance. Li et al.’s [21] work introduced a 
compact ultra-wideband bandpass filter using a multilayer 
printed circuit board (MPCB) structure, demonstrating low 
insertion loss and a wide fractional bandwidth from 10.215 
GHz to 15.375 GHz. These studies reflect diverse method-
ologies and advancements, emphasizing bandwidth con-
trol, improved selectivity, and performance enhancements 
for various wireless communication applications. The com-
parison of these studies with the proposed study is provided 
in Table 3 (dimensions are provided in terms of both milli-
meters and guided wavelength).

CONCLUSION

This research successfully introduced a novel wideband 
bandstop filter with rounded interdigital gaps, specifically 
designed for S and C band applications on an FR4 sub-
strate. Through meticulous design and simulation using 
Sonnet electromagnetic simulation software, the proposed 
filter achieved a 4.58 GHz stopband with excellent rejection 
capabilities, evidenced by an |S11| of -0.56 dB and S21 of 
-73 dB at 4 GHz. The fabrication process, which involved 
both the  milling machine and toner transfer methods, 
played a crucial role in validating the design. The filter pro-
duced via the milling machine closely matched the simu-
lated results, but further refinement using the toner transfer 
method yielded even better performance, demonstrating a 
wider bandwidth and more efficient fabrication due to the 
smoother, rounded interdigital gaps. This refined process 

ensured scalability and repeatability, highlighting the fil-
ter’s potential for practical applications in modern com-
munication systems, such as interference mitigation in 
5G networks, satellite communication systems, and radar 
applications operating within the S and C bands. The wide-
band nature of the filter makes it particularly suited for 
communication systems requiring interference suppression 
across multiple bands, improving signal quality by reject-
ing unwanted frequencies. It can be integrated into modern 
wireless communication infrastructure, including base sta-
tions, satellite receivers, and other RF systems that operate 
in congested frequency environments, ensuring stable and 
reliable signal transmission. The consistency between the 
simulated and measured results underscores the accuracy 
of the design and fabrication process, making this bandstop 
filter a reliable and high-performance solution for S and C 
band applications. This research not only advances wide-
band filter technology but also offers a scalable approach to 
RF filtering, providing a strong foundation for future devel-
opments in communication system filters.
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0.624λd ×
0.022λd

Golestanifar A et al. [11] 62.6 4.585 3.55 < 2 >15 16.9 × 16.7 × 0.8 0.487λd ×
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