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Abstract— This paper presents a bandwidth enhancement of patch antenna intended for sub-6 GHz 

applications. A square-shaped radiating patch is configured on a double-layer FR-4 dielectric substrates with 
a dielectric constant of 4.3 and a total thickness of 3.2 mm. To improve the impedance bandwidth, the antenna 
is fed using proximity-coupling method, in which the microstrip feeding line and the ground plane are placed 
on the top and bottom layers of the second substrate. Dual open-ended ring-shaped slots are subsequently 
introduced and etched on the radiating patch element to further enhance the antenna bandwidth. Various slot 

structures are evaluated, and their physical parameters are varied in a parametric study to analyze their effect 
on antenna performance, particularly impedance bandwidth. The proposed antenna has a compact dimension 
of 0.38λ0×0.38λ0×0.06λ0 and exhibits wideband characteristics with a fractional bandwidth of 22.3%. 
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I. INTRODUCTION 

The sub-6 GHz band has been widely utilized in modern 

telecommunication systems, including wireless local area 

networks, 5G, and Internet of Things (IoT) applications. This 

spectrum offers a favorable trade-off between wide coverage 

and high data rates, as well as better propagation characteristics, 

such as lower path loss and better signal penetration compared 

to higher-frequency bands [1]. In these systems, antennas play 

a fundamental role in enabling signal transmission and 

reception. With the rapid growth of wireless communication 

technologies, there is an increasing demand for more compact 

and efficient antenna designs. In response to this need, 

microstrip antennas, also known as patch antennas, have 

emerged as a promising solution. 

Patch antennas offer many attractive features including low 

profile, lightweight, low fabrication cost, and seamless 

integration with planar circuits. However, the conventional 

patch antennas suffer from several drawbacks, such as low 

efficiency and high Q-factor, which result in a narrow 

impedance bandwidth [2]. These drawbacks limit their 

suitability for wideband communication systems. In particular, 

the narrow bandwidth characteristic becomes a critical issue, as 

modern wireless applications require antennas to operate over 

broader frequency ranges to support higher data rates and 

multiple operating bands within a single structure.  

Various bandwidth enhancement methods for patch 

antennas have been reported in recent literature. Common 

approaches include the use of U-slots [3], [4], parasitic patches 

[5], [6], defected ground structures [7], [8], as well as their 

combinations [9]. In addition to these methods, several 

alternative methods have also been explored such as the use of 

complex slot geometries [10], shorting pins or vias [11], 

aperture-coupled feeding [12], and metamaterial- or 

metasurface-based structures [13]. Although these methods can 

effectively improve the impedance bandwidth, they often 

introduce several trade-offs. For instance, the U-slot method 

generally exhibits more complex surface current distributions 

due to its slot geometry, making the impedance matching 

optimization more challenging. Meanwhile, the inclusion of 

parasitic elements and metamaterial- or metasurface-based 

structures commonly increases the antenna dimensions due to 

the additional resonating elements or unit-cell layers. In 

addition, the antenna performance in metamaterial- or 

metasurface-based structures strongly depends on the number 

of unit cells, where increasing the number of cells may further 

increase the structural complexity of the antenna. The use of 

shorting pins or vias may also increase fabrication complexity 

because of alignment sensitivity, particularly in multilayer 

configurations. Moreover, unwanted back radiation introduced 

by defected ground structures, which also serve as additional 

radiating elements, may reduce the antenna directivity and 

consequently degrade the gain performance. A similar 

drawback is also observed in aperture-coupled feeding methods, 

where a slot in the ground plane is required as an 

electromagnetic coupling aperture between the feed line and the 

radiating patch. Alternatively, some designs employ a 

proximity-coupled feeding method [14], [15], due to its merits, 

such as low spurious radiation and the ability to provide wider 

bandwidth, generally exceeding 10%. 

In this paper, a proximity-coupled patch antenna 

incorporating dual open-ended ring-shaped slots is presented. 

The antenna is designed to operate in the sub-6 GHz frequency 

range. The proposed configuration is introduced to improve the 
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impedance bandwidth while maintaining a relatively simple 

antenna structure. By carefully optimizing the slot dimensions 

and feeding configuration, the antenna achieves enhanced 

bandwidth performance without significantly affecting its 

radiation pattern characteristics. The design is intended to 

provide a compact and efficient solution suitable for modern 

sub-6 GHz applications. The main contributions of this work 

are as follows. First, a bandwidth enhancement method is 

proposed by combining a proximity-coupling feeding method 

with the incorporation of dual open-ended ring-shaped slots in 

the radiating element. The proposed configuration excites 

additional resonant frequencies and enables easier impedance 

matching optimization, thereby improving the fractional 

bandwidth without increasing antenna complexity and 

maintaining a low-profile structure. Second, this work presents 

a parametric investigation into the effects of slot geometry on 

antenna performance, providing practical insights for 

bandwidth optimization in sub-6 GHz patch antennas. 

II. METHOD 

A. Wideband Antenna Configuration 

In achieving wideband characteristic, the proposed antenna 

is developed through two sequential stages. First, a patch 

antenna fed using a proximity-coupling method is designed as 

the initial structure, and subsequently the antenna is further 

developed by modifying the radiating patch using dual slots, as 

illustrated in Figures 1 and 2, respectively. In this configuration, 

the patch antenna consists of two dielectric substrates, each 

with a thickness (𝑡) of 1.6 mm and the same length (𝐿) and 

width (𝑊) of 21.6 mm. The material employed for the design 

is FR-4 with a dielectric constant of 4.3 and tan-δ of 0.02. 

Moreover, a square-shaped radiating patch with a length (𝑙𝑝) 

and width (𝑤𝑝) of 10.8 mm is placed on the top side of the first 

substrate, while the feedline and ground plane are arranged on 

the top and bottom sides of the second substrate, respectively. 

This structure enables electromagnetic coupling between the 

feedline and the radiating patch, thereby reducing spurious 

radiation from the feedline and enhancing the impedance 

bandwidth of the antenna compared to conventional patch 

antennas using the microstrip feeding-line method [16]. To 

achieve |S11| below -10 dB, the feedline width (𝑤𝑓)  and 

coupling feedline length (𝑙𝑑) are adjusted. 

Subsequently, without altering the antenna structure from 

the initial design, the radiating patch is modified by introducing 

dual square open-ended ring-shaped slots arranged with a 

certain spacing (𝑑𝑠). In the design, the length of the outer slot 

(𝑙𝑠) is chosen to be approximately half of the radiating patch 

length. The inclusion of slots on the radiating patch alters the 

effective current distribution of the antenna by forcing the 

surface current to flow around the slot edges, as indicated by 

the maximum current marked with red arrows in Figure 3 

(bottom), rather than predominantly in the vertical direction 

along the original direct path observed in the antenna without 

slots, shown in Figure 3 (top). As a result, the effective current 

path length increases, producing additional inductive and 

capacitive effects that introduce an additional resonant 

frequency. Through fine tuning of the slot configuration, the 

induced resonant frequency can be adjusted to occur near the 

fundamental resonant frequency, thereby enhancing the 

fractional bandwidth of the patch antenna. 

 

 
Figure 1. Geometry of proximity-coupled patch antenna. 

 

 
Figure 2. Geometry of proximity-coupled patch antenna with dual open-

ended ring-shaped slots. 
 

 

 
Figure 3. Surface current distribution of patch antenna without slots (top) and 

with slots (bottom) at the frequency of 5.8 GHz. 

 

To investigate the frequency response and impedance 

matching related to the operating bandwidth of the proposed 

patch antenna, different positions of the open-ended slot 

structures are evaluated as depicted in Figure 4(a), and the 

corresponding results are presented in Figure 4(b). The 

selection of these structures is based on the electromagnetic 

coupling generated between the open-ended ring-shaped slots, 

including the inner and outer slots, as well as its interaction with 

the radiating patch of the antenna. The position of the open-

ended sections influences the surface current distribution and 

the coupling strength between the slots, thereby affecting the 

induced resonant frequencies and matching impedance. When 

the open-ended structures are symmetrically arranged at the 
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bottom side of both the inner and outer slots, i.e., Ant. A, dual 

resonant frequencies are observed. The second resonant 

frequency in the higher frequency region shifts toward the 

lower frequency region when the open-ended structures are 

located on opposite sides of both slots, referred to as Ant. B, 

due to the increased effective current path along the slot 

structures. In contrast, for Ant. C and Ant. D, where the open-

ended structures are positioned at the slot edges in opposite 

directions, an additional resonant frequency is excited between 

the first two resonances due to the change in coupling 

characteristics between the slots, resulting in an improved 

impedance bandwidth of the antenna. Similarly, for Ant. E, 

where both open-ended structures are arranged on the same 

edge side of the slots, the frequency response shifts to the 

higher frequency region, attributed to the concentration of the 

current distribution at the slot edges. Given that Ant. D provides 

the widest impedance bandwidth, this structure is adopted for 

further design optimization. 

 
(a) 

 
(b) 

Figure 4. Performance comparison of the proximity-coupled patch antenna 

with different open-ended ring-shaped slot designs, (a) slot geometry, (b) 

simulated |S11|. 

 

 
Figure 5. Effect of slot spacing (unit mm) on the performance of the 

proposed proximity-coupled patch antenna. 

 
Figure 6. Effect of open-ended slot length (unit mm) on the performance 

of the proposed proximity-coupled patch antenna performance. 

 

A. Parametric Study 

In this work, a parametric study of the open-ended square 

slots and feedline geometries is conducted to optimize the 

impedance bandwidth of the proposed patch antenna. The study 

includes slot spacing, open-ended slot length, and the coupling 

feedline length. 

 

1) Slot Spacing 

The coupling effect between the dual open-ended ring-

shaped slots over the radiating patch is investigated by varying 

the slot spacing (𝑑𝑠) from 0.2 mm to 1.0 mm with an interval 

of 0.2 mm. The results depicted in Figure 5 show that the 

variation of 𝑑𝑠  significantly affects the resonant frequency 

response and impedance matching characteristics of the 

antenna. As the slot spacing increases, the mutual coupling 

between the slots decreases, resulting in a shift of both resonant 

frequencies toward the lower frequency region. For larger 

spacing values, particularly 𝑑𝑠 = 0.8 mm and 𝑑𝑠 = 1.0 mm, the 

first resonant frequency exhibits degraded impedance matching, 

as indicated by the higher |S11|. In contrast, for the other spacing 

values, the first resonant frequency achieves better impedance 

matching compared to the higher resonant frequency. Based on 

this parametric study, 𝑑𝑠 = 0.6 mm provides the widest 

impedance bandwidth. 

 

2) Open-Ended Slot Length 

Based on the simulation results shown in Figure 4(b), the 

slot configuration, particularly the position of the open-ended 

section in the slot structure, significantly influences the |S11| 

characteristics and the frequency response of the antenna. 

Therefore, to further examine its effect, the open-ended slot 

length (𝑎) is analyzed by varying its value from 0.3 mm to 1.5 

mm as depicted in Figure 6. It should be noted that, in this study, 

the variation of the open-ended slot length is applied to both 

ring-shaped slots, including the inner and outer slots. The 

variation of 𝑎  also causes a slight shift in the first resonant 

frequency and changes the impedance matching at both 

resonances. The most noticeable effect is observed at the higher 

resonant frequency excited by the slots, which tends to shift 

toward higher frequencies with increasing 𝑎 due to the change 

in the effective current path length. At this resonant frequency, 

the impedance matching gradually degrades for larger values of 

𝑎. In addition, it can be observed that a particular value of the 

open-ended slot length induces an additional resonant 

frequency around 5.5 GHz, particularly for 𝑎 = 0.6 mm and 𝑎 

= 0.9 mm, which is gradually suppressed as the value increases. 
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3) Coupling Feedline Length 

The final parametric study is conducted by varying the 

coupling feedline length (𝑙𝑑).  As ring-shaped slots are 

introduced on the radiating patch to enhance the antenna 

bandwidth, it is necessary to investigate the effect of the 

coupling feedline length on the proposed patch antenna with the 

inclusion of slots, particularly in terms of impedance matching. 

From the results plotted in Figure 7, the variation of 𝑙𝑑 mainly 

affects the |S11|, while the resonant frequencies remain almost 

unchanged. This behavior can be observed at both the lower 

and higher resonant frequencies at 5.06 GHz and 5.85 GHz, 

respectively. As the value of 𝑙𝑑 increases, the |S11| at the lower 

resonant frequency degrades, whereas at the higher resonant 

frequency the |S11| improves. The opposite behavior is observed 

when 𝑙𝑑  is decreased. This demonstrates that variations in 𝑙𝑑 

alters the coupling between the feedline, the radiating patch, 

and the slots, which consequently affects the impedance 

characteristics at both resonant frequencies. As the value of 𝑙𝑑 

increases toward 3.6 mm, the feedline becomes positioned 

below the outer ring-shaped slot, resulting stronger coupling 

between and improved matching impedance at the resonant 

frequency induced by the slots. However, this condition 

inversely causes the impedance matching between the radiating 

patch and the feedline to degrade. The physical parameters of 

the proposed proximity-coupled patch antenna after the 

parametric study are presented in Table I. 

III. RESULTS AND DISCUSSION 

A. Performance Comparison 

Figures 8-10 present the performance comparison of the 

proposed proximity-coupled patch antenna with and without 

slots in terms of frequency response and |S11|, radiation patterns, 

and boresight gain, respectively. From the results shown in 

Figure 8, the proximity-coupled patch antenna without slots 

achieves a fractional bandwidth of 12.3%, ranging from 5.39 

GHz to 6.10 GHz. This bandwidth is significantly wider than a 

conventional patch antenna fed by a microstrip line, which 

typically exhibits a bandwidth less than 5% [16]. Moreover, the 

inclusion of dual open-ended ring-shaped slots provides a 

fractional bandwidth of 22.3%, covering the operating 

frequency range of 4.82 GHz to 6.03 GHz. The wideband 

characteristic of the proposed proximity-coupled patch antenna 

is achieved through the excitation of additional resonant modes 

at 5.06 GHz and 5.48 GHz by the slot structures. As discussed 

in Section II, the open-ended ring-shaped slots modify the 

surface current distribution on the radiating patch, generating 

resonances close to the fundamental mode. The interaction 

among these adjacent resonances broadens the impedance 

bandwidth while reducing the overall Q-factor, thereby 

improving the fractional bandwidth. The bandwidth of the 

proposed antenna improves by about 81.3% compared to the 

proximity-coupled patch antenna without slots. 

 

TABLE I.   PHYSICAL PARAMETER OF THE PROPOSED PATCH ANTENNA 

Parameter Value (mm) Parameter Value (mm) 

𝐿 

𝑊 

𝑙𝑝 

𝑤𝑝 

𝑤𝑓 

𝑙𝑓 

21.6 

21.6 
10.8 

10.8 

3.0 
5.4 

𝑡 
𝑙𝑑 

𝑙𝑠 
𝑤𝑠 

𝑑𝑠 
𝑎 

3.2 

3.0 
4.6 

0.3 

0.6 
0.9 

 

 
Figure 7. Effect of coupling feedline length (unit mm) on the performance of 

the proposed proximity-coupled patch antenna. 
 

 
Figure 8. Frequency response and |S11| of the proposed proximity-coupled 

patch antenna. 

 

 
(a) 

 
(b) 

Figure 9. Normalized radiation patterns of the proposed proximity-coupled 

patch antenna, (a) 5.5 GHz, (b) 5.8 GHz. 
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TABLE II.   PERFORMANCE COMPARISON WITH RELATED WORKS 

 
Figure 10. Gain of the proposed proximity-coupled patch antenna. 

 

Furthermore, radiation patterns and gain are presented to 

demonstrate radiation characteristics of the antenna with and 

without slots. The radiation patterns are plotted at two different 

frequencies within the operating bandwidth of both proximity-

coupled patch antennas, i.e., 5.5 GHz and 5.8 GHz. From the 

results, it is observed that the presence of slots slightly alters 

the radiation pattern of the antenna in the elevation plane (φ = 

0o and φ = 90o). Even though there is a minor change in the back 

radiation, the proposed patch antenna maintains a stable 

radiation pattern at both frequencies, as depicted in Figure 9. In 

addition, as shown in Figure 10, the simulated boresight gain is 

3.1 dBi and 2.6 dBi for the proximity-coupled patch antenna 

without and with slots, respectively. The slight degradation in 

gain performance is attributed to reduced radiation efficiency 

caused by the presence of slot structures on the radiating patch. 

This effect becomes more pronounced in the lower frequency 

region, where the slot element resonates.  

 

B. Discussions 

Performance comparison of the proposed patch antenna 

with related works is provided in Table II, where λ0 represents 

the free-space wavelength corresponding to the antenna center 

frequency. In [17], slot and defected ground structure (DGS) 

were introduced for bandwidth enhancement of a leaky-wave 

antenna and could provide a fractional bandwidth of 11.05% 

with a high gain of 5.06 dBi. Meanwhile, a dielectric resonator 

antenna (DRA) with a wide bandwidth of 26% in the sub-6 GHz 

band was proposed using dual cavity-mode excitation [18]. 

However, the implementation of the DRA structure results in a 

relatively high-profile antenna. In the same frequency band, a 

wideband antenna was achieved using slots, near-field resonant 

parasitic elements, and an air gap between the substrate and the 

ground plane [19]. The use of parasitic elements causes the 

beam to tilt away from the boresight direction and requires 

careful adjustment of the air gap to avoid shifts in the resonant 

frequency.  

In [20], a patch antenna configured using RT/duroid 5880 

was proposed for 5G applications. The antenna provides a low-

profile structure with a fractional bandwidth of 5.96% using a 

dual feedline and truncated configuration. A wideband patch 

antenna was also reported in [21] using multi-resonant elements, 

achieving a bandwidth of 18.5% while maintaining a low-

profile structure. Compared with these works, the proposed 

antenna achieves a fractional bandwidth of 22.3% with a simple 

patch structure and relatively low profile, demonstrating its 

feasibility for wideband sub-6 GHz applications. To improve 

the antenna gain, a low-loss tangent substrate material could be 

employed in the existing structure, however, this would also 

result in changes to the antenna dimensions, particularly for 

materials with lower dielectric constants. 

IV. CONCLUSION 

Bandwidth enhancement of the patch antenna has been 

investigated through a simulation-based approach. The antenna 

is fed using a proximity-coupling method, with dual open-

ended ring-shaped slots etched on the radiating patch. The 

results indicate that the integration of the indirect feeding 

method with proper tuning of the slot configuration enables a 

wide impedance bandwidth in the sub-6 GHz band while 

maintaining a stable radiation pattern. Although a slight 

reduction in boresight gain is observed due to radiation 

deficiencies caused by the slots, the antenna still provides 

adequate gain across the operating bandwidth. Experimental 

characterization of the design will be conducted in the near 

future to further demonstrate its feasibility, and the 

corresponding results will be published subsequently. 
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