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Abstract: Silicon-based substrate integrated waveguide (SIW) filters are a new type of high-frequency filters, 
widely used in millimeter-wave and terahertz bands of high-frequency communication systems. This paper 
analyzes the design principles, micro/nano manufacturing technologies, and advantages of SIW filters in high-
frequency applications. The basic concepts, electromagnetic properties, and design optimization methods of 
substrate integrated waveguides are discussed in detail, along with the application of micro/nano manufacturing 
technologies such as photolithography and electron beam lithography, which enhance the performance and 
miniaturization of the filters. Finally, the future development directions of novel silicon-based filters are outlined, 
and it is emphasized that the research of these filters will further drive the advancement of high-frequency 
communication technologies.
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1. Introduction
With the rapid development of communication technologies, especially the rise of 5G and millimeter-

wave communications, traditional filter designs are no longer sufficient to meet the demands for high frequency, 
high integration, and low loss. Silicon-based Substrate Integrated Waveguide (SIW) filters, with their excellent 
electromagnetic performance, low insertion loss, and compact structure, have emerged as an effective solution to 
these challenges. SIW filters combine the advantages of traditional waveguides and modern planar transmission 
lines, making them highly advantageous for high-frequency applications. This paper will explore the design 
principles of silicon-based SIW filters, the application of micro-nano fabrication technologies, and analyze their 
performance optimization and practical applications in high-frequency communication systems.

2. Design principles of silicon-based substrate integrated waveguide filters
2.1. Basic concept of substrate integrated waveguide (SIW)

Substrate Integrated Waveguide (SIW) is a novel transmission structure that combines the advantages of 
traditional rectangular waveguides and planar transmission lines. SIW forms a quasi-closed electromagnetic wave 
propagation path by arranging metal vias on a dielectric substrate in a specific pattern and covering the top and 
bottom surfaces with metal layers. This design not only retains the low loss and high-quality factor characteristics 
of traditional waveguides but also offers high integration and ease of manufacturing.

The uniqueness of SIW lies in its ability to be directly integrated into printed circuit boards (PCBs) or 
silicon-based substrates, making it an ideal choice for compact designs in high-frequency communication 
systems. Because of its closed structure, SIW suppresses lateral leakage and performs exceptionally well in high-
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frequency bands, particularly in millimeter-wave and terahertz frequencies.
In addition, SIWs offer significant adjustability, with geometric parameters (such as via diameter, spacing, 

and dielectric thickness) that can be adjusted to meet specific frequency bands or performance requirements. 
As a result, SIWs have been widely used in key components such as filters, power splitters, and antenna arrays, 
providing crucial support for high-frequency communication systems.

2.2. Electromagnetic characteristics and design requirements of filters

Filters are the core components of high-frequency communication systems. Their function is to selectively 
transmit signals within a target frequency range while suppressing interference signals from other bands. In the 
design of silicon-based substrate integrated waveguide filters, the electromagnetic characteristics and design 
requirements are primarily reflected in the following aspects:

1. Insertion Loss: Within the target frequency range, the filter should have as low an insertion loss as 
possible to minimize energy loss during signal transmission. Low insertion loss is a key indicator for achieving 
high-performance communication.

2. Return Loss: The filter should provide good input/output matching to ensure minimal signal reflection 
during transmission, thereby improving transmission efficiency and system stability.

3. Frequency Selectivity: High-frequency filters need to exhibit a steep frequency response to accurately 
distinguish between the target signal and interference signals. This feature is critical for the system’s ability to 
reject interference.

4. Stopband Attenuation: In non-target frequency bands, the filter should provide sufficient attenuation 
to block interference signals. Stopband width and attenuation depth are important metrics for evaluating filter 
performance.

5. Miniaturization Requirements: As communication systems move towards higher integration, filters must 
be as compact as possible while meeting performance requirements to fit within the overall system’s spatial 
constraints.

Silicon-based substrate integrated waveguide filters can achieve a good balance among these performance 
metrics due to their highly integrated structure and flexible design.

2.3. Filter design optimization based on silicon materials

Silicon-based materials offer excellent electrical properties, thermal stability, and mature micro/nano 
fabrication technologies, making them a crucial foundation for modern high-frequency communication systems. 
In the design optimization of silicon-based substrate integrated waveguide filters, material properties and 
structural design should be considered with the following key points:

1. Material Properties and Selection: Silicon-based materials have a high dielectric constant, which can 
effectively enhance the waveguide’s confinement of electromagnetic waves, enabling more compact filter designs. 
However, a high dielectric constant may lead to higher modal density, increasing the risk of modal interference. 
In the design process, reasonable structural and parameter optimization strategies must be adopted to balance the 
advantages and potential problems brought by the high dielectric constant.

2. Optimization of Via Arrays: The geometric parameters of the metal vias in the SIW (such as diameter, 
spacing, and array form) directly influence the waveguide’s cutoff frequency, modal characteristics, and 
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transmission efficiency. Optimizing these parameters allows for achieving high frequency selectivity within the 
target band with minimal loss.

3. Multi-layer Structures and Integration: By introducing multi-layer structures, filters can integrate more 
functions within a smaller footprint, while reducing electromagnetic interference between adjacent components. 
The multi-layer fabrication process on silicon-based platforms provides the technical support for this integrated 
design.

4. Thermal Management and Power Handling: In high-frequency applications, thermal effects can 
significantly impact filter performance, especially in high-power scenarios. The high thermal conductivity of 
silicon-based materials, combined with microstructural optimization, can effectively reduce thermal losses and 
enhance system stability.

3. Application of micro-nano manufacturing technology in filter preparation
3.1. Types and characteristics of micro-nano manufacturing technology

Micro-nano manufacturing technology refers to the technology for manufacturing functional devices on the 
micron or even nanometer scale through high-precision processing means. These technologies are widely used 
in fields such as semiconductors, microelectromechanical systems (MEMS), and optoelectronic devices. In the 
manufacturing of filters, micro-nano manufacturing technologies mainly include the following:

1. Photolithography:
Photolithography is the core technology in micro-nano manufacturing and is widely used for pattern transfer 

in integrated circuits, sensors, filters and other devices. By projecting ultraviolet light onto a substrate coated with 
photoresist, precise microstructures can be formed on the substrate. The resolution of photolithography is closely 
related to the wavelength of the light source. Therefore, it is an important means for manufacturing the tiny 
structures in high-frequency filters at present.

2. Electron Beam Lithography (EBL):
The EBL technology writes patterns directly on the substrate through an electron beam and has extremely 

high resolution, which is suitable for manufacturing nanostructures. Compared with traditional photolithography 
technology, electron beam lithography is not limited by the light wavelength. Therefore, in the design of high-
frequency filters, it can achieve a more refined pattern design.

3. Nanoimprint Lithography (NIL):
Nanoimprint lithography is a method of directly imprinting nanoscale patterns on a substrate through a 

mold. It has high resolution and high production efficiency and is suitable for large-scale manufacturing. This 
technology can significantly reduce costs and is applicable to large-area high-precision manufacturing.

4. Etching Technology:
Etching technology is used to remove the excess materials on the surface of the substrate to form the 

required microstructures. Etching methods are divided into dry etching and wet etching. Among them, dry 
etching (such as reactive ion etching, RIE) is widely used in micro-nano manufacturing. Especially when 
manufacturing waveguides and filters, its precise control ability is particularly important.

These technologies can accurately control the size and shape of structures on silicon-based materials to 
ensure the performance requirements of high-frequency filters on the micron and nanometer scales.
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3.2. Micro-nano processing technology of silicon-based materials

Silicon-based materials are one of the main materials in micro-nano manufacturing due to their excellent 
electrical properties and wide application foundation. The micro-nano processing technology of silicon-based 
filters mainly includes the following key steps:

1. Thin Film Deposition:
On the surface of silicon-based materials, metal or insulating material films are usually deposited through 

technologies such as chemical vapor deposition (CVD) and physical vapor deposition (PVD). These films 
act as conductive or dielectric layers in the filter structure to ensure the effective propagation and control of 
electromagnetic waves.

2. Photolithography and Pattern Transfer:
Through photolithography technology, patterns are transferred to the photoresist layer, and then the patterns 

are transferred to the surface of the silicon-based material through the etching process. In this process, precise 
pattern control and high-resolution photolithography technology are crucial, especially in the design of the fine 
structures of high-frequency filters.

3. Selective Etching and Stripping:
After pattern transfer, selective etching technology is used to remove the unwanted areas to form 

microstructures such as waveguide channels and resonant cavities. The precision control during the etching 
process is very critical. Especially in the manufacturing of high-frequency filters, the structural requirements on 
the micron or even nanometer scale put extremely high requirements on the control ability of the manufacturing 
process.

4. Surface Treatment and Packaging:
In order to improve the performance of the device, the surface of the silicon-based material is often cleaned 

and treated to remove impurities, improve conductivity or enhance the mechanical strength of the material. 
The packaging process is used to protect the filter from environmental factors (such as moisture, oxygen, etc.). 
Especially in high-frequency and high-power applications, the reliability of the packaging process is particularly 
important.

3.3. Key challenges and solutions in micro-nano manufacturing

Although micro-nano manufacturing technology has great potential in filter preparation, there are still some 
key challenges in practical applications:

1. High-precision Control Issues:
Micro-nano manufacturing requires precise size and shape control. Especially in the manufacturing of 

high-frequency filters, any tiny error may lead to a serious decline in performance. For this reason, modern 
manufacturing processes are combined with advanced measurement and detection technologies, such as scanning 
electron microscopy (SEM) and atomic force microscopy (AFM), which can achieve high-precision process 
monitoring and error correction.

2. Compatibility of Materials and Processes:
Different micro-nano processing technologies have different requirements for materials. Especially for 

silicon-based materials, their processing may be restricted by material properties (such as thermal expansion 
coefficient, chemical stability, etc.). For this reason, researchers are developing more suitable processes, such as 
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low-temperature deposition technology or improved etching methods, to improve the compatibility of materials 
and processes.

3. Feasibility of Large-scale Manufacturing:
Although micro-nano manufacturing technology can achieve high precision under laboratory conditions, 

when it is applied to large-scale production, cost and efficiency issues become constraints. For this reason, 
developing more efficient production processes, such as nanoimprint technology and self-assembly technology, 
has become the direction to solve this problem. These technologies can effectively reduce manufacturing costs 
and improve production efficiency.

4. Thermal Effects and Heat Dissipation Issues:
High-frequency filters will generate a certain amount of heat during the working process. Excessive 

temperature will affect the performance of the device or even cause failure. Another challenge of micro-nano 
manufacturing technology is how to ensure sufficient heat dissipation ability while maintaining a small size. 
By optimizing the design and selecting high thermal conductivity materials, this problem can be alleviated to a 
certain extent.

3.4. Influence of manufacturing technology on filter performance

The influence of micro-nano manufacturing technology on filter performance is reflected in many aspects:
1. Relationship between Precision and Performance:
The performance of filters, such as insertion loss, return loss, and frequency response, is closely related 

to the precision in the manufacturing process. Precise size control and shape design can ensure the ideal 
performance of filters within the target frequency band and avoid poor performance caused by structural errors.

2. Material Selection and Performance Improvement:
In micro-nano manufacturing, the selection of appropriate materials and processing methods directly affects 

the electromagnetic performance of filters. For example, using low-loss materials and advanced deposition 
processes can reduce the loss of filters and improve the signal transmission efficiency.

3. Integration and Miniaturization:
Micro-nano manufacturing technology enables high-frequency filters to integrate more functional 

components and achieve a smaller size at the same time. This not only improves the integration degree of the 
system but also promotes the miniaturization design of high-frequency communication equipment, adapting to 
the needs of modern communication systems for high integration and miniaturization.

4. Application and Performance Analysis of Silicon-based Substrate Integrated 
Waveguide (SIW) Filters
4.1. Application cases in high-frequency communication systems

Silicon-based Substrate Integrated Waveguide (SIW) filters have extensive applications in high-frequency 
communication systems, particularly in millimeter-wave, terahertz bands, and 5G communication. Some typical 
application cases are:

5G Communication Systems: With the rapid development of 5G technology, SIW filters are widely used in 
5G base stations and terminal devices. As 5G systems require filters with wide frequency ranges and high signal 
quality, silicon-based SIW filters, known for their high integration, low loss, and excellent frequency response, 
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are an ideal choice. In particular, in the millimeter-wave frequency range above 10 GHz, SIW filters effectively 
provide high-performance signal selection and interference suppression.

Satellite Communication Systems: In satellite communications, SIW filters are used for frequency-
selective functions such as signal transmission and interference elimination. Due to their stable high-frequency 
performance and high integration, silicon-based SIW filters exhibit excellent adaptability in space-constrained 
satellite communication devices. Moreover, SIW filters can effectively handle complex environmental conditions, 
ensuring the reliability of satellite communication systems.

Millimeter-wave Radar: Silicon-based SIW filters are also widely applied in millimeter-wave radar systems, 
especially in autonomous driving and aerospace fields. Millimeter-wave radar systems require high-frequency 
filters to improve radar signal resolution and detection accuracy. SIW filters, with their compact design and high 
performance, meet the stringent requirements of these systems.

These application cases demonstrate the crucial role of silicon-based SIW filters in various high-frequency 
communication fields, confirming their efficient processing capabilities for high-frequency signals in practical 
environments.

4.2. Analysis of the impact of different design parameters on performance

The performance of silicon-based substrate integrated waveguide (SIW) filters is influenced by several 
design parameters. Key factors include:

Geometric Dimensions of the Waveguide Via Array: The via array in an SIW filter is the core structure 
determining its performance. The diameter, spacing, and arrangement of the vias directly affect the filter’s cutoff 
frequency, mode characteristics, and transmission loss. For instance, reducing the via diameter or increasing the 
spacing can effectively adjust the filter’s frequency response, but it also impacts insertion loss and bandwidth 
characteristics.

Substrate Thickness and Dielectric Constant: The substrate thickness and the dielectric constant of the 
material significantly affect the electromagnetic propagation characteristics of the SIW filter. Thinner substrates 
typically offer higher filter performance, especially in terms of low loss and miniaturization. However, thicker 
substrates may increase signal loss, particularly in high-frequency applications, and the choice of dielectric 
constant directly influences the waveguide’s electromagnetic properties and wave propagation speed.

Resonator Size and Shape: The size and shape of the resonators used in the filter determine its frequency 
response, bandwidth, and selectivity. When designing, the appropriate resonator size must be chosen based on 
the target frequency band to ensure the filter provides high-performance filtering within the specified frequency 
range. Additionally, optimizing the resonator shape helps reduce unwanted mode interference and improves the 
filter’s frequency selectivity.

By optimizing these design parameters, the performance of SIW filters can be effectively enhanced, 
including reducing insertion loss and improving selectivity and bandwidth.

4.3. Performance comparison with traditional filters

Compared to traditional filters such as microstrip filters or coplanar waveguide filters, silicon-based substrate 
integrated waveguide (SIW) filters offer significant advantages:

Low Loss Performance: Traditional microstrip filters often face higher transmission loss, particularly in 
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high-frequency bands. Silicon-based SIW filters, with their closed waveguide structure and high-quality factor 
design, significantly reduce signal loss during transmission, providing higher signal quality.

High Integration and Miniaturization: Traditional filters often require large volumes and more components 
for high-frequency applications, while silicon-based SIW filters can integrate multiple functional modules into a 
compact design, meeting the demand for compact, highly integrated devices in modern communication systems. 
This makes them more suitable for applications in 5G, millimeter-wave radar, and other fields.

High Stability and Reliability: The high mechanical strength and thermal stability of silicon materials 
make SIW filters more reliable under extreme environmental conditions, especially in aerospace, satellite 
communication, and other fields, offering better stability compared to traditional filters.

Ease of Manufacturing and Cost Effectiveness: Traditional filters typically require complex assembly 
and tuning processes, resulting in higher costs. Silicon-based SIW filters, relying on mature semiconductor 
manufacturing techniques, can be mass-produced, reducing manufacturing costs and improving production 
efficiency.

5. Conclusion
Silicon-based Substrate Integrated Waveguide (SIW) filters, with their excellent electromagnetic properties 

and miniaturization advantages, have become key technologies in high-frequency communication systems. 
With the continuous advancement of micro-nano manufacturing technologies, particularly in lithography and 
nanoimprint processes, the performance and integration of these filters will further improve. Despite challenges 
like material and process compatibility, future research will focus on enhancing the filter’s high-frequency 
performance and thermal management, as well as driving innovation in new filter designs to meet the growing 
demands of fields such as 5G and satellite communications.
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