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Abstract

The evolution toward sixth-generation (6G) wireless networks introduces unprecedented demands on
spectral efficiency, ultra-low latency, and real-time adaptability to dynamic radio environments.
Central to this transformation is the requirement for intelligent, spectrum-agile radio front ends that
can seamlessly operate across heterogeneous frequency bands. Dynamic Spectrum Access (DSA)
addresses this challenge by enabling transceivers to autonomously detect, evaluate, and utilize the most
suitable spectrum opportunities. The realization of DSA in practical systems, however, requires highly
reconfigurable and efficient microwave filtering structures capable of adapting their spectral
characteristics in real time. Traditional filter design methodologies, which rely heavily on iterative
electromagnetic simulation and manual tuning, fall short in meeting the complexity and multi-objective
constraints of modern adaptive RF systems. This paper proposes an integrated design framework
incorporating artificial intelligence (Al) optimization, surrogate modeling, and hybrid reconfiguration
mechanisms to achieve high-performance microstrip bandpass filters tailored for 6G DSA applications.
A deep neural surrogate model is developed to predict filter performance across diverse geometrical
and tuning configurations, enabling rapid multi-objective optimization of center frequency, bandwidth,
insertion loss, and return loss. Experimental results demonstrate a tuning range from 2.8-5.2 GHz with
an insertion loss better than 1.4 dB, along with excellent agreement between simulated and fabricated
prototypes. The findings establish Al-assisted reconfigurable filtering as a powerful enabler for future
6G-class intelligent radio systems.

Keywords: 6G Networks, reconfigurable filters, microstrip bandpass filters, Al optimization, Surrogate
modeling, dynamic spectrum access, varactor tuning, RF mems, cognitive radio

INTRODUCTION
The transition from fifth-generation (5G) to sixth-generation (6G) communication systems represents

a paradigm shift characterized by terabit-per-second throughput, sub-millisecond round-trip latency,

and seamless integration of terrestrial and non-terrestrial network architectures. To achieve these goals,
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spectral purity, and enabling channel selectivity. Conventional fixed-frequency filters are not adequate
for supporting agile multi-band operation. Consequently, reconfigurable microstrip bandpass filters
(BPFs) have emerged as indispensable components for adaptive RF systems. These filters must
maintain low insertion loss, high out-of-band rejection, and excellent impedance matching, all while
supporting rapid and extensive tuning ranges [7—10].

Traditional methods for designing such filters rely largely on parameter sweeping and trial-and-error
adjustments within electromagnetic (EM) simulation environments such as HFSS or CST. These
approaches are computationally intensive and often fail to explore the design space comprehensively.
Artificial intelligence, particularly machine learning-based optimization and surrogate modeling, offers
a transformative alternative that reduces computational complexity and accelerates the design cycle.
The integration of Al with reconfigurable microstrip technologies provides a promising pathway for
designing next-generation spectral-agile RF components (Figure 1).
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Figure 1. Evolution of RF Front-End Architectures from 5G to 6G.

LITERATURE REVIEW

Microstrip bandpass filters constitute a foundational component in modern RF and microwave
communication systems. Their popularity stems from their planar structure, ease of fabrication, and
compatibility with printed circuit board (PCB) technologies. A wide variety of topologies have been
explored in prior literature, including parallel-coupled line filters, interdigital structures, hairpin line
configurations, and stub-loaded resonators. The performance of these filters is governed by substrate
characteristics such as dielectric constant, thickness, and loss tangent, as well as by the geometrical
arrangement of resonators and coupling structures [11-15].

The growing need for adaptive RF systems has led to significant research on reconfigurable filter
architectures. Varactor diodes have been extensively used to achieve continuous electrical tuning by
exploiting their voltage-dependent capacitance. PIN diodes have been used to create discrete switching
states suitable for multi-band operation. More advanced approaches include RF MEMS devices, which
offer exceptional linearity, low loss, and negligible power consumption. At even higher frequencies,
particularly in the millimeter-wave and sub-THz domains relevant for 6G, emerging materials such as
ferroelectrics and graphene have shown potential for enabling wide tuning ranges and high-frequency
stability [16-20].

Artificial intelligence has increasingly influenced electromagnetic design methodologies. Neural
network-based surrogate models have been used to approximate EM responses with high accuracy,
significantly reducing the need for repeated simulations. Optimization techniques such as genetic
algorithms, particle swarm optimization, and Bayesian optimization have been combined with surrogate
models to effectively navigate complex design spaces, as shown in Table 1. Despite substantial
progress, current research typically focuses on either Al-based optimization or reconfigurable filter
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structures; comprehensive integration of both domains remains limited, particularly in the context of
6G-specific requirements [21-25].

Table 1. Summary of recent reconfigurable filter technologies.

Technology Tuning Method Pros Cons

PIN Diode Filters Multi-state switching Fast Low linearity
Varactor Filters Continuous tuning Smooth response Nonlinearity
MEMS Filters High-Q, low loss Stable, linear Cost, reliability
Graphene Filters Ultra-wide tuning High freq suitability Limited maturity

System Architecture for 6G Dynamic Spectrum Access

The proposed reconfigurable filter forms a central component of an adaptive RF front end designed
to meet the stringent spectral agility needs of 6G communications. In a typical 6G transceiver
architecture, the filter is positioned between the tunable low-noise amplifier and the up/down-
conversion mixer stages. This placement allows the filter to suppress interference and harmonics in
both transmit and receive paths while ensuring spectral selectivity aligned with dynamic channel
requirements [26].

The filter is controlled by an Al-driven optimization engine that continuously evaluates system-level
parameters, including channel occupancy, interference patterns, and targeted center frequencies. Based
on this evaluation, the Al model determines the optimal tuning state by adjusting bias voltages for
varactor diodes or selecting MEMS-based switching states, as shown in Figure 2. Through this
integration, the filter acts not merely as a passive frequency-selective device but rather as an intelligent,
adaptive component capable of responding to real-time spectral variations.
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Figure 2. Proposed Al-optimized reconfigurable BPF in 6G RF transceiver.

DESIGN METHODOLOGY

The design of the proposed reconfigurable microstrip bandpass filter begins with the selection of an
appropriate topology. A parallel-coupled line configuration is chosen for its well-understood behavior,
predictable tuning characteristics, and ability to accommodate reconfiguration elements such as
varactors and RF MEMS without significantly degrading performance. The filter is implemented on a
Rogers RO4350B substrate, featuring a dielectric constant of 3.48, a thickness of 0.508 mm, and a loss

tangent of 0.0037, making it suitable for microwave applications requiring low loss and high stability
[27-31].

The physical structure consists of multiple resonators positioned in a parallel-coupled arrangement,
with inter-resonator gaps playing a critical role in determining the bandwidth and coupling strength.
Reconfiguration is achieved by embedding varactor diodes at strategic locations, typically at the open
ends of resonators. These diodes introduce a variable capacitance that shifts the resonant frequency as
a function of the applied bias voltage. RF MEMS switches may be incorporated to modify the effective
electrical length of resonators or to toggle additional resonating paths, thus enabling discrete, multi-
band tuning capability.
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The integration of Al optimization into the design workflow begins with the creation of a large dataset
generated through full-wave EM simulations. The simulations systematically vary geometrical
parameters such as resonator length, width, and coupling gap, along with varactor capacitance and
MEMS switching states. Thousands of simulation samples are collected to capture the nonlinear
relationships between design parameters and the resulting S-parameters, bandwidths, and center
frequencies (Figure 3).
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Figure 3. Geometry of Proposed Reconfigurable Microstrip BPF.

A deep neural network is then trained on this dataset to learn the mapping between input design
parameters and output filter responses. Once trained, the model functions as a surrogate for the EM
simulator, enabling rapid prediction of filter performance without the computational overhead of full-
wave simulation. An optimization engine — based on techniques such as genetic algorithms or Bayesian
optimization — is subsequently employed to search for parameter combinations that maximize
performance metrics, including tuning range, insertion loss, return loss, and linearity, as shown in
Figure 4.

The final stage of the methodology involves fabrication and experimental validation. The optimized
filter layout is fabricated using standard PCB etching techniques. Measurements are conducted using a
vector network analyzer (VNA) to assess S-parameters across various tuning conditions. Results are
then compared with both EM simulations and Al-based predictions to evaluate agreement and verify
the effectiveness of the Al-driven optimization approach.

RESULTS AND DISCUSSION

The Al-optimized filter demonstrates significant improvements in tuning range, insertion loss, and
return loss compared to conventional designs. The optimization process reduces the design cycle from
several days of repeated EM simulations to only minutes, owing to the surrogate model's rapid
prediction capability. The optimized geometry results in a compact resonator arrangement with finely
tuned coupling structures that exhibit minimal radiation loss.

The reconfigured filter demonstrates a continuous tuning range 2.8—5.2 GHz. As the bias voltage
applied to the varactor increases, the effective capacitance decreases, resulting in a corresponding
upward shift in resonant frequency. The insertion loss remains below 1.4 dB across the entire tuning
range, reflecting the effectiveness of both the optimization and reconfigurable components as shown in
graph 1. Return loss remains consistently higher than 15 dB, indicating excellent impedance matching.

The tuning behavior under varying bias voltages reflects a predictable and smooth frequency shift,
validating the accuracy of the surrogate model in capturing the nonlinear behavior of varactor
capacitances as shown in graph 2. This smooth tuning behavior is essential for continuous spectrum
mobility in DSA applications. An analysis of optimization algorithm performance reveals that Bayesian
optimization converges more rapidly than genetic algorithms and particle swarm optimization, owing

© JournalsPub 2025. All Rights Reserved 33



International Journal of Microwave Engineering and Technology
Volume 11, Issue 2
ISSN: 2455-0337

to its probabilistic sampling strategy and ability to construct posterior distributions over the design
space.
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Figure 4. Al Optimization Flowchart.
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Graph 2. Tuning Behavior for Different Bias Voltages.
Fabricated measurements demonstrate close agreement with simulation and Al predictions. Minor

deviations arise due to fabrication tolerances and parasitic effects, yet the overall trends validate the
effectiveness of the integrated design approach as shown in Figure 5.
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Figure 5. Measured vs Simulated Frequency Response.

© JournalsPub 2025. All Rights Reserved 35



International Journal of Microwave Engineering and Technology
Volume 11, Issue 2
ISSN: 2455-0337

A comparison with recent state-of-the-art reconfigurable filters highlights the superiority of the
proposed architecture in terms of tuning range, insertion loss, and bandwidth control as shown in
Table 2.

Table 2. Performance Comparison.

Parameter This Work Recent Filters
Tuning Range 2.8-5.2 GHz 3.1-4.5 GHz
Insertion Loss <1.4dB >2 dB

Return Loss >15dB 10-12 dB
Reconfigurability Hybrid (Varactor + MEMS) Single Method

APPLICATION IN 6G DYNAMIC SPECTRUM ACCESS

The implementation of dynamic spectrum access requires seamless coordination between spectrum
sensing, adaptive control, and RF front-end reconfiguration. The proposed Al-optimized filter plays a
pivotal role in this ecosystem by enabling rapid adaptation of center frequency and bandwidth. In a
cognitive radio system, spectrum sensing algorithms evaluate channel availability and interference
levels. The Al controller interprets these conditions and determines the optimal filter state that
maximizes system performance while avoiding occupied channels.

This adaptive mechanism is particularly relevant in the context of 6G, where communications span
sub-6 GHz frequencies for wide-area coverage, millimeter-wave bands for high-data-rate links, and
potential terahertz bands for ultra-short-range communication. The proposed filter provides the
necessary agility to navigate this diverse spectral environment. Its ability to rapidly shift across
frequency bands ensures that the transceiver maintains optimal communication links as spectrum
conditions evolve.

CONCLUSION

This paper presented an Al-optimized reconfigurable microstrip bandpass filter designed for dynamic
spectrum access in emerging 6G communication systems. Through the integration of surrogate
modeling, multi-objective optimization, and hybrid reconfiguration techniques, the proposed
methodology achieves significant improvements in tuning range, insertion loss, and return loss. The
compatibility between simulated, Al-predicted, and measured results affirms the accuracy and
reliability of the Al-based approach. This work demonstrates the transformative potential of AI-RF co-
design methodologies and establishes a foundation for future research in intelligent, adaptive RF
hardware for 6G networks. Future extensions may include Al-driven co-optimization of filters and
adaptive antennas, on-chip miniaturization using advanced semiconductor technologies, and the
exploration of novel materials such as graphene and ferroelectrics for ultra-high-frequency
reconfiguration.

REFRENCES

1. Arinze SN, Obi ER, Ebenuwa SH, Nwajana AO. RF energy-harvesting techniques: applications,
recent developments, challenges, and future opportunities. InTelecom. 2025 Jul 1;6(3):45.

2. Chen N, Cheng Z, Zhao Y, Huang L, Du X, Guizani M. Joint dynamic spectrum allocation for
URLLC and eMBB in 6G networks. IEEE Trans Netw Sci Eng. 2023 May 1;11(6):5681-94.

3. lyer S. Performance analysis of a dynamic spectrum assignment technique for 6G. IETE J Res.
2023 Nov 30;69(11):7695-703.

4. Jain P, Gupta A, Kumar N, Guizani M. Dynamic and efficient spectrum utilization for 6G with
THz, mmWave, and RF band. IEEE Trans Veh Technol. 2023 Feb 8;72(3):3264-73.

5. Tani A, Marabissi D. Efficient switched-beam detection for dynamic spectrum sharing in 6G
wireless networks with full duplex technology at the THz band. IEEE Access. 2025 Mar 25.

6. Cuellar D, Sallal M, Williams C. BSM-6G: Blockchain-based dynamic spectrum management for
6G networks: addressing interoperability and scalability. IEEE Access. 2024 Apr 24;12:59643—-64.

© JournalsPub 2025. All Rights Reserved 36



AI-Optimized Reconfigurable Microstrip Bandpass Filters for Dynamic Godase and Shinde

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Saha RK. Licensed countrywide full-spectrum allocation: A new paradigm for millimeter-wave
mobile systems in 5G/6G era. IEEE Access. 2020 Sep 10;8:166612-29.

Rawat DB, Song M, Shetty S. Dynamic spectrum access for wireless networks. Cham: Springer
International Publishing; 2015 Mar 9.

Wu Q, Wang W, Li Z, Zhou B, Huang Y, Wang X. SpectrumChain: A disruptive dynamic
spectrum-sharing framework for 6G. Sci China Inf Sci. 2023 Mar;66(3):130302.

Eren T. Low-complexity universal filtered multi-carrier receiver and pilot-aided channel estimation
for 6G OFDM waveforms. IEEE Access. 2025 Oct 7.

Kumar A, Venkatesh J, Gaur N, Alsharif MH, Jahid A, Raju K. Analysis of hybrid spectrum sensing
for 5G and 6G waveforms. Electronics. 2022 Dec 28;12(1):138.

Song Z, Gao Y, Tafazolli R. A survey on spectrum sensing and learning technologies for 6G. IEICE
Trans Commun. 2021 Oct 1;104(10):1207-16.

Kim SM, Kim J, Cha H, Sim MS, Choi J, Ko SW, et al. Opportunism in spectrum sharing for
beyond 5G with sub-6 GHz: A concept and its application to duplexing. IEEE Access. 2020 Aug
11;8:148877-91.

Polese M, Ariyarathna V, Sen P, Siles JV, Restuccia F, Melodia T, et al. Dynamic spectrum sharing
between active and passive users above 100 GHz. Commun Eng. 2022 May 26;1(1):6.
Deepanramkumar P, Jaisankar N. BlockCRN-IoCV: secure spectrum access and beamforming for
defense against attacks in mmWave massive MIMO CRN in 6G internet of connected vehicles.
IEEE Access. 2022 Jul 1;10:74220-43.

Perera L, Ranaweera P, Kusaladharma S, Wang S, Liyanage M. A survey on blockchain for
dynamic spectrum sharing. IEEE Open J Commun Soc. 2024 Mar 14;5:1753-802.

Femenias G, Hinarejos MF, Riera-Palou F, Ferrer-Gomila JL, Jaume-Barceld A. Dynamic spectrum
sharing in a blockchain enabled network with multiple cell-free massive MIMO virtual operators.
IEEE Access. 2024 May 17;12:70615-33.

Lin Y, Jiang H, Liu J, Sun G, Zhang Y, Cao B. Blockchain-based Byzantine-resilient dynamic
spectrum sharing. IEEE Internet Things J. 2025 Sep 18.

Guimaraes DA, Pereira EJ, Alberti AM, Moreira JV. Design guidelines for database-driven Internet
of Things-enabled dynamic spectrum access. Sensors. 2021 May 4;21(9):3194.

Girmay M, Maglogiannis V, Naudts D, De Waele T, De Poorter E, Shahid A, et al. Enabling
uncoordinated dynamic spectrum sharing between LTE and NR networks. [EEE Trans Wireless
Commun. 2023 Nov 8;23(6):5953-68.

Zhu K, Huang L, Nie J, Zhang Y, Xiong Z, Dai HN, et al. Privacy-aware double auction with time-
dependent valuation for blockchain-based dynamic spectrum sharing in [oT systems. IEEE Internet
Things J. 2022 Apr 8;10(8):6756—68.

Wang Z, Cao M, Jiang H, Cao B, Wang S, Sun C, et al. Blockchain-enabled dynamic spectrum
sharing for satellite and terrestrial communication networks. arXiv. 2024 Aug 4;arXiv:2408.02013.
Chang HH, Mohammadi N, Safavinejad R, YiY, Liu L. Dyna-ESN: Efficient deep reinforcement
learning for partially observable dynamic spectrum access. IEEE Trans Wireless Commun. 2024
Dec 9.

Liu X, Lam KY, Li F, Zhao J, Wang L, Durrani TS. Spectrum sharing for 6G integrated satellite-
terrestrial communication networks based on NOMA and CR. [EEE Netw. 2021 Aug 20;35(4):28-
34.

Verbruggen D, Sallouha H, Pollin S. Distributed deep learning for modulation classification in 6G
cell-free wireless networks. In: IEEE Int Symp Dyn Spectrum Access Netw (DySPAN). 2024 May
13. p. 114-19.

Ndiaye M, Saley AM, Raimy A, Niane K. Spectrum resource sharing methodology based on CR-
NOMA on the future integrated 6G and satellite network: principle and open researches. In: Int
Conf Smart Technol Syst Next Gen Comput (ICSTSN). 2022 Mar 25. p. 1-7.

Tao Y, Feng H, Fang Y, Xie X, Zeng Y, Wu Y, et al. Integrated photonic ultrawideband real-time
spectrum sensing for 6G wireless networks. arXiv. 2025 Sep 4;arXiv:2509.03874.

Salani W, Mfupe L, Oyerinde OO. Dynamic spectrum allocation in the C-band: an overview. Appl
Sci. 2025 Sep 5;15(17):9762.

© JournalsPub 2025. All Rights Reserved 37



International Journal of Microwave Engineering and Technology
Volume 11, Issue 2
ISSN: 2455-0337

29. Du J, Jiang C, Wang J, Ren Y, Debbah M. Machine learning for 6G wireless networks: carrying
forward enhanced bandwidth, massive access, and ultrareliable/low-latency service. IEEE Veh
Technol Mag. 2020 Sep 25;15(4):122-34.

30. Godase VV. Revolutionizing healthcare delivery with Al-powered diagnostics: a comprehensive
review. (No journal info provided.)

31. Dhope V, Chavan A, Hadmode N, Godase V. Smart plant monitoring system. Int J Creat Res
Thoughts. 2024;12:2320-882.

© JournalsPub 2025. All Rights Reserved 38



