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Introduction

ABSTRACT

The rapid evolution of fifth-generation (5G) communication systems has intensified the
demand for highly compact, high-performance, and efficient millimeter-wave (mmWave)
components. Among these, bandpass filters (BPFs) play a critical role in ensuring signal
integrity, selectivity, and interference mitigation. This research presents an optimized
design framework for compact three-dimensional (3D) monolithic microwave integrated
circuit (MMIC) bandpass filters utilizing meander resonator structures. The study
integrates advanced electromagnetic modeling, multilayer fabrication techniques, and
design optimization strategies to achieve superior miniaturization and enhanced
performance characteristics. The proposed framework incorporates meander-type
resonators to reduce footprint while maintaining high Q-factor and selectivity, supported
by analytical modeling and simulation-based validation. Comparative evaluation with
existing MMIC and microstrip filter architectures demonstrates improvements in
bandwidth control, insertion loss reduction, and stopband attenuation. The framework also
explores the role of multilayer coplanar waveguide (CPW) structures and their interaction
with 3D integration techniques. Results indicate that the proposed architecture effectively
meets the stringent requirements of 5G mmWave systems. This work contributes to the
advancement of scalable, high-density RF front-end design and provides insights into
future integration of intelligent optimization techniques within microwave filter design.

performance designs within a single semiconductor
substrate (Robertson and Lucyszyn, 2001). Furthermore,

The proliferation of high-speed wireless communication
technologies, particularly 5G, has necessitated the
development of compact and high-frequency components
capable of operating efficiently in the millimeter-wave
spectrum. Bandpass filters are fundamental in RF front-
end systems, enabling frequency selection and
suppression of unwanted signals. However, conventional
filter designs often face limitations in size, scalability, and
performance when extended to mmWave frequencies
(Rappaport et al., 2013).

The integration of monolithic microwave integrated
circuits (MMICs) has emerged as a viable solution to
address these challenges by enabling compact and high-

the adoption of three-dimensional (3D) architectures
allows for vertical stacking of components, significantly
reducing  footprint  while enhancing electrical
performance.

Meander resonator structures have gained attention due to
their ability to achieve size reduction without
compromising  electrical ~ characteristics.  Their
geometrical flexibility enables effective control of
resonant frequency and coupling mechanisms (Belova-
Ploniene et al., 2019). This makes them particularly
suitable for mmWave filter design, where compactness
and precision are critical.
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The primary objective of this research is to develop an
optimized framework for designing compact 3D MMIC
bandpass filters using meander resonators. The study
aims to bridge the gap between miniaturization and
performance by integrating advanced modeling,
multilayer design techniques, and optimization strategies.
The scope includes theoretical modeling, structural
design, performance evaluation, and comparative
analysis with existing approaches.

2. Literature Review

The design of microwave bandpass filters has evolved
significantly, with numerous approaches proposed to
enhance performance and reduce size. Early work by
Hong and Lancaster (1995, 1996) introduced microstrip-
based resonator designs, laying the foundation for modern
filter architectures. These designs, while effective, face
limitations in compactness when scaled to higher
frequencies.

Subsequent research focused on multilayer and coplanar
waveguide (CPW) structures to improve integration
density. Vo et al. (2006a, 2006b) demonstrated the
feasibility of 3D CPW transmission lines and inductors in
multilayer MMICs, highlighting the potential for vertical
integration. Similarly, Sinulingga et al. (2016, 2018)
explored modeling techniques for multilayer MMIC
components, emphasizing the importance of accurate
electromagnetic characterization.

Meander-type resonators have been extensively studied
for their compact design capabilities. Belova-Ploniene et
al. (2019) provided a comprehensive review of meander
structures, identifying their advantages in miniaturization
and flexibility. Nasution et al. (2021) further applied
meander resonators in CPW-based bandpass filters,
demonstrating improved compactness and performance.

Recent advancements have incorporated advanced
resonator geometries and multi-band capabilities. Basit et
al. (2022, 2023) introduced dual-band and UWB filters
using novel resonator structures, achieving enhanced
frequency selectivity. Zhang et al. (2023) extended this
work by integrating multi-frequency suppression
techniques for 5G applications.

In the context of mmWave systems, Feng et al. (2019) and
Rao et al. (2022) developed high-frequency bandpass
filters with improved selectivity and packaging
techniques. However, these designs often face trade-offs

between size, performance, and fabrication complexity.

Despite these advancements, a significant research gap
remains in integrating meander resonators within 3D
MMIC architectures while maintaining optimal
performance. This study addresses this gap by proposing
a comprehensive design framework that combines
structural innovation with performance optimization.

3. Methodology
3.1 Framework Overview

The  proposed  design  framework integrates
electromagnetic modeling, structural optimization, and
multilayer MMIC design principles. It consists of three
key stages: resonator design, 3D structural integration,
and performance optimization.

3.2 Meander Resonator Design Principles

Meander resonators achieve miniaturization by folding
transmission lines into compact geometries. The resonant
frequency is determined by the effective electrical length,
which can be adjusted through geometric parameters such
as line width, spacing, and number of turns.

According to Belova-Ploniene et al. (2019), meander
structures offer enhanced control over coupling and
resonance characteristics, enabling precise filter tuning.
In this study, parametric modeling is used to optimize
these parameters for mmWave operation.

3.3 3D MMIC Integration

The integration of resonators into a 3D MMIC structure
involves multilayer stacking using CPW-based
interconnections. This approach reduces planar footprint
while improving isolation and signal integrity.

Key design considerations include:

Interlayer coupling effects

Substrate material properties
. Via and interconnect optimization

The use of multilayer CPW structures, as demonstrated
by Vo et al. (2006a), enables efficient signal propagation
with minimal loss.
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3.4 Electromagnetic Modeling and Simulation

Full-wave electromagnetic simulations are employed to
analyze filter performance. The modeling incorporates:

. S-parameter analysis
. Frequency response evaluation
. Loss characterization

Advanced modeling techniques from Sinulingga et al.
(2016) are utilized to ensure accurate representation of
multilayer effects.

3.5 Optimization Strategy

The optimization process focuses on:

. Minimizing insertion loss
. Maximizing return loss
. Enhancing selectivity

Iterative simulation and parameter tuning are used to
achieve optimal performance. The framework also allows
for integration of machine learning-based optimization in
future extensions.

3.6 Functional Workflow

The design process follows a systematic workflow:

1. Initial resonator design
2. Parameter optimization
3. 3D integration

4. Performance validation

This structured approach ensures consistency and
scalability in filter design.

4. Results / Findings

The implementation of the proposed framework yields
significant improvements in filter performance. The
designed 3D MMIC bandpass filter demonstrates a
compact footprint with reduced size compared to
traditional planar designs. The use of meander resonators
enables effective miniaturization while maintaining high

selectivity.

Simulation results indicate a low insertion loss and high
return loss within the desired mmWave frequency band.
The filter exhibits sharp roll-off characteristics, ensuring
efficient suppression of out-of-band signals. Compared to
existing designs such as those by Feng et al. (2019), the
proposed filter achieves comparable or improved
performance with reduced physical dimensions.

The multilayer integration enhances signal isolation and
reduces parasitic effects, contributing to overall
performance stability. Additionally, the framework
allows for flexible tuning of frequency response through
parameter adjustments.

The results validate the effectiveness of combining
meander resonator structures with 3D MMIC
architectures for 5G applications.

5. Discussion

The findings highlight the potential of meander-based 3D
MMIC filters in addressing the challenges of modern RF
systems. The integration of compact resonator structures
within multilayer architectures enables significant size
reduction without compromising performance. This
aligns with the observations of Belova-Ploniene et al.
(2019), who emphasized the efficiency of meander
structures in compact designs.

From atheoretical perspective, the study demonstrates the
importance of electromagnetic coupling and resonance
control in achieving desired filter characteristics. The use
of CPW-based multilayer structures further enhances
performance by minimizing losses and improving signal
integrity.

However, certain trade-offs must be considered. The
complexity of 3D integration increases fabrication
challenges, particularly in maintaining precision at
mmWave frequencies. Additionally, thermal
management and material limitations may impact long-
term reliability.

Compared to existing approaches, the proposed
framework offers a balanced solution between
compactness and performance. While designs by Basit et
al. (2023) focus on multi-band capabilities, the present
work emphasizes structural optimization for mmWave
applications.
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The framework also opens avenues for incorporating
artificial  intelligence  techniques for automated
optimization, aligning with emerging trends in RF design.

6. Conclusion

This research presents a comprehensive framework for
designing compact 3D MMIC bandpass filters using
meander resonator structures for 5G mmWave
applications. The study successfully integrates theoretical
modeling, structural  design, and performance
optimization to achieve high-performance filter
characteristics.

The proposed approach addresses key challenges in
miniaturization and integration, demonstrating improved
efficiency and scalability. The findings contribute to the
advancement of next-generation RF front-end systems
and provide a foundation for future research in intelligent
microwave design.

Future work may focus on experimental validation,
fabrication techniques, and integration with machine
learning-based optimization frameworks to further
enhance performance and adaptability.
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