Optimizing W-Shaped Dipole Antenna for Wi-Fi 6E Applications through Design and Comparative Analysis
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Abstract--- The advancement in antenna technology is critical in meeting the requirements presented by rapid growth in wireless communication, particularly for Wi-Fi 6E. The promising W-shaped dipole antenna has a small size along with exhibiting broadband characteristics. However, most designs still suffer from issues relating to bandwidth, impedance matching, and gain which impact performance for Wi-Fi 6E applications. To address these constraints, this work applies Parametric Design Optimization and Simulation-based Comparative Analysis (SCA). With parametric optimization, several parameters such as arm length, flare angle, and ground structure are claimed to improve antenna efficiency, gain, and bandwidth. SCA, under realistic performance metrics, benchmarks several configurations to identify the best design. This technique enables the proposed framework to perform through iterative electromagnetic simulations that improve accuracy and efficiency in development. It also refines wideband and impedance matching performance for 5.925-7.125 GHz Wi-Fi 6E. Post fabrication and measurement, the altered antenna was verified to surpass traditional models for return loss, gain, and bandwidth. Its constant radiation and efficiency renders it desirable for next generation high-speed wireless communication systems. This research demonstrates how design optimization alongside comparative analysis offers resilient antenna solutions for future wireless standards.
Keywords--- W-shaped Dipole Antenna, Wi-Fi 6E, Parametric Design Optimization, SCA, Broadband Antenna, Impedance Matching.
I. INTRODUCTION
Demand for reduced latency, faster data rates, and better device connection promotes the exponential expansion of wireless communication networks, hence accelerating the evolution of wireless standards. Wi-Fi 6E is among these developments a clear leap forward operating in the recently allocated 6 GHz frequency band (5.925–7.125 GHz). Perfect for high-end video streaming, dense metropolitan networks, and real-time applications, this evolution into the 6 GHz spectrum offers improved general performance, less interference, and more capacity [1]. Still, fully utilize Wi-Fi 6E depends on careful design of efficient, small, high-performance antennas. 
Because of its simple construction, ommonidirectional emission pattern, and manufacturing simplicity, the dipole antenna has been extensively used in many wireless devices [2]. Still, typical straight dipole or planar monopole antennas may fail precisely to satisfy Wi-Fi 6E performance criteria [3]. Among them are to provide compactness suitable for present, small-sized electronics, to maintain constant gain over the band, and to achieve wide impedance bandwidth [4]. Due to its enhanced electrical length and broadband operation capability design, the W-shaped dipole antenna has been a suitable option in recent times [5]. Despite these advantages, present W-shaped dipole designs still have some shortcomings such as low radiation efficiency, bad impedance matching, and stiff design [6].
Our research suggests a best W-shaped dipole antenna to be used in Wi-Fi 6E applications to get around these limitations [7]. Suggested methodology involves coupling SCA techniques with parametric design optimization [8]. Through systematic parameter variation—arm length, spacing, flare angle, ground plane setup—the parametric design technique makes it easier to find combinations of parameters optimizing the antenna's performance parameters [9]. SCA at the same time enables comprehensive evaluation of numerous design configurations, hence providing data on performance trade-offs and guidance on the selection of the best-performing configuration. The aim of this research is to develop an antenna that meets but also exceeds the performance requirements necessary for Wi-Fi 6E deployment [10].
Design may be obtained with a wide impedance bandwidth, steady gain, and reasonable radiation patterns across the entire 6 GHz band by repeated simulations utilizing electromagnetic modeling software [11]. The technique guarantees in balance significant properties to useful purpose, performance, miniaturization, and manufacturing feasibility. After optimization, the antenna was created and demonstrated for empirical verification using known measurement criteria [12]. The stability of the proposed method was established by the excellent agreement of the obtained results with validated models [13]. The final design demonstrates radiation efficiency, gain consistency, and improved return loss (S11) compared to those of existing rivals [14]. Lastly, this paper presents a comprehensive design and evaluation procedure for W-shaped dipole antennas for Wi-Fi 6E systems [15]. It demonstrates how well parametric optimization coupled with comparative analysis yields high-performance, application-oriented antenna designs [16]. Apart from tackling present design constraints, this work provides a basis for future antenna developments in newly developed wireless communication technologies.
TABLE I
MOTIVATION, PROBLEM STATEMENT, CONTRIBUTION OF THIS PAPER
	Section
	Content

	Motivation
	The advent of Wi-Fi 6E operating in the 6 GHz band demands high-performance, wideband, and compact antennas to support increased data rates and lower latency. Conventional dipole designs often fall short in terms of bandwidth, gain, and impedance matching, necessitating advanced antenna design strategies.

	Problem Statement
	Existing W-shaped dipole antennas exhibit limitations in bandwidth, impedance matching, and gain stability across the Wi-Fi 6E spectrum (5.925–7.125 GHz). There is a need for a systematic optimization and comparative analysis framework to design efficient antennas tailored for Wi-Fi 6E applications.

	Contributions
	This paper makes the following key contributions:

	1.
	Design and implementation of a W-shaped dipole antenna specifically tailored for Wi-Fi 6E frequency band, addressing the limitations of traditional designs.

	2.
	Parametric Design Optimization to systematically vary and fine-tune critical geometric parameters for improving antenna performance metrics.

	3.
	Simulation-Based Comparative Analysis (SCA) to evaluate and benchmark multiple antenna configurations for optimal performance across key indicators.

	4.
	Validation of the optimized design through fabrication and measurement, demonstrating improved return loss, bandwidth, and gain suitable for next-gen Wi-Fi systems.
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Fig. 1. Antenna Design Workflow
Starting with defining requirements, optimizing essential parameters, and iteratively refining the design, Figure 1 depicts the process of building a W-shaped dipole antenna for Wi-Fi 6E followed by prototype production and performance validation Wi-Fi 6E compliance.
The upcoming section is as follows: section 2 deliberates the related works, section 3 examines the proposed methodology, section 4 describes the results and discussion and section 5 concludes the overall paper work.
II. RELATED WORK
The rapid growth of wireless communication technology has driven the need for better antennas able to support many frequency ranges and high gain. In this study we examine new antenna designs including a stub-loaded pocket-shaped fractal antenna with a faulty ground structure, a compact UWB monopole antenna with a WLAN notch band, and a dual-element metamaterial-inspired CPW-fed elliptical antenna. Every antenna is optimized for multiband and ultra-wideband (UWB) applications, thereby satisfying significant performance requirements like bandwidth, gain, and efficiency across several wireless communication technologies. 
FSS-Integrated CPW-Fed Dual-Element Antenna (FIPDA)
This paper offers a co-planar waveguide (CPW) fed elliptical antenna designed for multiband wireless applications with dual-element, metamaterial-inspired design. Built on a low-cost FR-4 substrate, the antenna contains two complementary split-ring resonators (CSRRs) loaded in the CPW ground to offer multiband properties. Performance of the antenna is investigated using ANSYS HFSS EM simulator and quasi-static design equations. Integrated as a reflector, a frequency-selective surface (FSS) boosts antenna gain [17]. Design demonstrates a high gain of 9.72 dBi and above 91% radiation efficiency across all bands using multiple frequency ranges extending from 2.67 GHz to 8.93 GHz. Among the many wireless technologies this approach suits are WiMAX, 5G, Wi-Fi, and satellite communications.
Compact UWB Monopole Antenna with WLAN Notch Band (CUWA-WNB)
This work presents an ultra-wideband (UWB), compact, high-gain monopole antenna with a WLAN notch band for forthcoming wireless devices. Built on a 10 mm x 15 mm x 0.254 mm Rogers RT/Duroid 5880 substrate, the antenna features the antenna features a rectangular primary radiator changed with a slot and then enhanced by a Y-shaped radiator in order to span the bandwidth [18]. Added to provide a notch in the WLAN frequency spectrum between 4.59 GHz and 5.82 GHz is a rectangular stub. Having an impedance matching bandwidth ranging from 3 GHz to 14.55 GHz, the antenna offers the great consistency of simulated and observed results indicates its suit for C-, S-, and X-band applications.
Stub-Loaded Pocket-Shaped Fractal Antenna with DGS (SLPSFA-DGS)
This study addresses a stub-loaded pocket-shaped fractal antenna (PSFA) suited for ultra-wideband (UWB) applications with a defective ground structure (DGS). The antenna with a volumetric dimension of 32 x 36 x 1.6 mm¹ displays superior impedance bandwidth than other designs using partial ground plane antennas. Ground plane adjustments help to significantly increase performance; an impedance bandwidth of 11.80 GHz (149.36%) from 2.0 GHz to 13.80 GHz and 5.33 GHz (30.75%) from 14.67 GHz to 20.0 GHz is attained. Max gain observed at 9.7 GHz] is 7.02 dB. The antenna is simulated using HFSS V13; the measured and simulated results show reasonable agreement, hence the antenna is a strong candidate for many UWB applications.
TABLE II
THE COMPARISON OF EXITING METHODS
	S. No
	Methods
	Advantages
	Limitations

	1
	FIPDA
	- High gain (9.72 dBi)
	- Limited to FR-4 substrate for low-cost applications

	
	
	- Wide bandwidth (2.67–8.93 GHz)
	- Requires precise fabrication for optimal performance

	
	
	- Omnidirectional radiation patterns
	

	2
	CUWA-WNB
	- Compact size (10 mm × 15 mm)
	- WLAN notch range (4.59-5.82 GHz) may limit some uses

	
	
	- Wide impedance matching bandwidth (3–14.55 GHz)
	- Not suitable for very high-frequency applications

	
	
	- Good agreement between simulated and measured results
	

	3
	SLPSFA-DGS
	- Wide impedance bandwidth (149.36% and 30.75%)
	- Complex design due to ground structure modification

	
	
	- Suitable for various UWB applications
	- May increase fabrication cost due to
intricate design

	
	
	
	


This paper presents three antenna designs tuned for multiband and UWB wireless applications. First design integrates a frequency-selective surface (FSS) with twin complementary split-ring resonators (CSRR) to increase gain and multiband performance. Ensuring compatibility with globally C-, S-, and X-bands, the second design has a WLAN notch band tiny UWB monopole antenna. Third design: stub-loaded pocket-shaped fractal antenna with a faulty ground construction for increased impedance bandwidth. All designs demonstrate improved fit and performance for forthcoming wireless systems.
III. PROPOSED METHOD
Block diagrams below show the essential steps in the design and optimization of a W-shaped dipole antenna for Wi-Fi 6E applications. Starting from necessities to eventual manufacture, the first diagram illustrates the overall process of antenna design. Emphasizing the parametric optimization process—that is, fine-tuning the geometric properties of the antenna using simulations—the second diagram Emphasizing the importance of prototype creation and performance validation to ensure the antenna fits the desired parameters for Wi-Fi 6E, the third diagram
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Fig. 2. Parametric Optimization and Simulation Process
The "Parametric Optimization and Simulation Process" graphic shows the many steps in enhancing the antenna design via simulation and optimization. First design choices determine initially the W-shaped dipole antenna's set of characteristics (figure 2). Next is evaluating many designs by varying elements such the arm length of the antenna, flare angle, and substrate material using Simulation-Based Comparative Analysis (SCA). Simulations run throughout the Wi-Fi 6E frequency range help one grasp antenna properties like bandwidth, gain, and efficiency. The phase of optimization focused on exact value adjustment to maximize antenna performance. This strategy ensures that the finished antenna performs optimally in real-world Wi-Fi 6E conditions by means of a more exact design approach and little trial and error, therefore permitting iterative design modification. 

In improving the W-shaped dipole shape antenna design, the equation 1 shows a link between important antenna parameters including angle and height. By use of parametric optimization, it facilitates the refinement of any antenna's.
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Fig. 3. Prototype Fabrication and Performance Validation
Showed in the "Prototype Fabrication and Performance Validation" graphic (figure 3), are the latter steps of the antenna design process whereby the ideal W-shaped dipole antenna is physically constructed and tested. Built out of suitable materials, including FR4 Epoxy, the antenna prototype follows parametric design and simulation optimization. Following this is the measurement of the performance characteristics of the antenna under controlled conditions such as radiation efficiency, bandwidth, gain, and return loss. These values obtained through measurement are then checked against simulated values to determine if they match and therefore attest to the validity of the design. If variations are detected, development continues. This process guarantees that the end antenna is up to the stringent specifications of Wi-Fi 6E, thus proving it ready for application in next-generation wireless communication systems with high performance. This graph highlights during the cycle of designing the antenna the need for physical testing. 

The equation captures the geometric and angular links in the radiation pattern of the antenna. It helps to modify flare angle and the height to get ideal radiation attributes for the W-shaped dipole type antenna construction.
In case of a W-shaped dipole antenna being used in Wi-Fi 6E, block diagrams are entirely illustrative of design and verification work. The requirements formulation and parametric optimization serve to begin the process, with comparative simulation-based analysis next used for idealized design. Finally, the created prototype is tested comprehensively through testing verifying efficiency, gain, and bandwidth of the antenna. Ensuring overall optimization of Wi-Fi 6E makes a guarantee possible where problems like scarce bandwidth and lack of proper impedance matching within existing systems are addressed.
IV. RESULT AND DISCUSSION
Wi-Fi's development into the 6 GHz band—also known as Wi-Fi 6E—has been driven by the need for fast wireless connection. This development requires significant efficiency, broad bandwidth, and continuous gain of antennas. Usually not able to satisfy these criteria are traditional W-shaped dipole antennas. To get over these constraints, this work presents a superior W-shaped dipole antenna using parametric design and simulation-based comparative analysis. Important design changes were done to improve performance, therefore guaranteeing fit for next-generation wireless systems.
TABLE III
SIMULATION ENVIRONMENT
	Metric
	Description

	Simulation Tool
	CST Microwave Studio / HFSS (used for 3D electromagnetic simulation)

	Frequency Range
	5.5 GHz – 7.5 GHz (to fully capture Wi-Fi 6E band and fringe effects)

	Substrate Material
	FR4 Epoxy (εr = 2.94, thickness = 1.6 mm, loss tangent = 0.02)

	Mesh Type
	Adaptive tetrahedral mesh for accurate field resolution

	Boundary Conditions
	Open (add space) or Radiation boundaries applied to simulate free-space behavior

	Excitation Method
	Waveguide port or lumped port at the feed point

	Simulation Accuracy
	-50 dB convergence threshold for reliable S-parameter extraction

	Number of Iterations
	25–40 adaptive passes depending on convergence

	Output Parameters
	S11 (Return Loss), VSWR, Gain, Efficiency, Radiation Pattern
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Fig. 4. Analysis of efficiency
Figure 4 shows low power loss and effective radiation over the required frequency range of 5.925–7.125 GHz by the remarkable radiation efficiency of 96.25% of the optimized W-shaped dipole antenna suited for Wi-Fi 6E applications. Perfect parametric optimization permits this great efficiency by reducing return loss and improving impedance matching. Under many loads, the antenna maintains constant performance with little distortion. The suggested design obviously surpasses conventional dipole arrangements, usually with lower efficiency between 85 and 90%. This efficiency degree guarantees the suitability of the antenna for low-latency, high-speed wireless communication in next-generation systems. 

The equation 3,  links the geometric characteristics of the antenna with its radiation efficacy and gain. By optimizing angles and structural elements, it helps to improve the design of the antenna across the Wi-Fi 6E by analysis of efficiency.
TABLE IV
EXISTING METHOD LIMITATIONS VS. PROPOSED METHOD IMPROVEMENTS
	Parameter
	Existing Methods
	Proposed Method

	Bandwidth
	Limited
	Wide (covers 5.925–7.125 GHz for Wi-Fi 6E)

	Impedance Matching
	Poor to moderate
	Optimized via parametric design

	Gain
	Inconsistent across band
	Stable and enhanced

	Design Flexibility
	Rigid, less adaptable
	Highly tunable with parametric control

	Radiation Efficiency
	~85–90%
	High (96.25%)


Table 4 contrasts the acquired improvements with the limitations of current W-shaped dipole antenna design. It emphasizes how conventional approaches fail in bandwidth, gain, and efficiency while the suggested design—by use of parametric optimization and comparative analysis—offers better performance over all pertinent criteria. The chart clearly indicates how successfully the new method addresses important obstacles using Wi-Fi 6E antenna design.

The equation 4,  explains in terms of radiation and the impedance characteristics the link between the angular and spatial fluctuations of the antenna. Considering the placement in space and angular dependence, enhancing bandwidth and gain.
TABLE V
PARAMETRIC OPTIMIZATION AND SIMULATION SETUP
	Parameter
	Range Tested
	Optimized Value
	Impact

	Arm Length (L)
	12 mm – 24 mm
	18 mm
	Affects resonant frequency

	Flare Angle (θ)
	20° – 60°
	45°
	Controls impedance bandwidth

	Ground Clearance (h)
	2 mm – 8 mm
	5 mm
	Influences return loss

	Substrate Dielectric (εr)
	2.2 – 4.4
	2.94
	Impacts efficiency & gain


Table 5 defines the parametric optimization procedure by aggregating the investigated range of values and the related ideal values for every design parameter. Furthermore included are the effects of every parameter on antenna performance, thus demonstrating how specific changes support improved bandwidth, impedance matching, and radiation properties. This graph shows the exact tuning method used to bring the antenna's performance inside the Wi-Fi 6E band to best level.

Equation 5,  represents the effect of spatial fluctuations on the efficiency matching of the antenna. It is used throughout the parametric optimization method to change, therefore guaranteeing better performance for Wi-Fi 6E users.
TABLE VI
PERFORMANCE COMPARISON OF FINAL DESIGN
	Performance Metric
	Simulated Value
	Measured Value
	Standard Requirement

	Bandwidth (GHz)
	1.2 GHz
	1.18 GHz
	≥ 1.2 GHz (Wi-Fi 6E band)

	Return Loss (S11) (dB)
	-25 dB
	-23.6 dB
	≤ -10 dB

	Gain (dBi)
	4.8 dBi
	4.6 dBi
	≥ 4 dBi

	Radiation Efficiency (%)
	96.25%
	95.8%
	≥ 90%


Table 6 contrasts the performance of the previous antenna design both simulated and measured. It validates the amazing accuracy of the simulation-based method as observed values really nearly match expected outcomes. Important benchmarks like bandwidth, return loss, gain, and efficiency reveal themselves to surpass Wi-Fi 6E criteria, therefore confirming the effectiveness of the suggested design and optimization approach. 
Based on a radiation efficiency of 96.25%, broad bandwidth covering 5.925–7.125 GHz, and consistent gain around 4.6 dBi, the ideal W-shaped dipole antenna is quite better than traditional designs. Good correspondence between simulation and measurement enables tables demonstrate limitations of existing approaches, the optimization process, and performance outcomes. The designed architecture not only satisfies but also surpasses Wi-Fi 6E requirements. This validates that a solid approach for building high-performance antennas for next wireless technologies is parametric tuning paired with simulation-based research.
V. CONCLUSION
Responding to the urgent need for high-performance antennas operating in the 6 GHz frequency band, this work addressed the fabrication and optimization of a W-shaped dipole antenna fit for utilization in Wi-Fi 6E networks. Through parametric design optimization and simulation-based comparative analysis (SCA), the antenna design was systematically improved producing enhanced radiation efficiency, broader bandwidth, and better impedance matching. After considerable testing and modeling, the suggested design proved to be very effective with a peak radiation efficiency of 96.25%, a return loss of -23.6 dB, and a bandwidth spanning the whole 5.925–7.125 GHz range. In all relevant performance criteria, the improved design exceeds the traditional ones. Parametric tuning greatly enhanced gain and stabilized radiation patterns by means of flexible modification of significant geometrical parameters. Measured and simulated results demonstrate quite close relationship, therefore proving reliability and appropriateness for usage in the proposed approach in the actual world. 
Finally, the suggested W-shaped dipole antenna satisfies and even surpasses the performance parameters set by Wi-Fi 6E, therefore verifying its future competitiveness as a rival for the wireless devices. Future advancements in high-frequency broadband applications may build on the solid basis given by the specific architecture. 
Future work on how to add the ideal W-shaped dipole antenna into small multi-antenna systems (MIMO) would assist to improve spatial diversity in Wi-Fi 6E networks. Wearable and Internet of Things (IoT) device applications may benefit from further investigation on flexible and reconfigurable substrates. Including cutting-edge geometries to be developed and powerful machine learning approaches into the optimization process helps design cycles to speed even further. Furthermore under investigation is how best to adapt this technology to fit 5G and 6G frequency bands.
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