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Recent years have seen a rise in the use of microstrip patch antennas (MPAs) due to their superior radiation properties, affordability, lightweight design, ease of feeding, and ease of manufacturing and analysis. This study investigates how the addition of Defected Ground Structures (DGS) affects the performance of microstrip patch antennas designed for Industrial, Scientific, and Medical (ISM) band applications. Both antennas are developed using an inexpensive FR-4 substrate that has a thickness of 1.6 mm and a dielectric constant of 4.4. Using HFSS software, the antennas are studied and simulated at the ISM Band operating frequency. The design was verified by manufacturing and experimental testing with a Vector Network Analyser (VNA).
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1. INTRODUCTION
With the continuous evolution of the industry in the ISM radio band, there is a growing demand for small, efficient, and high-performance antennas that have become essential components of wireless communication system. Microstrip patch antenna one of the most preferred antennas due to its requirement of low profile, ease of fabrication, compatibility with integrated circuit [1]-[5]. Conventional microstrip patch antennas also have the drawback of narrow bandwidth, low gain, and surface wave loss [6]-[8].
Different techniques have been proposed to combat these problems, among which is the application of Defected Ground Structures (DGS) [9]. DGS, specifically, is the intentional inclusion of defects or patterning on the ground plane of a microstrip antenna that changes the current distribution and associated electromagnetic fields that can improve antenna performance [10], [11]. DGS is conceptually derived from Electromagnetic Band Gap (EBG) structures and Photonic Band Gap (PBG) structures, but it provides a simpler design and easier implementation [12]. Such methods have demonstrated enhancement in parameters like gain, bandwidth, and radiation efficiency [13], [14].
DGS has been shown in some recent studies to significantly improve different antenna parameters. Specifically, DGS have applied in suppression of high-order harmonics, the mutual coupling reduction in antenna arrays and the impedance matching [15]-[17]. In the context of ISM band applications, DGS has been successfully employed to enhance bandwidth and gain [18].
DGS is proved to enhance antenna performance in literature [19], [20]. A microstrip patch antenna with U-shaped DGS obtained substantial enhancement in bandwidth and return loss [21]. A circular microstrip patch antenna was also miniaturized utilizing a novel DGS design that operated at 2.45 GHz that demonstrated improved performance for ISM band applications [22], [23].
In this study, we are going to introduce and investigate a microstrip patch antenna with inset feed considering DGS and without DGS to observe the effect of DGS on antenna characteristics in ISM band application. The parameters studied include reflection coefficient, VSWR, impendence matching and gain.

2. ANTENNA DESIGN AND SIMULATION
2.1 MATHEMATICAL DESIGNING
The equations for patch width, substrate height, effective dielectric, patch length are given by the following: equation The proposed antenna's dimensions are designed using the following equations: 
Patch width (𝑊)
					(1)
Where, 𝑐 = light speed in vacuum 
fr = resonant frequency
Substrate height (ℎ)
 >1.						(2)
Effective dielectric constant (εreff) 
		(3)
Patch length (𝐿)
					(4)
			(5)
Ground plane dimensions are
𝐿𝑔 = 𝐿 + 6ℎ					(6)
𝑊𝑔 = 𝑊 + 6ℎ					(7)

2.2 ANTENNA WITHOUT DGS
The first design is a rectangular microstrip patch antenna with an inset feed. The antenna is designed to operate at the ISM band frequency of 2.4 GHz. The substrate used is FR4 with εr=4.4, tanδ=0.02, and substrate thickness of 1.6 mm. The patch and inset feed dimensions are optimized for the desired resonant frequency. Fig.1 and Fig. 2 shows the radiating patch and ground plane without DGS. 
[image: ]
Fig.1: Proposed antenna patch design
[image: ]
Fig.2: Proposed antenna ground plane without DGS
2.3 ANTENNA WITH DGS
To study the effect of DGS, a rectangular slot is cut in the ground plane directly beneath the patch (fig. 4). The slot dimensions and position are selected to improve the antenna parameters without affecting the fundamental mode of operation. Fig. 3 and Fig. 4 shows the radiating patch and ground plane with DGS. Both antenna configurations are simulated using High Frequency Structure Simulator (HFSS). The simulations are carried out to study parameters like S11, VSWR, return loss, and gain.
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Fig.3: Proposed antenna patch design
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Fig.4: Proposed antenna ground plane with DGS
The dimensions of proposed antenna design as shown in Table 1.
	Dimensions
	Value (mm)

	Width W0
	60

	Width W1
	29

	Width W2
	9.5

	Width W3
	15.5

	Width W4
	3

	Width W5
	10

	Length L0
	60

	Length L1
	37

	Length L2
	5

	Length L3
	3

	Length L4
	16

	Length L5
	36



Table 1. Proposed antenna specifications along with their dimensions with DGS
2.4 SIMULATION SETUP
Both antenna configurations were simulated using the High Frequency Structural Simulator (HFSS) to obtain parameters such as reflection coefficients S11, VSWR, impedance matching, and gain.
3. RESULTS AND DISCUSSION
3.1 REFLECTION COEFFICIENT AND VSWR
The simulated reflection coefficient S11 for the antenna without DGS stands at -21.35 dB at the operating frequency of 2.4 GHz, indicating good impedance matching at the desired frequency. However, other resonances are also being characterized at 3.8 GHz and 4.5 GHz with S11 values of -28.45 dB and -11.72 dB, respectively. The simulated reflection coefficient of the proposed antenna without DGS is shown in Fig. 5. 
[image: ]
Fig. 5: S11 Parameter of simulated rectangular patch antenna without DGS.
Since the DGS is introduced, the reflection coefficient at 2.4 GHz is changed to -18 dB; the additional resonances are, respectively, shifted to 3.83 GHz (-27.47 dB) and 4.57 GHz (-14.12 dB). The VSWR value for both configurations remain less than 2 over the resonant frequencies, hence indicating good impedance matching. The simulated reflection coefficient of the proposed antenna with DGS is shown in Fig. 6.
[image: ]
   Fig. 6: Simulated S11 Parameter of rectangular patch antenna with DGS.
3.2 IMPEDANCE MATCHING
Smith Chart analysis shows that the DGS antenna has a better impedance matching at the resonance frequency than the antenna without DGS. The DGS introduces additional inductance and capacitance that help in better matching the antenna impedance to the feed line. Figs. 7 and 8 show the simulated Smith chart for the rectangular patch antenna without DGS and with DGS, respectively.  
[image: ]
Fig. 7: Simulated Smith Chart of rectangular patch antenna without DGS.

[image: ]
Fig. 8: Simulated Smith Chart of rectangular patch antenna with DGS.

3.3 GAIN
The presence of the DGS leads to an enhancement in antenna gain against the case of no DGS, which can essentially be attributed to surface-wave suppression as well as modification of the current distribution on the ground plane for better radiation. Simulated gain of rectangular patch antennas is shown in Figure 9, which is without DGS, and Figure 10, which has DGS. 
[image: ]
Fig. 9: Gain of simulated rectangular patch antenna without DGS.      
                                    [image: ]
Fig. 10: Simulated Gain of rectangular patch antenna with DGS.
3.4 FABRICATION AND MEASUREMENT
The antenna along with optimized DGS is fabricated shown in Figures 11 and 12 front view and back view on an FR4 substrate. The measured reflection coefficients were -19.67 dB at 2.37 GHz, -14.58 dB at 3.75 GHz, -16 dB at 4.4 GHz, and -13.55 dB at 4.77 GHz. The measured ranges of VSWR were between 1 and 1.5 in the resonant range. Figures 11, 12, and 13 display the fabricated reflection coefficients, VSWR, and Smith Chart of the proposed antenna with DGS. 
[image: ]
Fig. 11: Front view                                                   
[image: ]
Fig. 11: Back view

[image: ]
Fig. 11: S11 Parameter of fabricated rectangular patch antenna with DGS.
[image: ]
Fig. 12: VSWR of fabricated rectangular patch antenna with DGS.
[image: ]
Fig. 13: Smith Chart of fabricated rectangular patch antenna with DGS.
4. CONCLUSION
This paper studies the benefits of Defected Ground Structures (DGS) in microstrip patch antennas for the ISM band application. The strategic introduction of the ground plane led to significant improvements in gain, bandwidth, and impedance matching. The DGS modified antenna's reflection coefficient was -19.67 dB at 2.37 GHz, while the VSWR was between 1 and 1.5 for all resonated ranges of the antenna. Improved gain was attributed to reduced surface wave interference, and the improved impedance characteristics were confirmed by the Smith chart analysis. This suggests that microstrip patch antennas can be DGS integrated while still being dependable and efficient and thus suitable for modern wireless communication systems.
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