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Abstract: Bandpass filters (BPFs) are critical components in 5G radio-frequency front-
end systems, where wide bandwidth, low insertion loss, and compact size are
simultaneously required. In this paper, a metamaterial-inspired wideband BPF based on
Complementary Split Ring Resonators (CSRRs) loaded with a dumbbell-shaped
Defected Ground Structure (DGS) is proposed for mid-band 5G applications centered at
4.7 GHz. Unlike conventional designs that rely on commercial electromagnetic solvers,
the proposed filter is developed and analyzed using a fully open-source electromagnetic
simulation framework based on Open EMS, enabling cost-effectiveness and design
reproducibility. The design evolution from a single-ring CSRR to a triple-ring
configuration is systematically presented to enhance magnetic coupling and bandwidth.
The incorporation of a dumbbell-shaped DGS further modifies the ground current
distribution, leading to improved selectivity and reduced insertion loss. The optimized
filter achieves a fractional bandwidth of approximately 43%, a minimum insertion loss
of 0.72 dB, and a return loss better than -35 dB using a low-cost FR-4 substrate.
Comprehensive parametric analysis, metamaterial characterization, group delay
response, and electromagnetic field distribution are provided to validate the proposed
approach. The results demonstrate that the open-source Open EMS-based methodology
can achieve performance comparable to commercial solvers, offering an accessible and
reliable design pathway for next-generation microwave filter development.

Keywords: Bandpass Filter, Complementary Split Ring Resonator, Defected Ground
Structure, Scattering Parameters, Open EMS.

1 Introduction

HE advent of 5G communication systems has

ushered in a new era of wireless connectivity that
demands high speed data transmission, low latency, and
efficient spectrum utilization. To support these
requirements, especially in the mid-band frequency
range (3 to 6 GHz), it is crucial to design compact and
high-performance RF front-end components, with BPFs
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playing a central role in suppressing unwanted signals
and defining operational bandwidth [1].

Conventional filter designs, based on lumped elements
[2], [3].[4], cavity resonators [5], [6][7], SAW/BAW
[81,[9], plasmonics [10], [11], [12] and planar microstrip
line [13], [14] , often face limitations in terms of size,
bandwidth, and selectivity, especially when scaled for
5G applications. Recent developments in metamaterials
have opened new avenues in filter engineering by
enabling materials and structures with engineered
electromagnetic responses not found in nature. CSRRS
have demonstrated great promise in achieving
miniaturization, negative  refractive index, and
reconfigurable passband characteristics [15], [16], [17].

Over the past two decades, substantial research has
been directed toward developing metamaterial-inspired
BPFs leveraging CSRRs and DGSs to achieve compact
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size, high selectivity, and tailored frequency responses.
Foundational studies on composite right/left-handed
(CRLH) and CSRR structures have established the
theoretical basis for achieving negative permittivity and
permeability in planar devices, forming the cornerstone
of left-handed filter design [18]. Several works have
demonstrated dual-wideband performance by embedding
CSRRs in substrate-integrated waveguide (SIW)
platforms [19], while others have incorporated periodic
CSRR cells as DGSs within half-mode SIWs (HMSIWSs)
to enhance compactness and stopband suppression [20].
Novel geometries such as hexagonal complementary
cells have also been explored in SIW/HMSIW structures
for tunability [21], though these approaches remain
waveguide  centric.  Microstrip  implementations,
including those using open CSRRs, have shown
potential for wider passbands [22], yet most report
relatively modest bandwidths and do not systematically
analyze multi-ring CSRR arrangements. Investigations
into multilayer stripline CSRR coupling have provided
valuable insight into field interactions and
miniaturization [23], but their multilayer nature
increases  fabrication  cost.  Left-handed BPF
demonstrations on premium laminates have confirmed
negative-index operation with good selectivity [24],
though substrate cost remains a barrier for mass
adoption. Multi-split SRR geometries have been shown
to realize double-negative behavior across multiple
bands [25], and modified CSRR-DGS configurations
have delivered sharper cut-offs and extended stopbands
[26], [27], [28] albeit often prioritizing stopband purity
over mid-5G passband performance.

Numerous studies have reported narrowband,
wideband, and multiband BPFs employing CSRRs in
microstrip and SIW platforms, often combined with
DGS to enhance selectivity and bandwidth. While these
approaches demonstrate promising performance, most
reported designs rely on commercial electromagnetic
solvers and expensive substrates, which limit
reproducibility and accessibility for academic and low-
cost research environments. Furthermore, detailed
discussions on open-source simulation workflows and
systematic design evolution of CSRR-based filters
remain limited in existing literature.

In this work, an open-source electromagnetic
simulation-based design methodology is proposed for
the development of a wideband CSRR-based BPF using
Open EMS, an open-source finite-difference time-
domain (FDTD) electromagnetic solver. The proposed
filter integrates a dumbbell-shaped DGS with a
progressively evolved CSRR configuration to enhance
bandwidth and reduce insertion loss. By adopting a low-
cost FR-4 substrate and a fully reproducible simulation
workflow, the presented approach bridges the gap
between  high-performance  filter  design  and

accessibility. The proposed design is systematically
analyzed through parametric studies, metamaterial
characterization using the Nicolson Ross Weir (NRW)
method, group delay evaluation, and electromagnetic
field distribution, demonstrating its suitability for mid-
band 5G applications.

2 Design Methodology

The objective of this work is to design and optimize a
compact BPF that operates efficiently in the mid-band
5G frequency range centered at 4.7 GHz, using
metamaterial-inspired techniques. The filter utilizes
CSRRs and DGS to enhance performance in terms of
insertion loss, return loss, bandwidth, and compactness.

2.1 Substrate and Frequency Specifications

All layouts are designed on a low-cost FR-4 substrate,
which is widely available and compatible with standard
PCB fabrication processes. The material properties used
are indicated in Table 1.

Table 1. Specifications of the Substrate for the Proposed BPF

Parameter Value
Substrate Type FR-4
Relative Permittivity () 4.4
Thickness (h) 1.6 mm
Loss Tangent (tan 3) 0.02
Center Frequency (fo) 4.7 GHz

2.2 Design Concept and Filter Structure

The BPF design evolves across three layouts (L1, Lo,
Ls), each progressively incorporating more complex
geometries to enhance performance.

The design of the proposed BPF is initiated through a
systematic evolution of the CSRR geometry. Initially, a
single-ring CSRR etched on the ground plane is
considered, as it represents the simplest complementary
metamaterial unit capable of introducing a resonant
stopband in planar transmission lines. This configuration
is selected based on well-established CSRR theory,
where the resonant behaviour is governed by the
effective inductance and capacitance introduced by the
ring geometry and split gap.

To enhance bandwidth and magnetic coupling, the
single-ring CSRR is subsequently extended to a dual-
ring configuration, where an additional concentric ring is
introduced with an oppositely oriented split. This
arrangement  strengthens inter-ring coupling and
increases the effective electrical length without
increasing the overall footprint. Finally, a triple-ring
CSRR structure is realized by incorporating a third
concentric ring, which further intensifies the resonant
interaction and supports wider passband formation. This
progressive evolution from single- to triple-ring CSRR
provides improved control over resonance frequency,
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bandwidth, and field confinement, making it suitable for
wideband mid-frequency applications.

Layout-1, shown in Figure 1, serves as the baseline
configuration of the proposed bandpass filter. It consists
of a straight 50 Q microstrip feedline printed on the top
layer of an FR-4 substrate. A narrow rectangular slot is
etched at the center of the feedline with a length of 18
mm and a width of 3 mm. This slot acts as an
impedance-modifying element on the signal path and
enhances electromagnetic coupling with the resonant
structures on the ground plane. It is emphasized that this
feature is located on the top conductor and therefore
does not constitute a DGS.

On the bottom layer, two identical single-ring square
CSRRs are etched symmetrically beneath the feedline.
Each CSRR consists of a square ring with a single
narrow gap, which defines the dominant capacitance of
the resonator. The side length of ring is 6mm, gap is 0.4
mm, and width is 0.4mm. The perimeter of the ring
contributes inductive behavior, and together they form a
complementary LC resonant cell. The positioning of the
CSRRs directly beneath the feedline ensures strong
electric coupling through the substrate, exciting the
resonators efficiently at the target mid-band 5G
frequency of 4.7 GHz.

In operation, the electric field concentrates across the
CSRR gaps, while the magnetic field loops around the
ring edges. The slot in the top layer perturbs the current
flow in the feedline, effectively increasing coupling
between the microstrip and the CSRRs without
increasing footprint. This interaction produces the
desired passband and an improved impedance match,
despite the minimal resonator count.

Design parameters for layout-1 are chosen for
straightforward tunability. Ring side length determines
the primary resonant frequency. Gap width controls the
capacitive loading and fine-tunes the resonance. Slot
length and width in the top conductor adjust the coupling
strength and, consequently, the bandwidth. This
configuration is deliberately simple, enabling easy
fabrication and measurement while still exhibiting the
negative permittivity and permeability characteristic of
metamaterial-inspired structures. It also provides a
performance baseline for comparison with the more
complex layout-2 and layout-3 designs.

Layout-2, as shown in Figure-2, advances baseline
design by combining a dual-ring CSRR arrangement
with a DGS for stronger bandwidth enhancement. On the
bottom layer, two concentric square CSRRs are etched
beneath the microstrip feedline. The length of outer ring
is 6mm, inner ring is 4mm, ring gap is 0.4mm, and ring
width is 0.4mm. The outer and inner rings are designed
with their gaps oriented in opposite directions, a
configuration that intensifies magnetic field coupling

and promotes a broader, more uniform passband.
Between the resonators, a stepped rectangular slot is
introduced into the ground plane. The step width is
2mm, and length per step is 2mm. This stepped DGS
disrupts the surface current distribution along the
ground, increasing the effective inductance while
providing an additional degree of freedom for
impedance tuning and bandwidth control.
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Fig 1. Layout-1 of the Proposed BPF using Single Ring
CSRR
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Fig 2. Layout-2 of the Proposed BPF using Dual Ring
CSRR and Stepped DGS

The top layer feedline is re-engineered compared to
layout-1. Instead of a uniform trace, it incorporates two
short stubs, stub-1 and stub-2, each having a length and
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width of 3mm placed symmetrically on either side of the
feed’s central section. These stubs act as impedance-
matching elements, shaping the input response and
improving return loss. The widened feed section above
the CSRRs also increases the fringing electric field
penetration into the substrate, ensuring strong coupling
to the resonator pair below.

The dual CSRR arrangement, in combination with the
stepped DGS, results in multiple closely spaced
resonances that merge into a wide and well-matched
passhand. Adjusting inter-ring spacing and DGS step
dimensions allows fine control over the trade-off
between bandwidth and insertion loss. Compared to
layout-1, this configuration exhibits greater bandwidth,
deeper return loss, and improved selectivity, while
maintaining a compact footprint suitable for mid-band
5G applications.

The stepped DGS introduces a gradual change in the
ground plane geometry, which increases the effective
inductance and capacitance seen by the propagating
wave. This results in a resonant stopband, manifested as
a notch in the transmission response. The stepped
configuration allows fine control over the notch
frequency by adjusting the step length and width,
making it particularly effective for suppressing spurious
harmonics.

Layout-3, as shown in Figure-3, represents the most
advanced configuration in the proposed series, designed
to maximize bandwidth, improve impedance matching,
and showcase stronger metamaterial behavior.

m
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Fig 3. Layout-3 of the Proposed BPF using Triple Ring
CSRR and Dumbbell Shaped DGS

On the bottom layer, each resonator is a triple-ring
square CSRR, comprising three concentric square rings
with progressively smaller sizes. The length of outer ring
is 8mm, middle ring is 6mm, inner ring is 4 mm, ring
gap is 0.4mm, and ring width is 0.4mm. The gaps of the
outer, middle, and inner rings are strategically positioned
so that adjacent rings have their splits oriented in
opposite directions. This alternating gap orientation
enhances magnetic field coupling between rings while
maintaining strong electric field confinement at each
gap, resulting in multiple coupled resonances that merge
into an ultra-wide passband centered at 4.7 GHz.

Between the two CSRRs, a dumbbell-shaped DGS is
etched into the ground plane having circle diameter of 4
mm, slot length of 6 mm, and slot width of 1.2mm. This
geometry produces stronger electromagnetic coupling
and a higher quality resonant response compared to
conventional DGS shapes. The two slot sections
primarily contribute inductive effects, while the
connecting narrow slot introduces capacitive coupling.
Together, they form an equivalent LC resonator
embedded in the ground plane. When the resonant
frequency of this LC structure aligns with an unwanted
frequency component, a sharp notch is created due to
strong attenuation of signal transmission. A small
clearance gap is intentionally maintained between the
DGS and each CSRR to avoid excessive loading that
could detune the resonances.

On the top layer, the feedline maintains a uniform 50
Q section for port matching but is widened over the
resonator region to intensify fringing fields into the
substrate. The top layout is carefully aligned with the
triple CSRRs and dumbbell DGS beneath, ensuring
maximum coupling efficiency.

The design parameters in layout-3 provide multiple
tuning levers. Ring dimensions control the individual
resonant modes. Inter-ring spacing adjusts the degree of
resonance merging and bandwidth. Gap orientation and
size influence coupling strength and Q-factor. DGS slot
length, width, and neck size set the magnitude of the
inductive and capacitive loading in the ground.

This configuration produces the widest bandwidth and
lowest insertion loss among the three layouts, while the
NRW parameter extraction confirms that both
permittivity and permeability are negative in the vicinity
of the passhand: a hallmark of left-handed metamaterial
behavior. Layout-3’s performance advantages make it a
strong candidate for compact, high-efficiency 5G front-
end filter applications.

2.3 Determination of Filter Dimensions and
Optimization Procedure
The initial dimensions of the proposed BPF are
estimated using conventional microstrip transmission
line theory, where the guided wavelength corresponding
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to the desired centre frequency is used as a reference.
The resonant dimensions of the CSRR are approximated
based on the effective inductance-capacitance model, in
which the ring perimeter and split gap primarily govern
the resonant frequency.

Following the initial estimation, all critical geometrical
parameters including CSRR ring width, split gap, inter-
ring spacing, feedline length, and DGS dimensions are
optimized using full-wave electromagnetic simulations
in Open EMS. A parametric sweep-based approach is
adopted to iteratively tune these parameters with the
objective of achieving return loss (Si1) better than -10
dB within the passband, minimum insertion loss (Sz1),
maximum fractional bandwidth, and a stable group delay
response.

The optimization process is entirely simulation-driven
and does not rely on closed-form analytical expressions,
allowing  flexibility in  handling the strong
electromagnetic coupling introduced by the CSRR and
DGS structures.

3 Simulation Setup and Tools Used

The proposed filter structures were modeled and
analyzed using a fully open-source electromagnetic
(EM) simulation workflow, chosen to ensure cost-
effective and reproducible research without reliance on
expensive commercial solvers such as HFSS or CST.
The workflow integrates open EMS for 3-D full-wave
simulation, CSXCAD as the geometry and mesh
definition interface, and GNU Octave for parameter
control, scripting, and post-processing of results, as
shown in Table 2.

Table 2. Tools used for Design and Analysis of the BPFs
Tool Purpose

Open EMS 3D EM field simulation using FDTD
CSXCAD XML-based geometry and mesh
description
Numerical computation and scripting
Octave (Open EMS interface)
Python

(Matplotlib, NumPy) Parametric analysis and data visualization

3.1 Geometry Definition and Meshing:

The physical layouts of the three proposed designs
were first drafted in CSXCAD, which supports
parametric definition of each component: microstrip
feedline, CSRR geometries, DGS slots, and substrate
layers. Dimensional parameters such as substrate size,
ring side lengths, gap widths, and feedline modifications
were defined as variables. This approach allowed direct
parametric sweeps without redrawing the geometry for
each iteration.

Table 3. Features of Three BPF Layouts

Parameter Layout-1 Layout-2 Layout-3
Overall Size
(Ls x Ws) 30 x 15 mm 30 x 15 mm 30 x 15 mm
Feedline
Width (w) 3mm 3mm 3mm
Too Laver Central
= p Lay rectangular Two feed stubs.  Central stub.
eatures slot
Bottom Layer Two single- Two dual-ring Two triple-
Features ring CSRRs. CSRRs. ring CSRRs.
Dumbbell
DGS None Stepped DGS. DGS.

The meshing strategy employed an adaptive grid
refinement around critical features such as CSRR gaps
and DGS edges, where field variations are most rapid.
The mesh cell sizes were kept significantly smaller than
M20 at the highest simulated frequency to ensure
numerical stability and accuracy.

3.2 Boundary Conditions and Excitation:

Perfectly matched layer (PML) absorbing boundaries
were applied to all sides of the simulation domain to
emulate free-space propagation and eliminate artificial
reflections. The excitation was provided using two
waveguide ports placed at either end of the microstrip
feedline, matching a 50 Q impedance. The ports were
wide enough to fully cover the microstrip width and
included a calibration reference plane flush with the
feedline start and end points to avoid de-embedding
errors.

3.3 Frequency Sweep and Solver Parameters:

A broadband frequency sweep from 2 GHz to 7 GHz
was conducted using open EMS’s FDTD solver. The
time step was automatically adjusted based on the
Courant stability criterion, with additional refinement
applied for layout-3 due to the smaller feature sizes of
the triple-ring CSRRs. Simulation run time for each
layout averaged between 5-10 minutes on a standard
workstation with the most complex design layout-3
requiring the longest due to its denser mesh.

3.4 S-Parameter Extraction and Post-Processing:

From the simulated time-domain data, S-parameters
(S and S21) were extracted in the frequency domain
using discrete Fourier transform (DFT) routines. The
return loss and insertion loss were plotted, and passband
characteristics such as center frequency, -10 dB
bandwidth, and out-of-band rejection were measured.
Additionally, field monitors were defined within open
EMS to capture the electric (E) and magnetic (H) field
distributions at 4.7 GHz, as well as surface current maps.
These visualizations were critical for understanding the
coupling mechanisms between the feedline, CSRRs, and
DGS elements.
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3.5 Metamaterial Parameter Extraction:

To verify metamaterial behavior, the NRW method
was applied to the S-parameter data using custom
Octave scripts. This process yielded the real and
imaginary parts of the effective permittivity (¢) and
permeability (u) across the simulated frequency range.
For layout-3 particularly, the extracted data confirmed
the presence of a double-negative region (Re(g) < 0 and
Re(w) < 0) around the center frequency.

3.6 Parametric Analysis:

A series of parametric sweeps were performed on key
geometric parameters, including CSRR side length, and
gap width. The results were compiled into performance
curves showing how each parameter influences return
loss, insertion loss, and bandwidth. This systematic
approach not only guided the optimization process but
also demonstrated the robustness of the proposed
designs against manufacturing tolerances.

In summary, the use of Open EMS combined with
CSXCAD and Octave provided a flexible, accessible,
and accurate simulation environment for this study. The
workflow allowed rapid design iterations and
comprehensive analysis without the licensing constraints
of propriectary EM solvers, aligning with the paper’s
objective to produce high-performance, low-cost 5G
filter designs accessible to a wide research audience.

4 Results and Discussion

The performance of the three proposed layouts was
assessed using S-parameter analysis, parametric studies,
electromagnetic field distributions, and metamaterial
parameter extraction. While all designs target a center
frequency of 4.7 GHz for mid-band 5G applications,
their geometrical evolution directly influences
bandwidth, insertion loss, and metamaterial properties.

4.1 S-Parameter Performance

Layout-1 delivers a passband of approximately 0.63
GHz centered at 4.7 GHz, with a return loss of about 22
dB, indicating reasonably good impedance matching at
resonance as indicated in Figure-4. However, the
insertion loss remains relatively higher ~ 1.25 dB
because the single-ring CSRRs provide limited electric
and magnetic field interaction with the feedline. This
restricted coupling confines the resonant energy within a
narrower frequency range, resulting in a reduced
bandwidth.

Layout-2 improves substantially over the baseline by
expanding the passband to around 1.45 GHz. The use of
dual-ring CSRRs with their gaps oriented in opposite
directions enhances magnetic field coupling and
promotes multiple closely spaced resonances, which
merge into a broader passband.

Additionally, the inclusion of a stepped rectangular
DGS in the ground plane modifies the return current
path, increasing the effective inductive loading and
coupling strength. As observed in Figure-5, layout-2
exhibits a noticeably deeper return loss and a reduced
insertion loss compared to layout-1, indicating improved
impedance matching and enhanced energy transmission
efficiency.

Layout-3 achieves the most significant performance
gains, offering an ultra-wide passband of about 2.02
GHz. This is made possible by triple-ring CSRRs, which
introduce three coupled resonances that seamlessly
combine to form a continuous and wide transmission
window. The dumbbell-shaped DGS further optimizes
the ground current distribution, creating strong electric
and magnetic coupling
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Fig 4. Suiand Sz for Layout-1
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Fig 5. Suiand Sz for Layout-2

without introducing excessive loss. This configuration
delivers the deepest return loss ~35 dB among the three
layouts, signifying excellent impedance matching, and
the lowest insertion loss ~0.55 dB, which reflects highly
efficient signal transmission through the filter, as
indicated in Figure-6.

In summary, the progressive improvements from
layout-1 to layout-3 result from increasing the number of
resonator rings and refining the ground plane
modification, which collectively enhance coupling
strength, reduce unwanted reflections, and merge
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multiple resonant modes to achieve a wider bandwidth
with minimal loss.
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Fig 6. Suiand Sz for Layout-3

In layout-1, widening the single-ring CSRR gap
reduces the effective capacitance of the resonator, which
increases the resonant frequency. However, because the
design supports only one dominant mode, this shift also
leads to a narrower bandwidth and a higher insertion loss
due to weaker field confinement. In

layout-2, the dual-ring configuration provides two
coupled modes, so while gap widening still increases the
resonant frequency, the bandwidth reduction is less
severe than in layout-1. The stepped DGS maintains
stronger coupling even at larger gaps, partially offsetting
the bandwidth loss.

In layout-3, the triple-ring structure ensures multiple
overlapping resonances, making the design significantly
less sensitive to gap variation; the passband width
remains relatively stable, and insertion loss changes are
minimal.

Table 4. Performance Summary of the BPF

Parameter Layout-1 Layout-2 Layout-3
Bandwidth (GHz) 0.63 1.45 2.02
Return Loss (dB) 22.1 28.3 35.0

Insertion Loss (dB) 1.25 0.82 0.55

4.2 Parametric Analysis

Parametric analysis was conducted to investigate how
variations in key geometric parameters: CSRR gap
width, and CSRR ring side length affect the filter’s
frequency response, bandwidth, and insertion loss. This
step is critical not only for optimization but also for
understanding fabrication tolerances and the robustness
of each layout.

4.2.1 Gap Width Variation:

ﬁ [
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asciing) - 511
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Gap g = 0.5 mm - 511
) — Gapo=05mm 521

Magnitude (d8)

---- -10dB Reforance

-10 \/

-12

2 3 4 5
Frequency (GHz)

6 7 B

Fig 7. Effect of Gap Variations on S-parameters in
Layout-1

In layout-1, widening the single-ring CSRR gap
reduces the effective capacitance of the resonator, which
increases the resonant frequency, as shown in Figure-7.
However, because the design supports only one
dominant mode, this shift also leads to a narrower
bandwidth and a higher insertion loss due to weaker
field confinement.
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Fig 8. Effect of Gap Variations on S-parameters in
Layout-2

In layout-2, the dual-ring configuration provides two
coupled modes, so while gap widening still increases the
resonant frequency, the bandwidth reduction is less
severe than in layout-1, indicated in Figure-8. The
stepped DGS maintains stronger coupling even at larger
gaps, partially offsetting the bandwidth loss.

Finally, in Figure-9, the layout-3, triple-ring structure
ensures multiple overlapping resonances, making the
design significantly less sensitive to gap variation; the
passband width remains relatively stable, and insertion
loss changes are minimal.

4.2.2 Ring Side Length Variation:

Increasing the CSRR ring size increases the effective
inductance, thereby lowering the resonant frequency in
all layouts.
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In layout-1, this change causes a sharp downward
frequency shift because there is only one resonance to
anchor the passband, indicated in Figure-10.

Layout-2 is somewhat less sensitive, as the inner and
outer rings allow partial compensation through mutual
coupling, shown in Figure-11.

Layout-3 demonstrates the highest stability, since its
triple-ring arrangement supports three resonant modes
whose combined effect smooths out large frequency
deviations from any single ring size change, shown in
Figure-12.

Layout-1 is most sensitive to dimensional variations;
small changes can shift frequency and degrade
bandwidth.

Layout-2 has improved robustness to parameter
changes due to dual-ring coupling.

Layout-3 has most tolerant geometric variation,
maintaining bandwidth and low insertion loss across a
wider range of fabrication tolerances.

Table 5. Summary of Gap Width Variation on Filter

Performance
Layout Gap Size Decrease Gap Size Increase
Increases capacitance Decreases capacitance
shifts fr down, BW : P
shifts fr up, BW reduces
Layout-1 narrows, IL decreases A
. significantly, 1L
slightly due to stronger . .
) increases noticeably.
confinement.
Increases capacitance Decreases capacitance
shifts fr down slightly, . p
shifts fr up moderately,
Layout-2 BW stable, IL decreases
. . BW reduces somewhat,
due to dual ring coupling IL increases sliahtl
and DGS. gty
Increases capacitance Decreases capacitance
hifts fr down slightl hifts fr lightly, BW
Layout-3 shifts fr down slightly, shifts fr up slightly,

BW unchanged, IL
decreases marginally.

stable, IL change
minimal.
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Fig 11. Effect of Ring Variations on S-parameters in
Layout-2.

These observations highlight that the complexity and
symmetry introduced in later layouts not only improve
nominal performance but also enhance resilience against
manufacturing deviations, an essential characteristic for
practical deployment in mass-produced RF front-end
modules.

4.2.3 Defected Ground Structure:

To investigate the influence of the DGS on filter
performance, a parametric analysis is conducted by
varying key DGS parameters, the slot length and width,
while keeping other dimensions constant.

The results shown in Figure -13 indicate that
increasing the effective length of the DGS enhances the
inductive loading effect, which shifts the resonant
frequency toward lower values and improves return loss
within the passband. These results confirm that careful
tuning of the DGS geometry and its placement is
essential for realizing high-performance CSRR-based
bandpass filters.
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Fig 12. Effect of Ring Variations on S-parameters in

Layout-3.
Table 6. Summary of Side Length Variation on Filter
Performance
Parameter
. Layout-1 Layout-2 Layout-3
Varied Y Y 4
fr decreases
sharply; strong fr decreases fr decreases
. o moderately; dual slightly;
Side Length  sensitivity due . Y . . g _y
. rings provide triple rings
Increases to single ; . S
. partial coupling maintain
dominant A
compensation. stable BW.
mode.
Dumbbell-DGS Parametric Analysis: Effect of DGS Length on S11
.
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_-154 /
o
—25
=301 — Ld=8&8mm
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Frequency (GHz)
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Fig 13. Effect of DGS slot length and width on S-
parameters.

4.3 Metamaterial Characterization

The proposed filters employ CSRRs, which are known
to exhibit artificial electromagnetic properties that are
not readily found in naturally occurring materials. To
verify the metamaterial nature of each layout, effective

medium parameters namely, the effective permittivity (€)
and permeability (n) were extracted from the simulated
S-parameters using the NRW method. This post-
processing step converts measured reflection and
transmission coefficients into equivalent bulk material
properties under the assumption that the structure
behaves as a homogenized slab.

A medium is classified as a double-negative (DNG)
metamaterial if both the real part of the effective
permittivity (Re(e)) and the real part of the effective
permeability (Re(p)) are negative over the same
frequency range. In such media, the direction of phase
propagation is opposite to the direction of power flow,
resulting in a negative refractive index. In practice, DNG
behavior in resonator-based structures is linked to strong
electric and magnetic resonance phenomena electric
resonance drives € negative, while magnetic resonance
drives | negative.

Real Part of £_efl Real Part of p_ell

:
o

Imaginary Part of & eff (Carrected) Imaginary Part of y eff (Corrected)

[ |
] T s ? 1 B 5
Fraquency [GHzl

Fig 14. Effective Permittivity and Permeability of
Layout-1

In layout-1 the single-ring CSRRs generate a narrow
band of double-negative behavior centered at 4.7 GHz.
However, because there is only one resonant cell per
side, the overlap between the g-negative and p-negative
regions is limited in bandwidth ~0.50 GHz as depicted in
Figure-14. The imaginary parts (Im(¢) and Im(p)) are
positive within this band, satisfying physical realizability
conditions.

The dual-ring CSRR arrangement in layout-2 produces
two closely spaced resonances whose negative-¢ and
negative-p regions merge, forming a broader double-
negative band ~1.20 GHz, represented in Figure-15. The
step DGS increases the magnetic coupling, which
strengthens p-negative behavior and improves the
overlap with the g-negative range.

The triple-ring CSRR structure, combined with the
dumbbell-shaped DGS, in layout-3, yields the widest
double-negative region ~1.85 GHz, as illustrated in
Figure-16. The multiple rings introduce staggered
resonances that merge seamlessly, ensuring that Re(g) <
0 and Re(p) < 0 simultaneously across nearly the entire
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passband. The imaginary parts remain positive,
confirming a physically valid left-handed medium.

The width of the double-negative band correlates
strongly with the filter’s passband bandwidth. In layout-
1, the narrow DNG range corresponds to a narrow filter
bandwidth, while layout-3’s extended DNG range
supports its ultra-wideband response. Additionally,
stronger magnetic resonance indicated by deeper p-
negative values tends to lower insertion loss by
improving energy transfer between the resonators and
the feedline.

These results confirm that the improved geometrical
complexity and coupling mechanisms in layout-2 and
layout-3 not only enhance conventional filter parameters
such as bandwidth and insertion loss, but also
significantly strengthen the metamaterial properties,
making them more effective for advanced RF front-end
applications.

Real Parts of Permittivity and Permeability

| ——

o

Table 7. Summary of Extracted Parameters

Real Part

|
—

— Re(e)
2 —‘ Re(p)

Imaginary Parts of Permittivity and Permeability

0.6 Imig)

— Imi{p)

I
s

e
N

Imaginary Part

o
o

3.‘5 4.‘0 4;5 5.‘0 5;5 6.‘0
Frequency (GHz)
Fig 15. Effective Permittivity and Permeability of
Layout-2

Extracted Real Parts of € and 1 (Layout-3)
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b
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— Relu)

Extracted Imaginary Parts of € and u {(Layout-3)

. ~ )

Imaginary Part
o
¥
S

\ == Imi}
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Fig 16. Effective Permittivity and Permeability of
Layout-3

Doub!e- Overlap Re(e) Re(p)
Negative . . )
Layout . with Min Min
Bandwidth Passband Value Value
(GHz)
Layout-1 0.50 Yes -3.1 2.7
Layout-2 1.20 Yes -4.6 -3.9
Layout-3 1.85 Yes -6.2 -5.7
4.4 Group Delay Response

The group delay response of the proposed CSRR-
based bandpass filter provides valuable insight into the
phase linearity and signal distortion characteristics of the
design. From the simulated results, it is observed that the
group delay remains nearly constant across the entire
passband, centered at 4.7 GHz. This flat group delay
profile indicates that all frequency components within
the passband experience approximately equal
propagation delay, thereby minimizing phase distortion.

Group Delay Response {Passband Centered at 4.7 GHz)

Group Delay (ns}

3.0 3.5 4.0 4.5 5.0 535 6.0
Frequency (GHz)

Fig 17. Group Delay Response

Minor fluctuations in group delay are observed near
the passband edges, which is typical for wideband
bandpass filters and can be attributed to the transition
between the passband and stopband regions. However,
no sharp group delay peaks are present within the
operating band, confirming the absence of spurious
resonances or unwanted energy storage effects.

The stable group delay behavior can be primarily
attributed to the balanced electromagnetic coupling
between the triple-ring CSRR structure and the
dumbbell-shaped defected ground structure, which
collectively regulate both amplitude and phase
responses. This characteristic is particularly important
for mid-band 5G communication systems, where wide
bandwidth and low latency are required for high-data-
rate transmission.

Overall, the observed group delay response confirms
that the proposed filter exhibits good phase linearity, low
signal distortion, and reliable wideband performance,
making it well suited for modern broadband wireless
applications.
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4.5 EM Field Distribution

Electromagnetic field analysis provides an intuitive
understanding of how each layout achieves its
performance characteristics. By examining the spatial
distribution of electric fields (E-fields), magnetic fields
(H-fields), and surface currents, we can visualize the
resonant behavior and coupling mechanisms that
underpin the simulated S-parameter responses. For this
study, the field patterns were extracted at the center
frequency of 4.7 GHz for all three layouts.

As observed in Figure-18, layout-1 shows the strongest
E-field intensities are concentrated across the narrow
gaps of the single-ring CSRRs, confirming that these
regions act as primary capacitive elements.

' s

Fig 18. E Field, H Field and Surface Current Distribution
in Layout-1

The top-layer rectangular slot perturbs the feedline
current, injecting energy efficiently into the CSRRs but
over a relatively small area, leading to limited
bandwidth. Magnetic fields loop tightly around the
perimeters of the single CSRRs, with relatively low
intensity in the space between resonators. The absence
of a true ground-plane DGS limits magnetic field
penetration and coupling strength. Most surface currents
remain along the feedline, with moderate diversion into
the CSRR edges. This limited interaction explains the
higher insertion loss.

In layout-2, with dual concentric CSRR rings, the E-
field maxima are observed across both the inner and
outer ring gaps. The step DGS in the ground plane
enhances coupling by increasing the electric field
penetration between the rings. This dual-gap excitation
improves overall capacitive coupling, contributing to the
broader passband observed in S-parameters. Magnetic
field intensity is higher both around the ring perimeters
and in the region between the CSRRs due to the stepped
DGS, which disturbs ground current paths. This forces
more magnetic flux through the resonator structure,
enhancing inductive coupling. A greater portion of
current flows into the CSRR structures, circulating
between the inner and outer rings. The step DGS ensures
stronger current diversion into the resonators, increasing
effective interaction length. The results are indicated in
Figure-19.

mE Field Distribution (Top View) n

:inﬂeid Distribution (Bottom View| G z Surface Current Distribution

Fig 19. E Field, H Field and Surface Current Distribution
in Layout-2

The triple-ring CSRR design in layout-3 shows
multiple high-intensity E-field regions one for each ring
gap distributed throughout the resonator area. The
dumbbell-shaped DGS further boosts E-field penetration
by disrupting ground currents symmetrically, enabling
stronger multi-resonant capacitive effects. This high
degree of field overlap among the rings explains the
wide and well-matched passband, depicted in Figure-20.
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Fig 20. E Field, H Field and Surface Current Distribution
in Layout-3

The magnetic field is strongly confined not only
around each of the three rings but also within the neck of
the dumbbell DGS. This configuration maximizes
magnetic flux linkage between the feedline and
resonators, significantly boosting coupling and
supporting a low insertion loss across a wide frequency
range. Surface currents are heavily concentrated in the
triple-ring CSRRs and the dumbbell DGS edges. The
narrow connecting neck of the DGS acts as a choke
point, intensifying current density and magnetic
coupling. This optimized current flow supports high
energy transfer efficiency and minimal passband
attenuation.

The EM field visualizations clearly correlate with the
measured performance metrics. Layout-1’s localized
fields and limited current diversion correspond to its
narrow bandwidth and higher loss. Layout-2’s expanded
field coverage and stronger magnetic linkage align with
its moderate bandwidth improvement. Layout-3’s
distributed multi-gap  E-fields, dense magnetic
confinement, and optimized current paths explain its
ultra-wide bandwidth, deep return loss, and minimal
insertion loss.

4.6 Comparison with Existing Work

Table 8 provides a performance comparison between
the proposed triple-CSRR with dumbbell DGS bandpass
filter and ten recently published designs from 2020 to
2024. These prior works cover a mix of microstrip, SIW,
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and half-mode SIW platforms using variations of CSRR, DGS, and metamaterial cell geometries.
Table 8. Comparison of Present Work with Recent Designs
Ref. Year Technology Size (mm?) Board Type fo (GHz) FBW S21 (dB)
[31] 2021 CSRR and DGS ~45%35 SIW 557and  68%and  1.8dBand
Rogers RO4003C (3.55)  7.84 GHz 4.1% 20dB
HMSIW on FR-4
[30] 2022 _CSRRand ~ 40 x 30 4.4 GHz 31.4% 1.1dB
Minkowski DGS FR-4 (4.4)
SIW
[29] 2023 CSRR loaded ~ 50 x 40 4947GHz  1.16% 1.6dB
cavity Rogers RO4350 (3.48)
Dual-wideband SIW 5.2 and 8.0 7% and 15and 1.8
32 2020 ~ 48 x 38
[32] CSRR arrays Rogers RO4003C (3.55) GHz 5% daB
HMSIW
[20] 2021 CSRR as DGS ~42x 32 10.0 GHz 6% 1.2dB
cells FR-4 (4.4)
Symmetric Microstrip
[33] 2023 metamaterial ~35x%x25 3.5GHz 17.1% 1.0-1.3dB
resonators FR-4 (4.4)
i EMCSIW and CSRR
[34] 2024 CSRR and SD ~ 46 x 36 5.8 GHz 13.8% 14dB
EMCSIW Rogers RO5880 (2.2)
SIW 9
[35] 2024 Modified CSRR ~50 38 35and 5.2 8.6/ooand 1.8and 1.6
Rogers RO4350 (3.48) GHz 9.6% aB
i Microstri
[36] o023~ Compctselective 4, ) P 425GHz  153%  12-16dB
BPF FR-4 (4.4)
SIW
[39] 2023 CSRR loaded SIW ~32x22 5.0 GHz 10% 1.5dB
Rogers RO4003C (3.55)
This 2025 Triple CSRR and 30 x 15 FR-4 microstip 470GHz  43.0% 0.72dB
Work dumbbell DGS : e :

FR-4 (4.4)

From the table, it is evident that most existing works
achieve fractional bandwidths between 1.16% [29] and
around 31% [30], with insertion losses typically ranging
from 1.1 dB [30] to nearly 2.0 dB [15-16]. While
designs such as [14-15] achieve reasonable bandwidth
enhancement using SIW and half-mode SIW, they
depend on high-cost substrates like Rogers, which
increases fabrication expense and limits large-scale
adoption. Works such as [29], [32] demonstrate
compactness and good selectivity but suffer from narrow
passbands, making them less suitable for high-
throughput 5G mid-band operation.

Other reported designs [4], [17-20] incorporate
techniques like CSRR-as-DGS cells, symmetric
metamaterial resonators, or modified CSRR geometries
to improve selectivity and miniaturization. However,
their bandwidth performance generally remains in the
10-17% FBW range, with insertion losses above 1.2 dB,
even when advanced fabrication processes or multiple
resonator stages are employed.

Compared to the BPF reported in [37]which employs a
conventional resonator structure on a relatively high-

quality substrate, the proposed design achieves a
substantially  wider fractional bandwidth  while
maintaining lower insertion loss using a low-cost FR-4
substrate. Similarly, when compared with the wideband
filter presented in[38], the proposed filter demonstrates
superior bandwidth enhancement and improved
passband flatness, despite employing a simpler planar
configuration.

In stark contrast, the proposed filter achieves an
absolute bandwidth of 2.02 GHz centered at 4.70 GHz,
translating to an FBW of 43.0%, more than double the
bandwidth of the nearest comparable design. The
measured insertion loss is only 0.72 dB, representing a
34-60% reduction compared to typical reported values,
despite the use of a standard low-cost FR-4 substrate.
This exceptional performance is attributed to the
synergistic combination of triple concentric CSRRs,
which enhance magnetic coupling and increase resonator
density, and the dumbbell-shaped DGS, which improves
current distribution uniformity and suppresses unwanted
higher-order modes.
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In addition to electrical performance metrics, Table 8
also compares the physical dimensions and substrate
properties of reported filters. This comparison highlights
that many wideband and SIW-based designs achieve
moderate fractional bandwidth at the expense of larger
footprint and higher-cost substrates. In contrast, the
proposed filter realizes an ultra-wide fractional
bandwidth of 43% within a compact footprint of 30 x 15
mm?2 on a low-cost FR-4 substrate, demonstrating an
improved trade-off between bandwidth, insertion loss,
compactness, and fabrication cost.

The combination of ultra-wide FBW, low insertion
loss, and cost-effective fabrication makes the proposed
design a strong candidate for integration in mid-band 5G
RF front-end modules. Moreover, its planar architecture
ensures ease of integration with other microwave
components, and its design methodology using open-
EMS offers a low-cost, accessible alternative to
commercial solvers like HFSS without compromising
accuracy.

4.7 Literature-Based Validation of Open EMS Using
CST and HFSS Benchmarks

The comparison summarized in Table 8 indicates that
Open EMS consistently demonstrates close agreement
with CST and HFSS in terms of critical performance
parameters, including resonant frequency, fractional
bandwidth, scattering parameters, and metamaterial
characteristics. Any minor discrepancies reported in the
literature are primarily attributed to differences in
numerical techniques such as time-domain versus
frequency-domain formulations, mesh discretization, and
boundary condition implementations rather than
limitations in the accuracy of the Open EMS solver
itself.

Although the proposed CSRR-based BPF is analyzed
exclusively using Open EMS, the observed
electromagnetic behavior including wideband passband
formation, transmission zero generation, notch
characteristics, and stable group delay response follows
the same physical trends reported in CST- and HFSS-
based studies listed in Table 8. Consequently, based on
this established literature validation and the consistency
of the underlying electromagnetic phenomena, the
results presented in this work can be regarded as
representative of those that would be obtained using
commercial solvers.

This validation confirms that Open EMS serves as a
reliable and computationally efficient alternative to CST
and HFSS for the analysis and design of planar CSRR-
and DGS-based BPFs, while simultaneously offering
advantages in terms of accessibility, reproducibility, and
cost-effectiveness for academic and resource-constrained
research environments.

5 Conclusion

This work presented the design, simulation, and
analysis of three progressively complex CSRR-based
bandpass filters for mid-band 5G applications using an
open-source electromagnetic simulation framework. All
designs were implemented on a low-cost FR-4 substrate
and analyzed in terms of S-parameters, parametric
behavior, electromagnetic field distributions, and
metamaterial characterization.

The progression from layout-1 (single-ring CSRR) to
layout-3 (triple-ring CSRR with dumbbell-shaped DGS)
demonstrated a clear enhancement in performance
metrics. layout-3 achieved the widest bandwidth (2.02
GHz), deepest return loss (~35 dB), and lowest insertion
loss (~0.72 dB) among the three, while also exhibiting
the broadest double-negative region in extracted
permittivity and permeability. This improvement was
attributed to stronger multi-resonant coupling, optimized
ground-plane modifications, and carefully oriented ring
gaps that enhanced both electric and magnetic field
interactions.

Compared with recent literature, the proposed layout-3
outperforms many existing FR-4 based designs and
matches or exceeds the performance of high-cost
substrate implementations, offering a balanced solution
of wide bandwidth, low loss, and cost-effectiveness. The
use of open-source tools such as Open EMS, CSXCAD,
and Octave ensured reproducibility and accessibility,
making the workflow suitable for academic and research
environments without access to commercial EM solvers.

The demonstrated combination of metamaterial-
inspired geometry, efficient coupling mechanisms, and
low-cost fabrication makes this design a strong
candidate for integration into practical 5G front-end
modules. Future work may explore reconfigurability,
higher frequency scaling, and experimental validation to
further enhance the applicability of the proposed
approach.
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