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Abstract:

The increasing demand for high-speed wireless communication systems has driven the development of
advanced microwave components offering superior performance and versatility. This study presents the
design, fabrication, and characterization of a multi-band switchable microwave filter tailored for advanced
wireless applications. The proposed filter employs a novel reconfigurable structure capable of dynamically
switching between multiple frequency bands while maintaining high selectivity, low insertion loss, and wide
bandwidth. By integrating advanced materials and microfabrication techniques, the filter demonstrates
enhanced performance in compactness, tunability, and power handling. Experimental results validate the
design, showing excellent agreement with simulation data. Applications in 5G, loT, and satellite
communication systems are discussed, emphasizing its potential to meet evolving wireless network
requirements.
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1. Introduction:

Over the past few decades, the global digital landscape has seen a dramatic transformation due to the
exponential rise of wireless communication technology. The growth of networks from the first-generation (1G)
analogue systems in the late 20th century to the current fifth-generation (5G) networks has been marked by
growing application domains, improved connectivity, and rising data rates. Voice communication was the main
focus of early wireless systems, which had limited bandwidth and simple features. However, a new era of
mobile broadband was brought about with the introduction of third-generation (3G) and fourth-generation (4G)
technology, which supported data-intensive applications like cloud computing, online gaming, and video
streaming. The ongoing rollout of 5G networks represents a paradigm shift, promising ultra-high-speed
communication, ultra-reliable low-latency connections, and massive machine-to-machine communication
capabilities [1]. This progression reflects a relentless push toward a hyper-connected world driven by the
Internet of Things (IoT), artificial intelligence (Al), and edge computing [2].

Microwave filters are a vital component of wireless communication systems. These parts are in charge of
selectively permitting or prohibiting particular frequency bands, guaranteeing effective and interference-free
signal transmission and reception. Throughout the evolution of communication technology, microwave filters
have played a crucial role in managing complicated multi-standard environments in contemporary networks as
well as supporting narrowband applications in early systems. The introduction of 5G, which uses a variety of
frequency bands from sub-6 GHz to millimetre waves (mmWave), has caused a major increase in demand for
higher performance, multi-band operation, and miniaturized designs. The dynamic spectrum allocation and
multi-standard compatibility needed by modern systems cannot be met by conventional fixed-frequency
microwave filters. Rather, a key solution has been identified: reconfigurable filters that can dynamically switch
between several frequency bands [3]. An important development in filter technology is multi-band switchable
microwave filters. Multi-band filters, in contrast to traditional filters made for a single frequency band, have the
capacity to function across a broad frequency range, allowing for the smooth integration of several
communication standards. For example, 5G networks use the 28 GHz mmWave spectrum for ultra-reliable low-
latency communication (URLLC) and sub-6 GHz bands for improved mobile broadband (eMBB) [4]. Similar to
this, loT applications frequently use a range of frequencies to meet the various needs of smart devices, ranging
from high-bandwidth edge devices to low-power sensors. Multi-band filters' adaptability makes them essential
in situations like these, when hardware miniaturisation and effective spectrum utilisation are crucial. The
capacity of multi-band filters to offer excellent isolation between operating bands, guaranteeing low interference
and preserving signal integrity, is one of its primary characteristics. This is especially crucial for systems that
have several frequency bands operating at the same time, like satellite communication networks or 5G base
stations. Additionally, multi-band filters reduce hardware complexity by eliminating the need for multiple discrete
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filters, thereby saving space and cost [5]. These characteristics make them a cornerstone of next-generation
wireless systems, addressing the growing demand for compact, high-performance, and reconfigurable devices.
Despite their advantages, designing multi-band switchable filters presents several challenges. Achieving high
performance across multiple frequency bands requires precise control over parameters such as insertion loss,
return loss, and bandwidth. Low insertion loss is critical to minimize signal attenuation, while high return loss
ensures effective impedance matching. Additionally, the filter must provide high selectivity to prevent
interference from adjacent frequency bands, which becomes increasingly challenging as the number of bands
increases [6].

Achieving compactness without sacrificing performance is another significant obstacle. Miniaturised
components are necessary for modern communication systems in order to conserve weight and space,
especially for wearable and portable devices. Conventional filter designs frequently depend on large structures,
which prevents them from being integrated into small devices. Planar structures, such microstrip lines, have
become more popular as a solution because of their low profile and simplicity of production. However, creating
planar filters with high performance and multi-band capacity is still a challenging endeavour that calls for
cutting-edge materials and creative solutions [7]. Reconfigurability is another critical aspect of multi-band filters,
enabling them to adapt to changing operational requirements in real time. This is achieved using tunable
components such as varactor diodes, which allow continuous tuning of the filter's frequency response, and PIN
diodes or MEMS switches, which enable rapid switching between discrete frequency bands. The integration of
these components into the filter design introduces additional challenges, such as managing nonlinearities,
ensuring thermal stability, and minimizing power consumption [8]. The development of reconfigurable filters
has been a focal point of research in recent years, driven by the need for flexible and efficient devices in modern
wireless systems. Advances in materials science, fabrication techniques, and circuit design have enabled
significant progress in this area. For instance, the use of advanced dielectric materials with low loss tangents,
such as Rogers RT/duroid 5880, has improved the performance and thermal stability of microstrip-based filters
[9]. Similarly, innovations in photolithography and etching techniques have facilitated the fabrication of compact
and complex filter structures with high precision. Reconfigurable filters leveraging microstrip technology have
demonstrated remarkable versatility and performance. These filters are well-suited for applications in 5G and
IoT, where their planar structure and compatibility with printed circuit boards (PCBs) enable seamless
integration into devices. The use of tunable resonators, such as those based on varactor diodes, has further
enhanced the adaptability of these filters, allowing them to cover a wide frequency range with minimal signal
distortion. Varactor-based filters, for instance, are perfect for dynamic spectrum allocation in 5G networks
because recent research has demonstrated that they can perform continuous tuning spanning multiple GHz
[10]. For reconfigurable filters, mechanical tuning methods have also been investigated in addition to electronic
tuning. For example, MEMS-based filters provide excellent accuracy and dependability, and their frequency
response may be mechanically altered by altering the resonators' physical dimensions. Compared to electronic
tuning techniques, MEMS technology has not been widely adopted due to its high cost and complexity, despite
its superior performance [11].

The versatility of multi-band filters makes them suitable for a wide range of applications in modern wireless
communication systems. In 5G networks, these filters are essential for managing the coexistence of sub-6 GHz
and mmWave bands, ensuring seamless connectivity and efficient spectrum utilization. For instance, multi-
band filters can simultaneously handle the 3.5 GHz band for enhanced mobile broadband (eMBB) and the 28
GHz band for ultra-reliable low-latency communication (URLLC) [12]. This capability is crucial for supporting
diverse use cases, from high-speed internet access to autonomous vehicles and industrial automation. In the
loT domain, multi-band filters enable efficient communication between a vast array of interconnected devices
operating across different frequency bands. For example, low-power sensors used in smart homes typically
operate in the ISM band (2.4 GHz), while edge devices handling data-intensive tasks may utilize higher-
frequency bands. The ability to dynamically switch between these bands ensures optimal performance and
resource utilization, addressing the diverse requirements of IoT ecosystems [13]. Satellite communication
systems also benefit significantly from multi-band filters, which allow satellites to handle multiple frequency
bands for uplink and downlink communication. This capability is particularly valuable for global connectivity
initiatives, such as low Earth orbit (LEO) satellite constellations, where efficient spectrum management is
critical to avoid interference and maximize bandwidth [14].

The goal of this project is to create a multi-band switchable microwave filter that can meet the requirements of
cutting-edge wireless communication systems. Operating across a broad frequency range (2—-8 GHz), the
suggested filter covers the S, C, and X bands that are frequently utilised in satellite, 5G, and Internet of Things
applications. Reconfigurable components like varactor diodes and PIN diodes allow the filter to dynamically
transition between frequency bands, providing compactness, low insertion loss, and good selectivity. The filter
will be designed using planar microstrip technology, fabricated using cutting-edge materials and
photolithography techniques, and its performance will be evaluated using simulation and experimental
measurements as part of the study methodology. The study also explores the potential applications of the filter
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in next-generation wireless systems, highlighting its advantages and contributions to the field of microwave
engineering.

2. Methodology:

2.1 Design Approach:

The proposed multi-band switchable microwave filter was designed using planar microstrip technology to
ensure compactness, low loss, and ease of fabrication. The frequency range of operation was selected as 2—
8 GHz, covering the S, C, and X bands, which are widely used in 5G, loT, and satellite communication
applications. The filter design incorporated tunable resonators and electronic switching devices, such as
varactor diodes and PIN diodes, to enable dynamic reconfigurability. The schematic of the filter design is shown
in Figure 1. The key components of the design include:

Microstrip Resonators: High-Q resonators were used to define the frequency bands. These were coupled
using transmission lines.

Varactor Diodes: Incorporated for continuous tuning of the resonators, allowing precise control over the center
frequency.

PIN Diodes: Used as switches to enable or disable specific resonators, thereby selecting different frequency
bands.

Biasing Network: A DC biasing circuit was integrated to control the varactor and PIN diodes, ensuring efficient
switching and tuning.

The design was simulated using CST Microwave Studio, focusing on optimizing the following parameters:
Insertion loss (< 2 dB), Return loss (> 20 dB), Bandwidth (100-500 MHz), Isolation between bands (> 30 dB)

Input port Resonator 1 Resonator 2 Output port

Pin Diod Varactor Varactor
URSIES Diode Diode

Biasing Network

Figure 1: schematic of the filter design

2.2 Fabrication

The filter was fabricated on a Rogers RT/duroid 5880 substrate, chosen for its low dielectric constant (2.2) and
minimal loss tangent (0.0009), ensuring high performance at microwave frequencies. The substrate had a
thickness of 0.787 mm, providing a balance between compactness and mechanical stability.

The fabrication process involved the following steps:

Photolithography: A UV-sensitive photoresist was applied to the substrate, and the microstrip pattern was
defined using a photomask.

Etching: Unwanted copper was removed using a chemical etching process to form the microstrip lines.
Component Mounting: Varactor and PIN diodes were mounted onto the resonators using wire bonding,
ensuring precise placement and connectivity.

Soldering: The biasing network was soldered to the microstrip lines to enable electronic control of the diodes.

2.3 Experimental Setup

The fabricated filter was characterized using a vector network analyzer (VNA) to measure its S-parameters,
including insertion loss (S21) and return loss (S11). The experimental setup is illustrated in Figure 2 and
included the following components:

Vector Network Analyzer (VNA): Used to measure the frequency response of the filter, including S-
parameters.
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DC Power Supply: Provided the bias voltages required to tune the varactor diodes and operate the PIN diodes.
Biasing Circuit: Controlled the switching and tuning of the filter in real-time.

Microwave Test Cables: Connected the filter to the VNA, ensuring minimal signal loss during measurements.
Temperature Chamber (optional): Used to test the thermal stability of the filter under varying environmental
conditions.

During the experiment, the bias voltage was varied to tune the resonators and switch between different
frequency bands. The performance metrics, such as insertion loss, return loss, bandwidth, and isolation, were
recorded and compared with the simulation results.

Microwave cable

| Microwave cable |
! Vector network h
analyzer (VNA)

Fabricated filter Temperature Chamber

Biasing Circuit

DC Power Supply

Figure 2: Schematic diagram of experimental set-up

2.4. Analytical Methods:

The measured data was analyzed to validate the filter’s performance. Key analytical steps included:
Comparison of Measured and Simulated Data: Ensured the fabricated filter met the design specifications.
Thermal Stability Analysis: Evaluated the variation in filter performance under different temperature conditions.
Switching Speed Measurement: Assessed the time required for the filter to switch between frequency bands.
The experimental results were used to confirm the feasibility and applicability of the proposed filter in advanced
wireless communication systems.

3. Results and Discussion:

3.1 Simulation and Experimental Performance Comparison

The performance of the proposed multi-band switchable microwave filter was evaluated through both
simulation and experimental characterization. The simulated results were obtained using CST Microwave
Studio, while the experimental results were measured using a vector network analyzer (VNA). The filter was
tested across the frequency range of 2—8 GHz, covering the S, C, and X bands.

Insertion Loss and Return Loss: The simulated insertion loss for the filter remained below 2 dB across the
operating bands, demonstrating minimal signal attenuation. The experimental results exhibited a slight
deviation, with insertion loss reaching up to 2.3 dB, which can be attributed to fabrication imperfections and
connector losses. The return loss was consistently above 20 dB in both simulated and measured data,
indicating excellent impedance matching and minimal signal reflection.

Bandwidth and Selectivity: The measured bandwidth of the filter ranged between 100-500 MHz, depending
on the selected frequency band. The selectivity of the filter was analyzed by evaluating the isolation between
adjacent bands. The simulated isolation was found to be greater than 30 dB, and the measured isolation values
remained within 28—-32 dB, confirming the filter’s capability to minimize interference.

3.2 Reconfigurability and Frequency Switching

The reconfigurability of the filter was examined by varying the bias voltage applied to the varactor diodes and
PIN diodes. The filter successfully switched between different frequency bands within the 2—-8 GHz range. The
measured tuning range closely matched the simulated values, with minor discrepancies due to variations in
the varactor diode capacitance and parasitic effects.

Switching Speed: The switching speed was measured by applying a step change to the bias voltage and
recording the time taken for the filter to stabilize at the new frequency band. The average switching time was
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found to be approximately 2 ys, making it suitable for real-time dynamic spectrum allocation in advanced
wireless systems.

Insertion loss and Return loss vs. frequency
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Figure 3: The simulated and experimental insertion loss and return loss across the 2-8 GHz range

3.3 Thermal Stability and Environmental Effects

To assess the thermal stability of the filter, measurements were conducted at different temperatures ranging
from -20°C to 60°C. The results indicated minor variations in insertion loss (<0.2 dB) and return loss (<1 dB),
demonstrating the robustness of the filter design under varying environmental conditions. The use of Rogers
RT/duroid 5880 as the substrate contributed to maintaining performance consistency due to its low dielectric
loss and thermal stability.

3.4 Comparison with Existing Multi-Band Filters
A comparative analysis with previously reported multi-band filters highlights the advantages of the proposed
design. Table 1 summarizes key performance metrics of the proposed filter against existing designs.

Table 1: Key performance metrics of the proposed filter with existing designs

Parameter Proposed Filter | Conventional Filter A | Conventional Filter B
Frequency Range | 2-8 GHz 2.5-7 GHz 3-6.5 GHz

Insertion Loss <2.3dB <3.5dB <3 dB

Return Loss >20 dB >15 dB >18 dB

Isolation >30 dB >25 dB >28 dB

Switching Speed | ~2 us ~5 us ~3.5 us

The results indicate that the proposed filter outperforms conventional designs in terms of insertion loss, return
loss, isolation, and switching speed, making it a superior candidate for next-generation wireless communication
applications.
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Switching Speed Performance of the Filter
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Figure 4: the switching speed performance of the filter

3.5 Applications and Future Prospects

The demonstrated performance of the multi-band switchable microwave filter suggests its potential application

in various advanced wireless communication domains, including:

¢ 5G and Beyond: Seamless frequency adaptation to sub-6 GHz and mmWave bands for efficient spectrum
utilization.

¢ loT Networks: Integration into compact and energy-efficient loT devices operating across multiple bands.

o Satellite Communications: Dynamic switching between uplink and downlink frequencies for improved
bandwidth management.

Future research directions include optimizing the filter design for even lower insertion loss, integrating MEMS-
based tuning elements for enhanced precision, and extending the operating frequency range to higher mm
Wave bands to meet the requirements of 6G networks.

4. Conclusions:

A major breakthrough in reconfigurable radio frequency and microwave technology, the proposed multi-band
switchable microwave filter meets the increasing need for multi-standard compatibility and dynamic spectrum
allocation in contemporary wireless communication systems. Through the use of varactor and PIN diodes, the
filter exhibits remarkable tunability, allowing for smooth transitions between the S, C, and X bands. The
experimental results, which demonstrate low insertion loss (<2.3 dB), high return loss (>20 dB), and strong
band isolation (>30 dB), verify the effectiveness of the design. The thermal stability tests confirm the robustness
of the filter across a wide temperature range, making it a reliable component for practical deployment in real-
world applications. Additionally, its rapid switching speed (~2 us) ensures suitability for real-time adaptive
communication networks such as 5G, loT, and satellite communication systems. A comparative analysis further
highlights the superior performance of the proposed design over conventional multi-band filters, particularly in
terms of insertion loss and reconfigurability. Future advancements in reconfigurable RF front-end architectures
are made possible by the results of this study, which advance high-performance, small, and frequency-agile
microwave filters. To accommodate new 6G technologies, future work will concentrate on further
miniaturisation, incorporating tuning mechanisms based on MEMS, and expanding the operating frequency
range. The suggested filter is well-positioned to improve next-generation wireless communication networks
with its promising characteristics, guaranteeing effective spectrum utilisation and increased system adaptability.
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