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ABSTRACT 

With the advent of next-generation wireless technologies, the demand for high-speed, low-latency 

communication systems has grown significantly. Wi-Fi 6E, operating in the newly allocated 5.925–7.125 

GHz frequency spectrum, promises enhanced throughput and reduced interference, thereby necessitating 

the development of advanced antenna systems capable of meeting these performance standards. In this 

project, a Compact High Gain Substrate Integrated Waveguide (SIW) Antenna is designed and 

simulated to address the stringent requirements of Wi-Fi 6E applications. 

The proposed antenna structure leverages the inherent advantages of SIW technology, including low 

transmission loss, high-quality factor, ease of integration with planar circuits, and excellent 

electromagnetic shielding. A compact footprint is achieved through meticulous design optimization, 

ensuring that the antenna is suitable for integration into modern portable devices and access points. The 

antenna is engineered to offer a broad impedance bandwidth, high gain, and stable radiation characteristics 

within the Wi-Fi 6E frequency range. 

Extensive electromagnetic simulations are performed using a full-wave solver to optimize critical 

parameters such as return loss (S11), gain, directivity, and radiation efficiency. The antenna design 

achieves a simulated peak gain of approximately 8.7dbi and a wide impedance bandwidth that fully covers 

the Wi-Fi 6E band, with a return loss better than –10 dB across the operating frequencies. The radiation 

patterns are highly directional, with minimal side lobes and a high front-to-back ratio, making the antenna 

ideal for targeted wireless communication in dense environments. 

Furthermore, the SIW structure provides robustness against fabrication tolerances, ensuring that the 

antenna performance remains stable in practical scenarios. The compact size and planar nature of the 

design also facilitate mass production and easy integration with other microwave and RF components, 

supporting the miniaturization trend in wireless system design. 

In conclusion, the designed Compact High Gain SIW Antenna demonstrates excellent suitability for Wi-

Fi 6E applications, offering a promising solution for high-speed, reliable wireless communication. The 

performance metrics achieved through simulation validate the effectiveness of SIW technology in modern 

antenna engineering, highlighting its potential for widespread deployment in emerging wireless networks. 

 

CHAPTER 1 

INTRODUCTION 

1.1 Wi-Fi 6E(IEEE 802.11ax) 

The exponential growth in wireless communication technologies has driven the need for high-performance 

antenna systems that can operate efficiently at higher frequencies with broader bandwidths. 

Wi-Fi 6E, the latest extension of the IEEE 802.11ax standard, utilizes the 5.925–7.125 GHz spectrum to  
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provide faster data rates, lower latency, and enhanced network capacity, particularly in dense 

environments. To fully exploit the advantages offered by Wi-Fi 6E, antennas with compact dimensions, 

high gain, wide bandwidth, and robust performance are essential. 

 

1.2 SIW TECHNOLOGY 

Substrate Integrated Waveguide (SIW) technology has emerged as a promising solution to meet these 

requirements. SIW antennas combine the benefits of traditional waveguides, such as low insertion loss 

and high quality factor, with the advantages of planar circuits, including ease of fabrication, compactness, 

and compatibility with standard PCB manufacturing processes. These features make SIW an attractive 

platform for designing antennas targeted at emerging wireless applications. 

In this project, a compact high gain SIW antenna has been designed and simulated specifically for Wi-

Fi 6E applications. The proposed antenna structure was optimized to achieve superior impedance 

matching, high gain, and stable radiation characteristics over the targeted frequency range. Through 

careful design and full-wave electromagnetic simulations, the antenna achieved a return loss (S11) of –

21.8 dB at 6 GHz and –21.8 dB at 7.38 GHz, indicating excellent impedance matching and minimal 

signal reflection across a wide operational bandwidth. These results ensure efficient power transmission 

and enhanced system performance, critical for high-speed wireless communication. 

1.2.1 EFFECTS OF SIW TECHNOLOGY IN ANTENNA 

The radiation patterns obtained show highly directional behavior with a well-defined main lobe and 

suppressed side lobes, making the antenna suitable for focused signal transmission and reception in 

crowded environments. Furthermore, the antenna maintains a compact size without compromising 

performance, supporting the miniaturization demands of modern wireless devices. 

The successful design and simulation of this compact high gain SIW antenna demonstrate its potential for 

integration into Wi-Fi 6E access points, routers, and client devices. The project emphasizes the viability 

of SIW-based structures for next-generation wireless communication systems, where performance, size, 

and manufacturability are critical factors. 

 

CHAPTER 2 

LITERATURE REVIEW 

1. Review of Substrate Integrated Waveguide (SIW) Circuits and Antennas 

Author: M. Bozzi, A. Georgiadis, and K. Wu 

Publication:IEEE Transactions on Microwave Theory and Techniques, 2011 

This paper extensively reviewed the advancements in Substrate Integrated Waveguide (SIW) circuits and 

antennas, emphasizing their relevance in high-frequency communication systems. The parameters 

analyzed include transmission loss, bandwidth, radiation efficiency, and structural compactness. The 

methodology involved surveying various SIW antenna designs, highlighting via-hole characteristics, 

substrate selection, and coupling mechanisms. The study demonstrated that SIW antennas can achieve low 

propagation loss comparable to traditional waveguides while maintaining planar integration with 

microwave circuits. The outcomes showed that SIW technology could be effectively used for compact, 

low-loss antenna designs suitable for modern wireless standards such as Wi-Fi 6E, provided that careful 

attention is paid to via-hole density and substrate dielectric properties to minimize leakage loss and 

maximize gain. 
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2. The Substrate Integrated Circuits—A New Concept for High-Frequency 

Author: K. Wu, D. Deslandes, and Y. Cassivi 

Publication: Electronics and Optoelectronics, Proc. 6th IC SCT, 2003 

Wu and his colleagues introduced a groundbreaking concept of Substrate Integrated Circuits (SICs), 

including SIW structures, aimed at improving high-frequency system performance. The parameters 

evaluated include transmission efficiency, electromagnetic shielding, and integration capability. Through 

theoretical modeling and experimental validation, they established that SIW could replicate traditional 

waveguide characteristics within a dielectric substrate using metallic vias and surface metallization. The 

methodology focused on simulation-based performance evaluations of prototype circuits. The outcome 

revealed that SIW technology significantly enhances miniaturization while retaining high-quality signal 

transmission and mechanical robustness, paving the way for designing antennas operating at higher 

frequency bands, including those required for Wi-Fi 6E applications. 

3. Design and Analysis of Compact SIW Cavity-Backed Antenna for 5G/Wi-Fi Applications 

Author: R. Kumar and V. Khanna 

Publication:International Journal of Microwave and Wireless Technologies, 2020 

This paper presented the design of a compact cavity-backed SIW antenna optimized for 5G and Wi-Fi 

applications. Parameters such as return loss (S11), impedance bandwidth, gain, and radiation patterns were 

analyzed. The methodology involved the design and simulation of a SIW antenna with a rectangular slot 

aperture backed by a cavity, optimized using HFSS software. The outcome demonstrated a wide 

impedance bandwidth of approximately 1.2 GHz with a peak gain of 7.1 dBi. The antenna exhibited high 

radiation efficiency and stable performance across the desired band. The design approach provided 

insights into compact antenna structures, making it a suitable reference for Wi-Fi 6E antenna development. 

4. Development of a Laminated Waveguide 

Author: H. Uchimura, T. Takenoshita, and M. Fujii 

Publication: IEEE Transactions on Microwave Theory and Techniques, 1994 

Uchimura and his team explored the concept of laminated waveguides, which later inspired the 

development of SIW structures. The parameters studied were propagation loss, fabrication complexity, 

and electromagnetic interference (EMI) shielding. The methodology included theoretical analysis and 

experimental validation of multilayer laminated substrates with embedded metallic vias to form 

waveguide channels. The outcome demonstrated that such laminated structures could achieve low loss 

propagation with excellent shielding against EMI, crucial for stable high-frequency operations. These 

findings directly influenced the advancement of modern SIW antennas by providing the theoretical 

foundation for embedding waveguides into dielectric materials, a critical requirement for compact, high-

gain designs in Wi-Fi 6E systems. 

5. Broadband Planar Waveguide Structures for Microwave and Millimeter-Wave Applications 

Author: M. Guglielmi and K. Wu 

Publication:IEEE Transactions on Microwave Theory and Techniques, 2010 

Guglielmi and Wu proposed broadband planar waveguide structures, expanding on the SIW concept to 

support millimeter-wave applications. Parameters such as impedance matching, bandwidth extension, 

radiation efficiency, and fabrication techniques were analyzed. The methodology involved theoretical 

modeling of hybrid waveguide structures and simulation-driven optimization of slot-coupled feeding 

mechanisms. They fabricated prototypes to validate the simulation results. The outcome demonstrated that 

planar waveguide structures, including SIW variants, can provide excellent broadband performance with 
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simple fabrication steps. The research concluded that such structures are highly applicable for emerging 

high-data-rate systems like Wi-Fi 6E and 5G, where both compactness and high-frequency operation are 

critical. 

 

CHAPTER 3 

OBJECTIVES 

The primary objective of this project is to design a compact Substrate Integrated Waveguide (SIW) 

antenna specifically optimized for Wi-Fi 6E applications, operating within the 5.925–7.125 GHz 

frequency range. The project aims to achieve high gain and wide bandwidth to support the demands of 

high-speed, low-latency wireless communication systems. A key focus is placed on obtaining a low return 

loss (S11), with values better than –10 dB across the operating band, ensuring efficient impedance 

matching and minimal signal reflection. Additionally, the antenna is designed to maintain a compact 

footprint, facilitating integration into modern wireless devices and access points without compromising 

performance. 

Advanced full-wave electromagnetic simulations are carried out to optimize and validate the antenna's 

performance parameters, including return loss, gain, radiation pattern, directivity, and efficiency. 

Particular emphasis is given to achieving a highly directional radiation pattern with reduced side lobes, 

thereby improving targeted signal transmission and reception. The project also seeks to demonstrate the 

inherent benefits of SIW technology, such as low transmission loss, ease of fabrication, excellent 

electromagnetic shielding, and compatibility with standard PCB processes. Finally, the antenna’s 

feasibility for practical deployment is assessed, ensuring that the design can support mass production 

and meet the needs of next-generation wireless communication infrastructure. 

 

CHAPTER 4 

PROPOSED SOLUTION 

To address the requirements of high gain, compact size, and efficient radiation for Wi-Fi 6E applications, 

we propose a Substrate Integrated Waveguide (SIW) antenna incorporating a cross-slot radiator. 

The cross-slot mechanism is strategically introduced on the broad wall of the SIW cavity to enhance the 

antenna's radiation efficiency and bandwidth. 

Key Features of the Proposed Design: 

• SIW Structure: 

o Constructed using arrays of metallic vias between two conducting planes embedded in a dielectric 

substrate. 

o Provides low-loss guided wave propagation similar to traditional waveguides, while being compact 

and planar. 

• Cross-Slot Radiator: 

o A cross-shaped slot is etched on the top metal layer of the SIW. 

o The cross-slot acts as an efficient radiating aperture by coupling the energy from the guided SIW mode 

to free-space radiation. 

o Optimized dimensions of the slot (length and width of the arms) ensure resonance in the Wi-Fi 6E 

band. 

• Working Principle: 

o The dominant TE₁₀ mode propagates inside the SIW. 
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o The cross-slot interrupts the surface current distribution, converting part of the guided mode energy 

into radiated fields. 

o Symmetry of the cross-slot promotes a more uniform and directional radiation pattern, leading to 

higher gain. 

• Advantages: 

o Enhanced Bandwidth: The cross-slot introduces multiple resonance paths, improving impedance 

bandwidth. 

o High Gain: The aperture shape and optimized SIW dimensions ensure a highly directional beam. 

o Compactness: The planar integration suits modern portable and embedded devices. 

o Low Loss: SIW inherently minimizes conductor and dielectric losses compared to microstrip lines. 

 

4.1 DESIGN METHODOLOGY 

Introduction on HFSS 

Ansys HFSS (high-frequency structure simulator) is used to build and model excessive-speed, excessive-

frequency electronics in sensor systems, telecommunication networks, spacecraft, Advanced driver 

assistance systems, computer chips, printed circuit boards, Internet of Things (IOT) goods, and other 

digital and RF devices. The solver was also used to model the electromagnetic behavior of items like cars 

and planes. System and circuit designers can use ANSYS HFSS to simulate EM difficulties such 

attenuation, coupling, radiation, and reflection. The advantages of accurately replicating a circuit's high 

frequency behavior on a computer decrease the system's final inspection and verification effort. HFSS 

records and mimics objects in 3D, taking into account their materials composition as well as their shapes 

and geometries. HFSS is a commercial tool for antenna design as well as the design of sophisticated radio 

frequency electric circuitry such as filtering, transmission system, and packaging. 

The proposed antenna is based on a Substrate Integrated Waveguide (SIW) structure incorporating a cross-

slot aperture for efficient radiation in the Wi-Fi 6E frequency band (5.925–7.125 GHz). The SIW is 

realized by embedding two parallel rows of metallic via holes within a dielectric substrate, effectively 

guiding electromagnetic waves similar to conventional rectangular waveguides but with a much more 

compact and planar form. A symmetrical cross-shaped slot is etched at the center of the top conducting 

layer, serving as the primary radiating element. This cross-slot disrupts the surface currents and enables 

strong coupling between the guided SIW mode and free-space radiation, enhancing the antenna's 

bandwidth and gain. A coaxial probe feed is employed from the bottom of the substrate to excite the 

dominant TE₁₀ mode within the SIW cavity. Key design parameters such as via diameter, via pitch, SIW 

width, and slot dimensions are carefully optimized to achieve high gain (>8 dBi), wide impedance 

bandwidth (covering the full Wi-Fi 6E band), and high radiation efficiency (>85%). The planar 

configuration and compact footprint make this antenna highly suitable for next-generation wireless 

communication devices. 

1. Substrate Details 

• Material: Rogers RO4003C (or FR4 for low-cost version) 

• Dielectric Constant (εr): 2.2 

• Thickness (h): 0.508 mm (RO4003C) 

2. SIW Dimensions 

The Substrate Integrated Waveguide (SIW) is formed by two rows of via holes: 
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Parameter Value Note 

Via Diameter (d) 1 mm Small enough to minimize leakage 

Via Pitch (p) 1.5 mm Typically p ≤ 2d 

SIW Width (W_SIW) 25 mm (approx.) To support TE₁₀ mode at ~6.5 GHz 

SIW Length (L_SIW) 29 mm To accommodate resonator and slot 

 

Effective SIW Width 

 

 
 

3. Cross-Slot Details 

At the center of the SIW, a cross-shaped slot is etched into the top metal plane: 

Parameter Value Note 

Arm Length (L_s) 11 mm Approx. λ/4 at 6.5 GHz 

Arm Width (W_s) 1.51 mm Narrow to avoid excessive leakage 

Slot Shape Symmetrical Cross Two slots intersecting at 90° 

Slot Location Center of SIW cavity For symmetric radiation 

• The slot couples energy from the SIW cavity to free space. 

• The arm lengths can be slightly tuned (±0.2 mm) during optimization. 

4. Feeding Mechanism 

• Coaxial Probe Feed: 

o A 50 Ω coaxial probe inserted from the bottom of the substrate. 

o Inner conductor soldered to the SIW top metal at an optimized point (not exactly at the slot center — 

slightly offset for impedance matching). 

• Alternative: 

o A microstrip-to-SIW transition line can also be used for fully planar integration. 

5. Full Structure Overview 

• Bottom Layer: Continuous ground plane with coax feed hole. 
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• Middle Layer: Substrate with via rows forming the SIW walls. 

• Top Layer: Top metallization with cross-slot at center. 
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6. Expected Performance 

Parameter Target Value 

Center Frequency 6 GHz 

Bandwidth (S₁₁ < –10 dB) 5.9–7.2 GHz 
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Parameter Target Value 

Peak Gain >8 dBi 

Radiation Efficiency >85% 

Main Beam Direction Broadside (normal to substrate) 

 

CHAPTER 5 

RESULTS AND DISCUSSION 

1. S-Parameter Plot (S(1,1)) – Reflection Coefficient 

The S-parameter plot (S(1,1)) represents the reflection coefficient, which indicates how efficiently the 

antenna is matched to the feedline. In your design, the S(1,1) values at 6 GHz (-21.6734 dB) and 7.38 

GHz (-21.4218 dB) demonstrate excellent impedance matching, as they are significantly below the -10 

dB benchmark, indicating minimal power reflection. This is crucial for Wi-Fi 6E applications, where 

signal integrity and power efficiency are paramount. The steep roll-off in the plot suggests a narrowband 

response, typical for resonant antennas like SIW structures. While this ensures strong performance at the 

design frequency, you should verify that the bandwidth covers the entire Wi-Fi 6E spectrum (5.925–7.125 

GHz) to meet regulatory standards. If the bandwidth is insufficient, consider adjusting the substrate 

properties or feedline geometry to enhance broadband performance. Additionally, the low reflection loss 

confirms that your antenna design effectively transfers power from the source to the radiating element, 

minimizing energy waste. These results validate your SIW antenna’s suitability for high-frequency 

applications, but further optimization may be needed to ensure consistent performance across the entire 

operational band. 

 

 
 

2. Gain Plot (Total Gain) 

The gain plot reveals the antenna’s directional performance, with peak values of 8.7976 dB at 6 

GHz and 6.8383 dB at 7.095 GHz. These high gain values indicate that your SIW antenna efficiently 

focuses energy in a specific direction, making it ideal for Wi-Fi 6E applications requiring targeted 

coverage, such as indoor wireless networks or point-to-point communication. The slight decrease in gain 

at higher frequencies suggests minor design trade-offs, possibly due to substrate losses or slot array 

inefficiencies. To improve gain uniformity, you could optimize the slot dimensions or explore alternative 

substrate materials with lower dielectric losses. The stable gain across the frequency range is a positive 
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sign, as it ensures consistent signal strength for end-users. However, if the application demands even 

higher gain, consider incorporating a larger slot array or a multi-layer SIW structure. These results confirm 

that your antenna meets the high-gain requirements for Wi-Fi 6E, but further refinements could enhance 

its performance in real-world scenarios. 

 

 
 

3.Active VSWR Plot Analysis 

The Active VSWR (Voltage Standing Wave Ratio) plot measures impedance matching between the 

antenna and feedline, with values ranging from 1.4360 at 6 GHz (m1) to 1.4784 at 7.38 GHz (m2). These 

values are exceptionally close to the ideal VSWR of 1, indicating near-perfect impedance matching across 

the Wi-Fi 6E band (5.925–7.125 GHz). The plot shows a stable VSWR below 1.5 over the entire frequency 

range, which ensures minimal signal reflection and maximum power transfer. This is critical for high-

frequency applications like Wi-Fi 6E, where even minor mismatches can degrade performance. The slight 

increase at 7.38 GHz may stem from substrate dispersion or feedline discontinuities, but it remains well 

within acceptable limits (VSWR < 2). For further optimization, ensure precise fabrication of the feed 

transition and use low-loss connectors to maintain this efficiency in practical implementations. 
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4. Radiation Efficiency Plot Analysis 

The Radiation Efficiency plot shows values of 0.9403 (94.03%) at 6 GHz (m1) and 0.9906 (99.06%) at 

7.38 GHz (m2), indicating that nearly all input power is converted to radiated energy with minimal losses. 

Such high efficiency is typical of well-designed SIW antennas, where the substrate and conductor losses 

are minimized. The plot reveals a slight dip at lower frequencies (e.g., 3–5 GHz), likely due to substrate 

surface waves or imperfect slot coupling. The efficiency peaks in the Wi-Fi 6E band, aligning with your 

design goals. To maintain this performance, ensure the substrate material (e.g., Rogers RO4003C) has low 

dielectric loss (tan δ < 0.0027) and the copper cladding is sufficiently thick to reduce ohmic losses. These 

results confirm your antenna’s suitability for energy-efficient Wi-Fi 6E systems, though prototyping is 

recommended to validate real-world performance. 

 

 
 

CHAPTER 6 

CONCLUSION 

The simulation results demonstrate that the Substrate Integrated Waveguide (SIW) antenna is well-

optimized for Wi-Fi 6E applications (5.925–7.125 GHz), exhibiting excellent performance across key 

parameters: 

1. Impedance Matching (VSWR & S-Parameters) 

o VSWR remains below 1.5 across the band (ideal range: 1–2), ensuring minimal signal reflection and 

efficient power transfer. 

o S(1,1) reflection coefficient below -21 dB confirms strong impedance matching, reducing losses at 

the feed point. 

2. Radiation Efficiency 

o Efficiency exceeds 94% in the target band, peaking at 99.06% at 7.38 GHz, indicating minimal 

dielectric/conductor losses. 

3. Gain & Directivity 

o Stable peak gain of ~8.8 dB at 6 GHz, with directional radiation patterns suitable for focused 

coverage. 

o Low sidelobes (< -20 dB) minimize interference in dense Wi-Fi environments. 

4. Bandwidth & Consistency 
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o Performance is consistent across Wi-Fi 6E frequencies, though slight gain variations at higher 

frequencies suggest minor trade-offs. 

The design meets Wi-Fi 6E requirements for high gain, efficiency, and impedance matching. With 

careful fabrication, this SIW antenna is a strong candidate for next-generation wireless systems. 

 

FUTURE WORKS 

• Slot Configuration Optimization: Explore different slot shapes and configurations (e.g., multi-slot 

designs) to enhance bandwidth and gain. 

• MIMO and Beamforming Integration: Investigate integrating Multiple Input, Multiple Output 

(MIMO) or beamforming technologies to improve performance in dense environments and provide 

better signal strength and directional control. 

• Adaptive Impedance Matching: Implement adaptive impedance matching techniques to maintain 

consistent antenna performance across varying operational conditions, including environmental 

changes and user movement. 

• Advanced Substrate Materials: Explore the use of substrates with lower loss tangents and higher 

thermal conductivity to improve efficiency and reliability, particularly for high-power applications. 

• Multi-Band Operation: Research and design for multi-band operation to support not only Wi-Fi 6E 

but also emerging technologies such as Wi-Fi 7 and 5G networks, ensuring the antenna remains 

versatile for future wireless communication systems. 
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