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 The article describes an extremely small wideband slotted rectangular patch 

antenna that is suitable for Sub-6 GHz applications in modern wireless 

broadband networks. The suggested antenna is fabricated on a FR-4 substrate 

and has small dimensions of 15 mm ×12 mm ×1.6 mm (88% miniaturization 

when compared to conventional antenna for 3.6 GHz). By adding two 

rectangular slots to the radiating patch, miniaturization is accomplished while 

preserving the antenna's total size unchanged. In order to achieve wideband 

characteristics, which span a frequency range of 3.1 GHz to 6.6 GHz and 

approximate to a 3.5 GHz bandwidth (70.8% fractional bandwidth), the inset 

feed approach and rectangular slots are used. The antenna has excellent 

impedance match, consistent radiation properties, having a peak gain of 2.77 

dB. The evaluations show that the constructed antenna has a high gain, strong 

radiation performance, and is in good correlation with the computed results. 

A fabricated prototype has been assessed and experimentally validated to 

ensure that the proposed antenna is appropriate for portable wireless 

equipment and Sub-6 GHz 5G applications. 
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1. INTRODUCTION 

Because of its great capabilities in terms of coverage, signal penetration, and data throughput, the 

Sub-6 GHz frequency range has become one of the essential components of modern wireless communication 

technology. In Wi-Fi, the internet of things (IoT), and 5G mobile communication technologies, where constant 

connectivity is crucial, frequencies below 6 GHz are widely utilized [1], [2]. In particular, this frequency range 

is crucial for connectivity in the context of 5G technology's massive machine-type communications (mMTC) 

and enhanced mobile broadband (eMBB) services, which enable effective long-distance connectivity for 

numerous devices. The Sub-6 GHz range has reduced propagation loss in comparison to millimeter-wave 

frequencies, allowing for steady operation in both indoor and outdoor settings. This makes it highly suitable 

for IoT-based applications such as smart homes, industrial automation, autonomous vehicles, and remote 

healthcare monitoring systems. 

https://creativecommons.org/licenses/by-sa/4.0/
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Antennas designed for use in IoT-based 5G technology are essential components that provide 

dependable wireless communications between numerous devices. For example, small size, wide bandwidth, 

and consistent radiation performance for various IoT systems are important factors for antennas in Sub-6 GHz 

bands, particularly those at 3.5 GHz frequencies [3]. Because of their comparatively low weight and profile, 

these antennas can be used in a variety of small devices, such as wearable electronics, smart modules, and 

sensors. While effective impedance matching helps to ensure minimal signal losses, wide bandwidth is 

necessary to operate at high speeds and employ various communication standards. The most common methods 

for expanding an antenna's bandwidth and reducing its size are miniaturization and defective ground structure 

(DGS) [4]. 5G IoT antennas are therefore made to meet the demands of contemporary users. 

An antenna configuration for the 5G IoT network still faces a number of technical obstacles despite 

tremendous progress. One of the most significant challenges facing designers is the requirement to minimize 

the number of antennas while preserving exceptional performance in respect to gain, high efficiency, and wide 

bandwidth. Particularly when combined with low-cost materials, miniaturized antennas typically have poor 

radiation efficiency and greater loss values. Maintaining radiation patterns and broadband performance is 

another issue in antenna development. The trade-off between size and performance is the cause of this problem. 

Additionally, many IoT devices are utilized in crowded areas, which leads to electromagnetic interference and 

coupling [5]. Recently, one of the main issues with wireless technologies has been antenna downsizing. As the 

antenna dimensions are reduced, it becomes more challenging to maintain the required radiation efficiency, 

impedance matching, and gain behavior. Miniaturization results in a smaller operating bandwidth because of 

the decrease in effective aperture and the quantity of energy that can be stored in a compact structure [6]. To 

achieve wideband properties in such a small structure, careful form, feeding strategy, and substrate design is 

necessary. Several strategies, including slot loading, DGS, metamaterials, and parasitics, are used to get around 

these challenges [7]-[9]. Nevertheless, these methods make antenna manufacture, tuning, and performance 

stability even more difficult. In addition to these factors, dielectric losses have an impact on smaller antennas' 

efficiency. In antenna engineering, striking a balance between compactness and bandwidth increase is still a 

major research challenge. For the next generation of wireless networks, it is therefore essential to create 

innovative design techniques that integrate broadband operation with miniaturization. 

The integration and performance requirements of Sub-6 GHz 5G and IoT devices have led to the 

development of several small antenna configurations. A compact footprint of about 25 mm ×20 mm ×1.6 mm 

and a wide operating range of 3.3 GHz to 4.2 GHz are achieved by a tiny printed antenna on a FR-4 surface 

featuring a slotted partial surface [10]. A coplanar waveguide (CPW) feed and optimized monopole geometry 

allowed for the downsizing of a flexible four-element multiple input multiple output (MIMO) antenna that 

measures 66 mm ×66 mm ×0.13 mm and operates between 3.2 GHz and 4.12 GHz [11]. Using inverted-L 

branches and shorting pins to save space, this twelve-element dual-band antenna for smartphones covers  

3.32–3.61 GHz and 4.75–5.05 GHz with individual element heights of just 3 mm and element spacing of 3 mm 

[12]. A planar slot antenna can operate in two bands (3.2–3.6 GHz and 4.2–5.1 GHz) in a small area of 

approximately 0.3 λ₀×0.17 λ₀ (approximately 28 mm ×16 mm at 3.3 GHz), using slot and folded T-stub 

mounting to expand the current path [13]. A semicircular slot antenna with DGS that achieves dual-band 

coverage in the Sub-6 GHz region while realizing a compact size of roughly 20 mm ×18 mm [14]. All of these 

experiments demonstrate the great effectiveness of slot loading, folded-stub feeds, flexible substrates, and DGS 

topologies in producing tiny yet wideband antennas. 

To achieve a bandwidth of about 700 MHz in the 3.3–4.2 GHz range, the scientists used a partially 

slotted ground plane beneath a modified patch fed by a basic feedline. A four-port MIMO antenna with an L-

shaped element and ground plane slots provided wide-band matching from 3.2–5.6 GHz (~54% fractional 

bandwidth) through structural arrangement and slot coupling  [15]. By using an inset-coupled feed instead of 

a probe or standard line, the triangle-shaped patch antenna in [16], a small inset coupling feed with triangular 

patch antenna for broadband 5G applications, improved feed-point impedance management and increased 

matched bandwidth. A dipole-based radiator with loop-branch and short-circuit L-shaped feed branches 

obtained a wide band covering 3.3–3.8 GHz (and filtering undesirable bands) with a specifically constructed 

feed network in [17] a novel wideband filtering antenna for Sub-6 GHz. Lastly, a monopole on FR-4 with a 

feed that included a frequency-selective surface (FSS) layer behind the feed line produced impedance 

broadening and bandwidth improvement via feed-FSS coupling in [18] a efficient Sub-6 GHz 5G antenna with 

FSS addition. 

In order to solve the main issues with antenna design for 5G IoT applications, slot loading techniques 

are crucial. Miniaturizing the antenna is necessary, but it must also have adequate bandwidth, gain, and 

efficiency. This can be difficult because there is a trade-off between antenna performance and size. Slot loading 

can alter the electrical length and surface current distribution, enhancing bandwidth and impedance matching, 

by creating slots in the radiating patch in various forms. This feature makes it particularly helpful for  

Sub-6 GHz IoT devices, which require robust wideband operation in order to offer dependable connectivity. 
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Additionally, slot loading can assist make the antenna wideband or multiband without significantly altering its 

size, which is crucial when an IoT device uses multiple frequencies. 

This research proposes a broadband slotted rectangular patch antenna for wireless applications with 

bandwidths lower than 6 GHz. The antenna is built with a FR-4 surface and measures 15 mm ×12 mm ×1.6 

mm. The research is novel since it optimizes dual-slots with an inset feed layout, resulting in an impressive 

reduction ratio of 88% and a fractional bandwidth of 70.8%. Compared to other designs, the suggested antenna 

has a high bandwidth/size ratio and good radiation and impedance characteristics. The remaining portion of 

this investigation is therefore given as followed. The suggested antenna's configuration is shown in section 2. 

Computation and test results are covered in section 3. Section 4 contains a brief review of the paper. 

 

   

2. DESIGN METHOD 

The specifications for the design of Sub-6 GHz 5G IoT applications have been met by a methodical 

approach to antenna design. The first rectangular patch antenna was created using fundamental design 

concepts, and its downsizing was accomplished by adding two slots to the radiating patch. Despite the antenna's 

small physical dimensions, the use of slots increases the effective current route and allows for the achievement 

of numerous resonances, which improves the bandwidth. Impedance matching of the design has been 

accomplished without the need for an additional matching network by employing the inset feed method. The 

design process used for the suggested antenna, from requirement specification to design validation, is shown 

in Figure 1. The design parameters, including operating frequency, small size, and IoT-related specifications, 

were established at the outset. A basic rectangular patch antenna design has been developed based on the 

specified specifications. The idea of slots has been used to change the antenna's current distribution and produce 

more resonances in order to achieve downsizing and bandwidth improvement. The feed's position was then 

altered in order to complete the feed optimization process. Finally, the antenna is fabricated and experimentally 

validated to verify its performance, ensuring that the proposed design meets the requirements of Sub-6 GHz 

5G IoT applications. 

Figure 2 depicts a rectangle-shaped patch antenna construction with all of its design specifications 

clearly indicated. The FR-4 board used for constructing the antenna has an optimal thickness of 1.57 mm. The 

backing material measures 15 mm by 12 mm (WS×LS). The rectangular radiating patch in the substrate's center 

measures 7.4 mm (LP) long by 11 mm (WP) breadth. Two rectangular slots measuring 3.8 mm by 4.8 mm 

(W1×L1) were etched on both sides of the patch to improve bandwidth and compactness. The feedline that 

excites the patch is an inset microstrip feed with dimensions of 1.75 mm (WF) by 4.15 mm (LF), which ensures 

adequate impedance match between the feeding line and the patch's surface area. The copper radiating and feed 

elements are represented by the orange section, while the FR-4 substrate is represented by the blue-colored 

portion. 

 

 

 
 

Figure 1. Workflow diagram of slotted rectangular patch antenna design 

 

 

 
 

Figure 2. Total geometry and configuration of the proposed antenna 
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Figure 3 displays the development of the designed antenna configuration and its corresponding 

estimated reflection coefficients. In the initial step (Level 1), the antenna's structure is a simple rectangular 

radiated patch connected to a microstrip feedline. The typical antenna configuration comprises of a rectangular 

patch situated on a dielectric surface. The antenna's resonance frequency can be determined utilizing the 

corresponding (1) [19]. 

 

𝑓𝑟 =
c

4π𝐿𝑒𝑓𝑓√𝜀𝑒𝑓𝑓
 (1) 

 

This equation uses 𝑓𝑟 as the resonant frequency, c as the speed of light in a vacuum, 𝐿𝑒𝑓𝑓  as the 

optimum length, and 𝜀𝑒𝑓𝑓 as the material's effective permittivity. This basic structure resonates at a single 

frequency about 4.5 GHz, as seen in the black S₁₁ curve. However, it offers narrow bandwidth and poor 

impedance matching due to restricted surface current channels and a lack of structural tuning elements  

(Figure 3(a)). In the second stage (Level 2), two narrow slots are cut into the lower portion of the patch near 

the feedline (Figure 3(b)). These notches effectively modify the current flow and generate a new resonant 

mode, which improves impedance matching and increases bandwidth. Two rectangular slots are imprinted on 

the patch's inner surface in the third and last stage (Level 3), resulting in a more intricate current distribution 

that greatly improves electromagnetic coupling and enables several resonant modes. Figure 3(c) displays a red 

S₁₁ curve with deeper and larger resonances ranging from 3.1–6.6 GHz, indicating significant increase in 

bandwidth and return loss performance. Figure 4 depicts the relevant reflection coefficients for the 

recommended design's evolution. 

 

 

   
(a) (b) (c) 

 

Figure 3. Step-by-step evolution; (a) initial structure (Level 1), (b) intermediate structure (Level 2), and  

(c) final structure (Level 3) 

 

 

 
 

Figure 4. The evolution stages of simulated reflection coefficient (S11) 

 

 

3. RESULTS AND DISCUSSION 

The manufactured design's performance, including bandwidth and normalized gain, is evaluated using 

an agilent vector network analyzer (VNA) has been depicted in Figure 5. Figure 5(a) illustrates the simulated 

antenna's reported reflection coefficient with impedance bandwidth, that have been measured utilizing a 

microwave network analyser. The working model has been examined in an anechoic chamber, as illustrated in 

Figure 5(b), to confirm its electromagnetic radiation and impedance characteristics. 



                ISSN: 2089-4864 

Int J Reconfigurable & Embedded Syst, Vol. 15, No. 3, November 2026: 878-888 

882 

  
(a) (b) 

 

Figure 5. Antenna measurement setups used for performance validation; (a) reflection coefficient 

measurement with a VNA and (b) radiation pattern assessment in an anechoic environment 

 

 

The anechoic chamber is used to assess radiation analysis performance. Cable loss and manufacturing 

tolerance accounted for most of the minor differences between the modeling and measurement results, which 

agree well. The amount of incident energy returned as a result of an impedance mismatch between the 

transmission network and antenna is measured by the reflection coefficient (S₁₁). A lower reflection coefficient 

states superior impedance match, allowing for maximum power transmission with less signal loss. The 

constructed proposed slotted rectangular patch antenna is 15 mm ×12 mm ×1.6 mm in total. The antenna is 

intended to increase bandwidth and compactness for Sub-6 GHz platforms. 

 

3.1.  Reflection coefficient 

Figure 6 shows graphs of the evaluated and computed values of the S₁₁ reflection property for the 

frequency range of 3–8 GHz. The S₁₁ parameter, which indicates more power reception and less signal 

reflection, is used to describe impedance matching. Three resonance peaks with quite similar forms can be seen 

on both plots at 4, 5.5, and 7 GHz. However, the measured values (shown in red and dashed) frequently reach 

deeper minima at -26 dB rather than the anticipated near -20 dB, in contrast to the predicted values. 

Specifically, both responses are nearly equal at 3 GHz and nearly identical at -5 dB. However, there are 

variations in the values in high-frequency regions, which can be linked to manufacturing variations and 

component constraints that are not considered in simulations. There is excellent impedance matching in the 

frequency band of 5 to 6.5 GHz, where reflection dips are far deeper than anticipated. 

 

 

 
 

Figure 6. Comparison graph of S-parameter of the proposed antenna in both simulation and measurement 

 

 

In order to examine the impact of impedance matching on feed width (WF) and ground length (GL), 

Figure 7 plots the fluctuation of the reflection coefficient (S₁₁) against frequency with various structure 
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parameters. Increasing the WF changes the resonance spots and improves impedance matching at specific 

frequencies, as seen in Figure 7(a). WF=1.75 mm results in deeper nulls that suggest lower return loss and 

increased resonance around mid-band. This demonstrates how a broader feed improves the coupling between 

the radiating component and feed line. The bandwidth and resonance in Figure 7(b) are significantly influenced 

by the GL; an increase in GL leads to additional resonances and reduced return losses at specific frequencies, 

particularly at GL=10 mm. All things considered, both factors are essential for fine-tuning the antenna's 

performance; ideal values lead to increased bandwidth and better impedance matching over the targeted 

frequency range. 

 

 

  
(a) (b) 

 

Figure 7. Reflection coefficients under different operating conditions; (a) parametric study of feed width and 

(b) GL 

 

 

3.2.  Surface current analysis 

Figure 8 displays the current density dispersion for every frequency, which can be used to analyze the 

antenna's function. At 3.6 GHz (Figure 8(a)), there is a strong concentration of current in the feed mechanism 

and around the perimeters of the slots, whereas the interiors of the slots are largely inactive. This indicates 

basic-mode operation, where energy effectively couples across boundary routes. The central gap between slots 

and improved peripheral coupling are two areas that are activated by current redistribution at 6.2 GHz  

(Figure 8(b)), demonstrating higher-order mode emergence where more electromagnetic pathways get 

electrified. The enhanced impedance matching at higher frequencies can be explained by the shift from 

confined perimeter currents to diffused multi-region patterns, as the antenna simultaneously takes advantage 

of several resonant routes to produce deeper S₁₁ results. This frequency-dependent current evolution shows 

how the dual-slot structure enables different operational modes that together result in the deeper and sharper 

reflection minima seen in measured data, especially in the 5–6.5 GHz area where mid-band efficiency peaks. 

 

 

  
(a) (b) 

 

Figure 8. Surface current density of the proposed grid array antenna; (a) 3.6 GHz and (b) 6.2 GHz 
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3.3.  Radiation pattern 

Figure 9 illustrates the antenna's functionality across both XOZ-plane and YOZ-plane orientations 

utilizing modelled two-dimensional radiation patterns at 3.6 GHz and 6.2 GHz, correspondingly. Strong 

polarization is evident in the correlated curves at both frequencies, particularly in the XOZ plane where 

sidelobe interference is negligible and the main lobe is well delineated in Figure 9(a). The angular dispersion 

of the YOZ-plane co-polarized response is greater in Figure 9(b). It is evident that the antenna offers a roughly 

omnidirectional and bidirectional pattern across both dimensions at all frequencies. 

 

 

(i) (ii) 

  
(a) 

 

  
(b) 

 

Figure 9. Measured and simulated 2D radiation pattern results of the antenna in the (i) E-plane and  

(ii) H-plane at frequencies of; (a) 3.6 GHz and (b) 6.2 GHz 

 

 

3.4.  Radiation efficiency and peak gain 

For both simulated and details observed, the antenna behavior spanning 3.1–6.6 GHz exhibits a peak 

gain of roughly 2.77 dB near 4.5–5 GHz is shown in Figure 10. The measured gain exhibits minor variations 

but comparable overall levels, whereas the simulated gain stays constant. There is a more pronounced 

difference in radiation efficiency (red curve), with measured values typically 8–10% greater than simulated 

ones. The measured efficiency exceeds the expected range of 72–75%, peaking at about 82% close to 5 GHz 

and remaining above 75% between 4–5.5 GHz. Reduced performance at higher frequencies is indicated by a 

reduction in both gain and efficiency toward 6 GHz. Greater impedance matching attained during fabrication, 

which improves the transfer of energy from the feed to the radiating elements, is responsible for the increased 

observed efficiency. 

The conventional antenna, with a larger size of 45×35 mm², operates at 3.6 GHz but provides a 

relatively narrow bandwidth of 0.7 GHz, indicating limited frequency coverage. By introducing slot loading 

without an inset feed, the antenna size is significantly reduced to 22×16 mm², achieving approximately 72% 

miniaturization, while the bandwidth is substantially improved to 2.8 GHz due to the creation of additional 

resonant modes. Miniaturization is typically calculated by comparing the proposed antenna size with a 

conventional reference antenna for 3.6 GHz. 
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Miniaturization (%)   =  
Area of the Conventional Antenna−Area of the Proposed Antenna 

Area of the Conventional Antenna
× 100  

 

=  
1575−180 

1575
× 100 = 88.6% 

 

 

 
 

Figure 10. Variation in the designed slotted antenna's peak gain and radiation efficiency 

 

 

3.5.  Performance comparison 

A comparison of the suggested antenna with previously published wideband miniaturized designs for 

Sub-6 GHz applications is shown in Table 1. The proposed work achieves the highest miniaturization of 88.1% 

with a compact electrical size of 0.24 λ₀ × 0.19 λ₀, while maintaining a larger bandwidth of 3.1–6.6 GHz and a 

maximal fractional bandwidth of 70.8%, outperforming most existing designs. In comparison, Ucar et al. [20] 

offers a compact size but is limited by a very narrow bandwidth (6.05%), whereas Mohan et al. [21] provides 

relatively wideband performance (66%) with lower miniaturization. Designs in [22], [23] demonstrate multi-

band characteristics, but they either exhibit moderate bandwidth or larger antenna dimensions, with [23] 

achieving higher gain at the expense of size. Similarly, Nafi et al. [24] shows limited gain and moderate 

bandwidth despite using an FR-4 substrate, and Desai et al. [25] provides reasonable bandwidth but lacks 

miniaturization data and has a comparatively larger electrical size. The suggested antenna is a competitive 

option for contemporary Sub-6 GHz wireless and IoT applications since it provides an enhanced trade-off 

between compact size, wideband operation, and consistent gain. 

  

 

Table 1. Comparison with previously published wideband miniaturized antennas for Sub-6 GHz band 

Reference 
Antenna 

size (λ0) 

Miniaturization 

(%) 
Substrate used Bandwidth (GHz) 

Fractional 

bandwidth (%) 
Peak gain (dB) 

This work 0.24×0.19 88.1 FR-4 3.1–6.6 70.8 2.77 

Ucar et al. [20] 0.26×0.26 83.0 Arlon 3.37–3.58 6.05 2.97 

Mohan et al. [21] 0.33×0.28 76.2 FR-4 2.8–5.6 66 2.95 

Ullah et al. [22] 0.40×0.42 57.2 Rogers RO4003 3.2–37 and 5.7–6.1 14.5 and 6.8 2 and 3.24 
Saeidi et al. [23] 0.35×0.70 35.7 Denim and 

PTFE 

3.25–3.65 and 5.4–

5.85 

11.6 and 8.0 7.2 

Nafi et al. [24] 0.56×0.54 21.0 FR-4 3.3–4.2 and 4.4–5 24 and 12.8 0.05 and 1.88 
Desai et al. [25] 0.54×0.72 - PET 3.89–5.90 41.1 3 

 

 

4. CONCLUSION 

Considering a reduction of about 88%, the developed small slotted rectangular patch antenna shows 

a good degree of minimization. Additionally, the antenna exhibits strong performance with effective wideband 

characteristics across the 3.1–6.6 GHz operational frequency range. Over the operating frequency range, the 

proposed antenna has a return loss of less than −10 dB and a sufficient observed fractional bandwidth of 

approximately 70.8%. With a pleasant radiation pattern and an average gain of 2.77 dB, the built antenna 

validates the concept with satisfactory agreement among simulated and real measurements. Despite the 

antenna's exceptional performance, the FR-4 substrate used in the design shows some loss, which reduces the 

proposed patch antenna's overall efficiency. The current design cannot be used to achieve frequency 

reconfiguration or boost the gain of the patch antenna. The approach is an appropriate choice for a variety of 

embedded systems, wearable technology, reconfigurable devices, very large scale integration (VLSI)-based 
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communication systems, and other emerging wireless communication technologies due to its superior 

performance and effective wideband characterization. 
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