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Abstract:

This study presents a comprehensive framework for optimizing bandpass filters (BPFs) to meet the
demanding requirements of modern communication systems, including 5G, Internet of Things (IoT), and
satellite networks. The proposed methodology integrates a hybrid Genetic Algorithm-Machine Learning
(GA-ML) approach, advanced substrate materials, and fractal defective ground structures (DGS) to achieve
significant performance improvements. By leveraging GA-ML, optimization time was reduced by 75%, and
insertion loss was improved from 2.1 dB to 1.8 dB. The use of fractal DGS allowed for a 40% reduction in
footprint and 15 dB harmonic suppression, while Rogers RO3003 substrates minimized dielectric loss at
millimeter-wave (mmWave) frequencies. Experimental validation confirmed the practicality of these
innovations, with IoT BPFs achieving a compact 5 mm? footprint and satellite filters demonstrating robust
thermal stability. Despite these advancements, challenges in cost scalability and frequency adaptability
remain, particularly for IoT applications and THz designs. This paper underscores the need for cost-effective
materials and larger datasets to enhance AI/ML optimization at higher frequencies. Future research
directions include the exploration of quantum-inspired algorithms, graphene-based substrates, and the
development of standardized benchmarking datasets to drive the evolution of adaptive, spectrum-efficient
filters for next-generation 6G and THz communication systems.

Keywords: Bandpass Filters (BPFs), Hybrid Genetic Algorithm—Machine Learning (GA-ML), Fractal
Defected Ground Structures (DGS), Rogers RO3003 Substrate, 5G and IoT Applications, Millimetre-Wave
(mmWave) Design, Terahertz (THz) and 6G Systems.

become increasingly apparent [2]. Traditional
approaches, including microstrip and cavity
resonator topologies, often suffer from trade-offs
between size, insertion loss, and selectivity, making

I. INTRODUCTION

Modern communication systems, including 5G
networks, Internet of Things (IoT) devices, and

satellite links, demand unprecedented performance
from radio frequency (RF) components to support
high-speed data transmission, low latency, and
energy efficiency. Among these components,
bandpass filters (BPFs) play a pivotal role in
ensuring signal integrity by selectively transmitting
desired frequency bands while attenuating out-of-
band interference and noise [1]. As wireless
standards evolve such as 5G’s use of millimeter-
wave (mmWave) frequencies (24—100 GHz) and
[oT’s reliance on dense, multi-band operation the
limitations of conventional BPF designs have

them ill-suited for next-generation applications [3].

The rapid proliferation of wireless technologies has
introduced unique challenges for BPF design. For
instance, 5SG base stations require filters capable of
operating at mmWave frequencies with ultra-wide
fractional bandwidths (up to 20%) to accommodate
massive multiple-input multiple-output (MIMO)
systems [4]. Simultaneously, IoT devices demand
miniaturized BPFs that operate at sub-6 GHz bands
while maintaining low insertion loss (<2 dB) to
prolong battery life [5]. Satellite communication
systems further complicate these requirements, as
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filters must exhibit exceptional thermal stability and
high power-handling capacity in harsh environments,
particularly in the Ka-band (2640 GHz) [6].
Existing solutions, such as surface acoustic wave
(SAW) and bulk acoustic wave (BAW) filters, offer
high selectivity but falter at mmWave frequencies
due to manufacturing constraints and limited
scalability [7]. These challenges underscore the need
for innovative optimization strategies that transcend
traditional design paradigms.

Recent advancements in material science and
computational optimization have opened new
avenues for BPF development. Metamaterial-
inspired  structures, for example, enable
unprecedented control over electromagnetic waves,
allowing for compact designs with sharp roll-off
characteristics [8]. Similarly, machine learning (ML)
algorithms have demonstrated remarkable potential
in automating parameter tuning, reducing design
cycles from weeks to hours [9]. Substrate-integrated
waveguide (SIW) and defected ground structure
(DGS) techniques have also emerged as viable
solutions for balancing miniaturization with high-
quality (Q) factor performance [10]. Despite these
strides, critical gaps persist. Many proposed designs
lack scalability for mass production, while others
prioritize theoretical performance over practical
constraints such as fabrication tolerances and cost
[11]. Furthermore, the advent of terahertz (THz)
communications and 6G networks has highlighted
the need for BPFs that operate beyond 100 GHz a
frontier where conventional materials and topologies
face fundamental limitations [12].

This paper addresses these challenges through a
multidisciplinary optimization framework that
integrates algorithmic tuning, material innovation,
and structural redesign. First, we employ genetic
algorithms (GAs) to automate the synthesis of BPF
parameters, enabling rapid exploration of design
spaces while minimizing human bias [13]. Second,
we propose the use of liquid crystal polymer (LCP)
substrates, which offer ultra-low dielectric loss (tan
0 < 0.002) at mmWave frequencies, coupled with
additive manufacturing techniques to achieve sub-
millimeter geometric precision [14]. Third, we
introduce a novel dual-band BPF architecture
leveraging fractal-based defected ground structures
(DGS) to suppress harmonic resonances and reduce
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footprint by 40% compared to conventional designs
[15]. To validate our approach, we present
experimental results for three use cases: a 28 GHz
BPF for 5G mmWave base stations, a 2.4 GHz
miniaturized filter for IoT sensors, and a Ka-band
filter for satellite transceivers. Our work not only
bridges the gap between theoretical design and
practical implementation but also aligns with the
International Telecommunication Union’s (ITU)
vision for adaptive, spectrum-efficient 6G systems
[16].

II. LITERATURE REVIEW

Bandpass filters (BPFs) are foundational to modern
communication systems, but their design faces
evolving challenges as wireless standards advance.
This section synthesizes prior work into four key
themes: optimization trends, topology comparisons,
performance benchmarks, and unresolved
challenges.

Evolution of Optimization Techniques: Recent years
have seen a paradigm shift from traditional
algorithms to AI/ML-driven optimization for BPF
design. Figure 1 illustrates this trend, showing the
rise of ML-based methods (from 15% to 80%
adoption between 2013-2023) over genetic
algorithms (GA) and particle swarm optimization
(PSO). While GA/PSO enabled automated
parameter tuning, they struggled with mmWave
complexity, requiring weeks of simulation time [1].
ML techniques like convolutional neural networks
(CNNs) now predict optimal geometries in hours,
but their reliance on large datasets remains a barrier
for emerging applications like terahertz (THz)
communications [2].

Trends in BPF Optimization Techniques (2013-2023)
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BPF Topologies and Applications: Table
1 compares the strengths, weaknesses, and use cases
of dominant BPF topologies. Microstrip filters
dominate 10T and sub-6 GHz 5G systems due to their
compact size and low cost but suffer from moderate
Q-factor (Q < 200). Substrate-integrated waveguide
(SIW) designs excel at mmWave frequencies (24—40
GHz) with high Q (>500) but require larger
footprints. Surface acoustic wave (SAW) filters,
though highly selective, are fragile and frequency-
limited (<6 GHz). Metamaterial-based BPFs achieve
miniaturization (up to 60% size reduction) but face
fabrication challen

es and narrow bandwidths [17].
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Table: 1: Comparison of BPF Topologies

Performance Benchmarks: Figure 2 maps
insertion loss against fractional bandwidth for state-
of-the-art BPFs across frequencies. IoT filters (2-5
GHz) prioritize miniaturization, achieving <2 dB
loss but <15% bandwidth mmWave designs (24—40
GHz) achieve wider bandwidths (15-25%) at the
cost of higher loss (2.5-3.5 dB) due to conductor
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roughness. Satellite Ka-band filters balance
moderate loss (2-3 dB) and bandwidth (10-15%) but
require bulky enclosures. THz filters (>100 GHz) lag
with losses >4 dB due to dielectric limitations [18].

Insertion Loss vs. Fractional Bandwidth for BPFs (2-100 GHz)
45] % stoom Application
o

3
Trade-off Trend

Insertion Loss (dB)

Figure 2: Insertion Loss vs. Fractional Bandwidth
for BPFs

Key Challenges and Research Gaps: Table
2 summarizes unresolved challenges from prior
work, highlighting trade-offs between
miniaturization, performance, and scalability. For
instance, defected ground structures (DGS) reduce
size by 30-40% but degrade harmonic rejection by
10-15 dB [19]. Additive manufacturing enables
complex geometries but lacks precision for sub-mm
features [20]. Material limitations (e.g., FR-4’s high

tan o at mmWave) further constrain THz
applications.
. Gaps
Challenge Impact Prior Work Identified
Size
- s reduction DGS, fractal Harmonic
Miniaturization . .
vs. Q degrades Q geometries suppression
: by 20— [12] trade-offs
30%
Advanced Additive .
Cost vs. substrates manufacturin High per-
Scalability (LCP) cost ulacturing unit cost
[13]
5-8x more
Simulated
me;,‘s. d Lack of
Theory vs. sure Metamaterial fabrication-
L. loss
Fabrication . tolerances [14] aware
mismatch models
(0.3-0.5
dB)
Table 2: Key Challenges in BPF Design
II1. MEHODOLOGY
This study adopts a systematic, multi-stage

framework to optimize bandpass filters (BPFs) for
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5G, IoT, and satellite systems. The methodology
integrates algorithmic innovation, material science,
and fabrication-aware design, validated through
rigorous simulation and experimentation.

Design Workflow: The optimization process follows
an iterative workflow (Figure 3) designed to address
the critical miniaturization-performance trade-offs
identified in prior research (Table 2, Literature
Review). The workflow begins with specification
definition, where application-specific requirements
are established: for 5G mmWave systems (28 GHz),
the design targets a frequency range of 26-30 GHz,
a fractional bandwidth exceeding 20%, and insertion
loss below 2 dB; IoT devices (2.4 GHz) prioritize
ultra-compact footprints (<5 mm?) and insertion loss
<1.5 dB; while satellite Ka-band filters demand high
power handling (>50 W) and thermal stability across
-40°C to 85°C. The initial design phase selects
topologies tailored to each application: substrate-
integrated waveguide (SIW) for mmWave systems
due to its high Q-factor and low loss, microstrip for
IoT devices to balance compactness and cost, and
cavity resonators for satellite systems to ensure
robust power handling.

Interconnected Challenges in BPF Design

Miniaturization Cost

--------------

}  Costvs.
}  scalability

Theory

Figure 3 Interconnected Challenges in BPF Design

Simulations are conducted using industry-standard
tools: CST Studio Suite for 3D electromagnetic
modeling and Keysight ADS for circuit-level
parameter tuning. This structured workflow ensures
alignment with performance goals while mitigating
trade-offs highlighted in existing literature.

Hybrid GA-ML Optimization Algorithm: To
address the computational inefficiency of traditional
optimization methods (Figure 1, Literature Review),
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a hybrid genetic algorithm-machine learning (GA-
ML) framework (Figure 4) was developed.
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Figure 4: BPF Optimization Workflow

The algorithm begins with a genetic algorithm
(GA) generating 100 filter designs with randomized
geometric parameters (e.g., resonator length,
coupling gap width), using a population size of 100,
a mutation rate of 5%, and an 80% crossover rate to
ensure diversity and convergence. In Step 2, a pre-
trained convolutional neural network (CNN), trained
on 5,000 simulated BPF designs spanning 1-100
GHz, predicts S-parameters (IS<sub>21</sub>l,
IS<sub>11</sub>l) for each candidate design in
under 1 hour a 12x speedup over full
electromagnetic (EM) simulations. The top 10% of
ML-predicted designs undergo rigorous full-wave
EM simulation in Step 3, with adaptive meshing
(minimum 10 cells per wavelength) and boundary
conditions tailored to application-specific needs (e.g.,
radiation boundaries for mmWave, perfect E for
cavity resonators). In Step 4, the CNN is iteratively
retrained using newly simulated data, achieving a
prediction accuracy of RMSE <0.05 dB after 5
iterations.

Metric Hybrid GA-ML Traditional GA
Optimization Time 12 hours 72 hours
Insertion Loss (Avg.) 1.8dB 2.1dB
Convergence 5 15
Iterations
Computational 50 CPU cores + )
Resources 1 GPU 100 CPU cores
Table 3: Hybrid GA-ML vs. Traditional GA
Performance
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Material Selection: Material selection plays a
pivotal role in mitigating dielectric loss limitations
identified in prior research (Figure 2, Literature
Review), particularly for high-frequency
applications. As summarized in Table 4, substrate
properties were rigorously evaluated to balance
performance, cost, and environmental resilience. For
5G mmWave systems, Rogers RO3003 was selected
due to its ultra-low loss tangent (tan 6 = 0.001 at 10
GHz), minimizing dielectric losses at 28 GHz while
maintaining a stable relative  permittivity
(e<sub>r</sub> = 3.0). For IoT devices, cost-
effective FR-4 (tan 6 = 0.02, e<sub>r</sub> = 4.5)
was prioritized to meet mass-production demands
despite its moderate loss, as 10T applications tolerate
slight trade-offs for affordability. Satellite Ka-band
filters utilized liquid crystal polymer (LCP)
substrates, chosen for their low moisture absorption
(<0.02%) and stable performance in harsh thermal
environments (-40°C to 85°C). This strategic
material selection directly addresses the dielectric
and environmental challenges highlighted in
literature, ensuring optimal performance across
diverse use cases.

tan o Cost
Substrate er (10 2 Application
GHz) (USD/cm?)
FR-4 4.5 0.02 0.5 IoT
Rogers
RO3003 3.0 0.001 3.0 5G mmWave
LCP 2.9 0.002 4.5 Satellite/THz

Table 4: Substrate Material Properties

Fabrication Process: To address the fabrication
tolerances and scalability challenges identified in
prior work (Table 2, Literature Review), advanced
manufacturing techniques were employed, as
detailed in Table 5.

Parameter PCB 3D Laser
Etching Printing Micromachining
Nano
LPKE Dimension | IPG  Photonics
Tool ProtoMat
DragonFly Laser
S64
v
Resolution | +10 um +25 um +5 um
Silver
Material Eopper/FR- nanoparticle | Rogers RO3003
ink
Cost per
Unit $2.00 $8.50 $5.00

Table 5: Fabrication Methods and Parameters
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For IoT BPFs, a cost-effective PCB etching process
was utilized, involving FR-4 substrates with 35 pym
copper cladding and laser-drilled vias (precision 10
um) to ensure reliable ground connections.
mmWave SIW filters were fabricated using 3D
printing with silver nanoparticle ink, achieving
conductive layers via layer-by-layer deposition at 50
um resolution, which balances geometric complexity
and mmWave performance. Laser micromachining
enabled precise etching of Hilbert-curve fractal slots
into the ground plane of the 5SG BPF, achieving slot
widths of 0.2 mm and depths of 0.5 mm with +5 pm
precision critical for harmonic suppression. These
methods collectively reduced fabrication tolerances
by 60-80% compared to conventional approaches,
while Table 5 highlights the trade-offs in resolution,
cost, and lead time across techniques. By aligning
fabrication processes with application-specific
requirements, this methodology resolves the theory-
fabrication gaps emphasized in earlier research.

Simulation and Validation: The simulation and
validation phases were structured to ensure rigorous
alignment between theoretical models and real-
world performance. Simulation setup involved
frequency sweeps spanning 1-40 GHz for 5G
mmWave and 2-3 GHz for 10T applications, with
boundary conditions tailored to each use case: open
radiation boundaries for mmWave designs to
account for free-space propagation and perfect
electric (E) boundaries for cavity resonators to
mimic ideal conductive enclosures. Adaptive
meshing with A/10 refinement ensured high accuracy
in capturing electromagnetic field behavior,
particularly critical for mmWave structures with
sub-wavelength  features. = For  experimental
validation, a Keysight N5227B vector network
analyzer (VNA) and an anechoic chamber were
employed to minimize external interference.
Calibration protocols were application-specific:
TRL (Thru-Reflect-Line) for mmWave systems to
de-embed fixture effects and SOLT (Short-Open-
Load-Thru) for sub-6 GHz IoT filters, ensuring
measurement traceability to national standards. Key
metrics insertion loss (IS<sub>21</sub>l), return
loss (IS<sub>11</sub>l), and 3-dB bandwidth were
rigorously analyzed to validate adherence to design
specifications. Discrepancies between simulated and
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measured results, such as a 0.3 dB increase in
insertion loss for the 28 GHz BPF, were attributed to
fabrication tolerances and conductor surface
roughness, underscoring the importance of
fabrication-aware simulation models.

Case Study: Dual-Band Fractal DGS BPF: To
address the miniaturization-harmonic suppression
trade-offs identified in prior work (Table 2,
Literature Review), a dual-band BPF operating at 2.4
GHz (IoT) and 28 GHz (5G mmWave) was designed
using fractal defective ground structures (DGS). The
3D model in Figure 5 illustrates the compact
geometry, featuring a Rogers RO3003 substrate
(green), a gold microstrip line, and Hilbert-curve
fractal slots (black) etched into the ground plane.

[ Genetic Algorithm ]

.

v

Machine Learning

v

Hybrid GA-ML
Algorithm

Satistactory
Performance?

Figure 5: Hybrid GA-ML Optimization Algorithm
Key innovations include a footprint of 15 mm x 10
mm 40% smaller than conventional dual-band
designs and harmonic suppression >15 dB at 4.8
GHz, achieved through the fractal slot pattern’s
resonant energy dissipation. Fabricated via laser
micromachining (5 um precision), the filter
demonstrated insertion losses of 1.6 dB (2.4 GHz)
and 2.3 dB (28 GHz) with return losses exceeding 14
dB in both bands. This case study validates the
efficacy of fractal DGS in balancing size reduction
and performance, directly addressing the challenges
of modern multi-band communication systems.
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IV.

Validation of Simulated vs. Measured Performance:
The proposed hybrid GA-ML framework achieved
strong alignment between simulated and measured
results, as shown in Figure 6. For the 28 GHz BPF,
simulated insertion loss (1.8 dB) closely matched the
measured value (2.1 dB), with a minor discrepancy
(<0.3 dB) attributed to conductor surface roughness
(RMS = 0.1 pm) and substrate inhomogeneity.
Return loss degraded slightly from 18 dB (simulated)
to 16 dB (measured), likely due to imperfect SMA
connector soldering. The 3-dB bandwidth remained
stable at 23% (vs. 25% simulated), demonstrating
robustness against fabrication tolerances.

Experiments and Results

S-Parameters (S21) for 28 GHz BPF

Insertion Loss (dB)

26.0 26.5 27.0 27.5 28.0 28.5 29.0 295 30.0
Frequency (GHz)

Figure 6: Simulated vs. Measured S-Parameters

Efficiency of Hybrid GA-ML Optimization: Table
4 quantifies the superiority of the hybrid GA-ML
algorithm over traditional methods. The framework
reduced optimization time by 75% (12 hours vs. 72
hours) while achieving a lower average insertion loss
(1.8 dB vs. 2.1 dB). By leveraging GPU-accelerated
ML predictions, computational resource usage
dropped by 50%, requiring only 50 CPU cores and 1
GPU compared to 100 CPU cores for traditional GA.
This efficiency enables rapid exploration of design

spaces for emerging applications like THz
communications.
. Hybrid Traditional
Metric GA-ML | GA Improvement
O.ptlmlzatlon 12 hours 72 hours 75% faster
Time
Insertion Loss 0.3 dB
(Avg.) 1.8dB 2.1dB reduction
Computational | 50 CPU + 50% fewer
Resources 1 GPU 100 CPU resources
Table 4: Hybrid GA-ML vs. Traditional GA
Performance
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Harmonic Suppression in IoT BPF: Figure
7 compares harmonic suppression in the proposed
fractal DGS IoT BPF against conventional
microstrip designs from prior work [1]. The fractal
slots reduced third-harmonic resonance at 4.8 GHz
by 12 dB (from -25 dB to -37 dB), outperforming
hairpin and interdigital topologies. This addresses
the miniaturization-harmonic trade-off highlighted
in the literature review (Table 2), enabling compact
IoT sensors without sacrificing signal integrity.

Harmonic Suppression Comparison in loT BPFs

Harmonic Suppression (dB)

a0
Frequency (GHz)

Figure 7: Harmonic Suppression Comparison

Performance Benchmarks Against Prior Work:
Table 5 benchmarks the final designs against state-
of-the-art BPFs from the literature (Table 1,
Literature Review). The 28 GHz SIW filter
achieved 1.8 dB insertion loss (vs. 2.5 dB for [2])
and 23% bandwidth (vs. 20% for [3]), while the IoT
BPF reduced footprint by 40% (5 mm? vs. 8 mm?
[4]). The dual-band fractal DGS BPF uniquely
combines miniaturization (15 mm X 10 mm) with
multi-band operation, a gap unaddressed in prior
work [5].

This Prior
Metric Work [2— Improvement
Work 5)

28 GHz 18dB | 212548 | ©307dB
Insertion Loss reduction
IoT Footprint 5 mm? 8-10 mm? | 40-50% smaller

Harmon.lc 37dB 25dB . 12 dB
Suppression improvement
Dual-Band 15 mm x 25 mm X 40% reduction

Footprint 10 mm 20 mm [5] 7

Table 5: Final Performance Benchmarks

Novelty of Fractal DGS BPF: The 3D-rendered
fractal DGS BPF (Figure 8) exemplifies the study’s
innovation. The Hilbert-curve fractal slots
enabled 40% size reduction and 15 dB harmonic
suppression while maintaining dual-band operation
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at 2.4/28 GHz. Fabricated on Rogers RO3003 via
laser micromachining, this design directly addresses
the theory-fabrication gap (Table 2, Literature
Review), demonstrating that complex geometries

can be realized with sub-5 um precision.
3D Model of Fractal DGS Bandpass Filter

x Fractal Slots

)(-a)u‘s 'S"’m) 2 —a
Figure 8: 3D Model of Fractal DGS BPF

V. CONCLUSION

This study proposes a comprehensive framework for
optimizing bandpass filters (BPFs) to meet the
evolving requirements of 5G, Internet of Things
(IoT), and satellite communication systems. By
integrating a hybrid Genetic Algorithm-Machine
Learning (GA-ML) approach, advanced substrate
materials, and fractal defective ground structures
(DGS), the methodology achieves significant
performance improvements. The hybrid GA-ML
framework reduces optimization time by 75%
compared to traditional genetic algorithms, while
also enhancing insertion loss (1.8 dB versus 2.1 dB).
The use of fractal DGS allows for a 40% reduction
in footprint and 15 dB harmonic suppression, while
Rogers RO3003 substrates minimize dielectric loss
(tan 6 = 0.001) at millimeter-wave (mmWave)
frequencies. Experimental validation confirms the
practicality of these innovations, with IoT BPFs
achieving a compact 5 mm? footprint and satellite
filters exhibiting robust thermal stability (-40°C to
85°C).

Despite these advancements, challenges remain,
particularly regarding cost scalability and frequency
adaptability. The high cost of materials, such as
Rogers RO3003 (3.0/cm?), along with the expenses
associated with laser micromachining (3.0/cm?) and
laser micromachining (5.00/unit), limits the
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feasibility of mass production for IoT applications.
Furthermore, the hybrid GA-ML framework
encounters limitations in the optimization of
terahertz (THz) designs (>100 GHz) due to
insufficient training data. These challenges highlight
the need for more cost-effective materials and
expanded datasets to support AI/ML-driven
optimization at higher frequencies.

Future research should focus on quantum-
inspired algorithms for optimizing THz BPFs,
graphene-based substrates to reduce dielectric losses,
and standardized benchmarking datasets to facilitate
the adoption of AI/ML in RF design. Addressing
these gaps will pave the way for the development of
adaptive, spectrum-efficient filters for 6G and THz
systems, demonstrating the transformative potential
of interdisciplinary co-design in advancing modern
communication technologies.
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