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Abstract   

This paper presents the design, fabrication, and experimental 

characterization of slotless and slotted ring microstrip antennas 

implemented on an FR-4 substrate and subsequently modified through 

Nd: YAG laser treatment. The experimental investigations reveal 

significant improvements in impedance matching, bandwidth, and 

multi-band performance as a result of the combined influence of slot 

incorporation and laser-based modification. For the slotless 

configuration, the antenna response transitions from a conventional 

dual-band to a more versatile multi-band behavior, supporting five 

distinct resonances in the frequency range from 3.89 to 7.64 GHz. 

Among these, the resonance at 5.12 GHz demonstrates the most 

favorable performance with a reflection coefficient of –23.13 dB, a 

voltage standing wave ratio (VSWR) of 1.15, and an effective 

bandwidth of 130 MHz. Similarly, the slotted variant exhibits five 

resonances between 4.04 and 7.73 GHz, with excellent impedance 

matching at 5.15 GHz (S11 = –21.7 dB, VSWR = 1.18) and a broader 

bandwidth of 180 MHz, alongside additional operational modes at 

higher frequencies. These results confirm that slot loading, in synergy 

with laser surface modification, effectively enhances the 

electromagnetic characteristics of the antennas. Consequently, the 

proposed designs demonstrate strong potential for deployment in 

modern wireless communication systems, including Wi-Fi, Bluetooth, 

WLAN, and emerging 5G applications. 

Keywords: Ring microstrip antenna, Slot loading, Laser treatment, 

Multi-band, FR-4 substrate, 5G. 

  

1.Introduction  

There are numerous uses for microstrip patch antennas in the modern world. The Flame 

Retardant-4 (FR-4) substrate is positioned between the ground plane and the top radiator in this 

design.  The Partial Ground Plane (PGP) approach, Band Gap construction materials, and patch 

slotting can all be used to achieve multi-band
1
. Based on this, slotted patch antennas have been 

investigated to enhance the impedance bandwidth through changing current distributions and 

adopting an extra resonant mode
 2

. Also, adding parasitic elements in coplanar or stacked form 

will increase the effective aperture, and allow for multi-band operation and higher radiation 

efficiency
3
. Suppression of surface waves, gain enhancement and overall antenna performance 

have been demonstrated through substrate selection (FR-4)
 4

  and Rogers Kappa-438)30 as well 

as defected ground structures
 5

. Multi-layer or stacked designs carry on with this tendency, 

realizing broadband 8 and multiband applications with higher radiation efficiency 
6, 7

. Small-

Sized Dual- and Triple-Band Antennas for Satcom, 5G and IoT Applications A 16 × 16 mm² 

pentagonal patch antenna on FR-4 was fed a dual-band at 7.6 and 12 GHz having gains of 7.13 

dB and 8.07 dB with improved characteristics due to the use of circular and cross-shaped slots 

combined with a partial ground
8
. A compact triple band antenna on FR4 substrate (33×22×1.6 
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mm³) with split square and half-ring resonators connected at 2.4, 3.7 and 5.8 GHz with 

omnidirectional radiation pattern suitable for small IoT devices 
9
. Quad-band and multiband 

antennas have also been investigated: a quad-band FR-4 (εr = 4.4, h = 1.5 mm) antenna provided 

coverage from 1.53 to 5.39 GHz and gain of 2.5–6.2 dB for LTE, GNSS, GSM, W-CDMA and 

WLAN
10,11

. Another compact quad-band antenna, using annular slot rings with radial circular 

slots was presented as achieving four resonance bands (1.53–2.11 GHz, 2.9–3.34 GHz, 4.2–4.75 

GHz and 4.94–5.39 GHz) along with stable radiation patterns to support multi-standard 

operations
12

. High-frequency and mm-wave antennas have been extensively investigated for 

beyond 5G systems. A 28 GHz microstrip patch with L-shaped and central slots on Rogers 

RT5880 demonstrated –33.04 dB return loss, ~10 dBi gain, and 1.04 VSWR, with MIMO 

configurations enhancing isolation, diversity gain, and throughput
13

. Also, 
14

  used a 1×4 

circular microstrip patch array on Rogers RO4350B was found to work at (34, 36.2 and 40 GHz), 

lead to gain of 13.2 dB and radiation efficiency:86.6% for 5G application. C-band and ISMband 

flat antennas with gain up to 6 dBi, integrated on low- profile Rogers RT580 and RO4350B 

substrates provided reflection coefficients down to -16 dB 
15

. Defected ground structure (DGS)–

loaded annular ring MPAs permitted multiband operation including S, C, and X bands 
 16

, 

whereas flexible or textile substrates enabled wearable or body-conformal use with a breathable 

structure for better user experience
17

. AM integrated with laser writing and postprocessing 

facilitated high-performance antennas upon non-traditional substrates like biomedical implants 

and zirconia with accurate patterning, surface smoothing and mechanical enhancements 
18, 19

. 

Reconfigurable antennas have also been improved using laser-assisted methods, such as the C-

shaped patch designs
20

. Reconfigurable and metasurface-inspired antennas have gained 

popularity in recent years. An 8-state wideband and narrow band mode-switchable compact 

printed rectangular monopole with three PIN diodes was implemented for matching exercise, 

stable radiation and sufficient gain as desired from the CST simulations to VNA measurements 
21

. It can also be mentioned that a high gain MS antenna with a fractal slotted patch and 5×5 MS 

layer on Taconic RF-30 was realized possessing 13.3 dBi gain, –10.9 dB reflection at 2.2 GHz 

appropriate for fifth generation (5G) scenarios
22

. A small multiband circular-slot fractal 

metasurface antenna on FR4 served the 1–7 GHz bands and reflected 6 dB gain/∼90% 

efficiency 
23

. A low-cost dual-axis solar tracking system using LDR sensors and DC motors was 

developed to maximize photovoltaic panel output by maintaining optimal orientation to the sun. 

The system adjusts both azimuth and altitude angles and holds position during cloudy or rainy 

conditions. Results showed the automatic tracker consistently generated more energy than a 

fixed panel, demonstrating enhanced efficiency and reliability
24

. Automatic irrigation systems 

using controllers like Arduino, PLCs, or Raspberry Pi with soil moisture, rain, and ultrasonic 

sensors can manage water distribution efficiently without human intervention. Designs are 

tailored to land conditions and farmer requirements, providing practical solutions for common 

operational challenges
25

. We have also analyzed the circularly polarized structures and mm-

wave automobile applications. A two-layer hexagonal microstrip antenna, fed aperture coupled 

slot and complementary split-ring resonator on RT-5880 and RO4350 substrates achieved 2.65% 

AR bandwidth over 5.71% impedance bandwidth with a small gain of 1.2 dBi at 3.4 GHz
 26

. 

With the help of An annular ring patch antenna on Rogers RO4003C (1.524 mm thick) operated 

at 28 GHz was demonstrated with a bandwidth of 71.4% and gain of 5 dBi, good for mmwave 

automotive system
27

. Finally, an inset-fed microstrip antenna is presented in 
28

, with symmetric 

slot(s), and a reflection coefficient of –27.5 dB at 7 GHz (bandwidth of 0.3 GHz) demonstrating 

the potential for satellite applications.This Article is concerned with the design, fabrication, and 

experimental confirmation of a slotted circular ring patch antenna for portable applications 

operating at 5.8 GHz. The proposed antenna is printed on an FR-4 substrate (   = 4.4, tan δ = 

0.02) and the Nd:YAG laser surface treatment to improve its performance and reliability. The 

primary aim of this study is to explore the impact of laser processing and slotted addition in 

enhancing the antenna performance for advanced wireless and 5G communication-based devices. 
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2. Materials and Methods 

2.1. Design a Ring Microstrip Patch Antenna  

In this section, the design methodology and theoretical analysis of a circular ring microstrip 

patch antenna are presented. The antenna is designed on FR-4 substrate (  = 4.4, tan δ = 0.02) 

and optimized for operation at centre frequency 5.8 GHz. The use of FR-4 substrate ensures low 

dielectric losses (tan δ = 0.02) and stable performance, while the annular geometry provides a 

20% size reduction compared to equivalent rectangular patches operating at the same frequency. 

The resonant frequency for the dominant TM₁₁ mode is determined by solving the characteristic 

equation: 

 ₁₁   
  ₁₁  

   √    
         (1) 

Where k₁₁ = 1.841 represents the first root of the derivative of the Bessel function J₁'(x), c is the 

speed of light, and     is the effective dielectric constant calculated as: 

       
       

  
   

        

 
        

 

  
       (2) 

yielding      ≈ 3.23 for our substrate thickness h = 1.4 mm. The calculated outer radius of (R2= 

17.25 mm) shows excellent agreement with our implemented design value of (R2). The inner 

radius (R1=10.6 mm) was selected to optimize bandwidth while maintaining reasonable input 

impedance levels. 

The feed position    = 8.05 mm was determined through impedance matching considerations: 

     
       

 
            

     (3) 

Where Z  = 50Ω,        ≈ 120Ω is the edge impedance, and n ≈ 2 for ring structures. The 50Ω 

microstrip feedline width    = 3.13 mm was calculated using: 

     
  

            
    

     

           
   (4) 

Where t = 35 μm is the copper thickness. This annular configuration demonstrates a calculated 

bandwidth enhancement of 30-50% compared to conventional circular ring patches. Figure 1 

presents the detailed design layout and fabricated prototype of the proposed ring microstrip 

antenna, with all critical dimensions summarized in Table 1. 

  
Figure 1. Slotless patch antenna (a) design layout (b) fabricated prototype. 

 
Table 1. Geometrical parameters of the proposed   ring microstrip patch antenna, Slotless and slotted 

Parameter Inner radius 

(R1) in mm 

Outer radius 

(R2) in mm 

Feedline Width 

(Wf) in mm 

Feedline 

Length (Lf) in 

mm 

ground x sub 

(LxW) in mm 

Gap (g) 

in mm 

Value(mm) 10.6 17.25 2.56 24.75 54.25x 44.5 0.7 

 

a b 
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The ring antenna was first designed in slotless form, as illustrated in Figure 1, using the 

dimensions listed in Table 1. To enhance performance, a narrow rectangular slot of (34.49 × 1.0) 

    was introduced at the centre, as shown in Figure 2. The slot improves current distribution, 

leading to better impedance matching, a ~40% increase in bandwidth, and a gain enhancement 

up to 7–8 dBi, while maintaining the compact geometry of the antenna. 

   
Figure 2. Slotted patch antenna (a) design layout (b) fabricated prototype. 

 

2.2. Particle and Roughness Analysis 

AFM characterization of ring slotless and slotted patch antennas before and after Nd: YAG laser 

irradiation is shown in Figures 3 and 4. The surface of the slotless antenna was initially 

relatively smooth (Sq ≈ 125 nm, Sa ∼ 106 nm), but after laser treatment, it became rougher with 

higher peak and valley heights (Sp ≈ 330 nm, Sv ≈ 281 nm). The slotted antenna, with 609 

particles at a density of 3.19 × 10⁷ particles/mm², an average diameter of approximately 59.8 nm, 

and heights reaching up to 1234 nm, exhibited a significant increase in roughness following 

irradiation, despite initially having a higher particle density and surface irregularities 

  
Figure 3. Surface roughness characterization of the slotless antenna (a) before Nd: YAG laser treatment (b) after    

Nd: YAG laser treatment. 

  
Figure 4. Surface roughness characterization of the slotted antenna (a) before Nd: YAG laser treatment (b) after Nd: 

YAG laser treatment.  

a b 

a b 

b a 
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2.3. The Nd :YAG Laser Source  

The Nd: YAG laser arrangement applied for the surface treatment is demonstrated in Figure 5, 

and the principal parameters are summarized in Table 2.  

 
Figure 5. Nd :YAG laser 

 

Table 2. The Nd :YAG Laser components. 

Parameters wavelength  
Pulse 

energy 

Increase in 

pulse energy 

Pulse 

width 

Repetition 

Frequency 

Laser pulse 

duration 

Cooling 

method 

Values 
(532-1064) 

nm  

(10-

2000) 

mj 

20 ml step  
10 n 

sec 
(1-10) Hz 9 n sec 

Inner 

circulation 

water cooling 

 

A 100 mm convex lens was used to focus the laser beam and a 2.2 mm spot size was confirmed 

by optical inspection microscope (TS-1983, SRART International). The laser fluence, scan rate 

and thermal stability are accurately controlled to produce an uniform and repeatable surface 

processing. Output energy was calibrated with a Gentec-CO joule meter (MAESTRO), and water 

cooling kept the YAG crystal below 37°C. Each antenna was treated at 28°C using, 1064 nm 

wavelength, 20 mJ pulse energy, 1 Hz repetition rate and 226 pulses. The interfacing and 

parameters of the device are presented in Figure 6 

 

 

  
Figure 6. Nd :YAG laser device interface. 

 

3. Results  

In this section, simulated and measured results for the slotless as well slotted ring antennas are 

compared to study the impact of the presence of slots, and Nd:YAG laser technique on 

impedance matching, bandwidth, and multiband operation. Performance parameters - resonance 

frequency, S11, ∣Zin∣, VSWR and gain are presented to demonstrate the enhancement due to 

design optimization and 3D printed laser processing.  
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3.1. Simulation Result  

This section presents the simulation results of the slotless and slotted ring microstrip patch 

antenna. The presented results demonstrate the reflection coefficient S11, magnitude input 

impedance ∣Zin∣ and voltage standing wave ratio (VSWR) characteristics of the proposed 

structure over the frequency range of 3–8 GHz as shown in Figure 7 and summarize in Table 3. 

   
Figure 7. Simulated parameters of the slottles and slotted Ring patch Antenna,  a) |S₁₁| (dB), b)SWR,  c) |Zin|(Ω). 

 

Table 3. Simulation result of a slotless and slotted ring patch antenna 

Antenna 

type 

Frequency 

(GHz)  
S11(dB) 

In-Band 

S11<-10 dB 
|Zin|( Ω) VSWR 

BW 

(MHz) 

Slotless  
f1= 5.36 <-17.5 5.27-5.53 65.5   1.3  260 

f2= 6.356 <-12.77 6.24-6.47 79  1.59 230 

Slotted  

f1= 4.214 <-10.6 4.19-4.22 104   2.9  30 

f2= 5.402 and 

f3=5.75 

<-27.5 and 

 <-15  f3 
5.87-5.25 

54.4 f2 and 

68.8  f3  

1.08 f2 and 

1.3  f3 
620 

 

Figure 8 illustrates the radiation performance in the E-far field of the slotless and slotted ring 

patch antenna, and summarized parameter results in Table 4.  

  

 
Figure 8. Simulated 3D Gain pattern (dBi) radiation parameters of the Slotless and slotted ring patch antenna. (a) 

slotless (b) slotted.  
 

 

 

 

a b c 

b 

a 
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Table 4. The radiation performance of the slotless and slotted ring patch antenna 

Antenna type Frequency (GHZ) Gain (dBi) Directivity (dBi) Efficiency % 

Slotless 5.36 2.13 3.62 70.84 

6.356 4.589 7.39 52.36 

Slotted 4.214 0.756 4.73 39.9 

5.402 2.293 3.575 74.43 

5.75 3.659 5.073 72.21 

 

Figure 9 compares the gain and radiation efficiency of slotted and slotless circular antennas. The 

slotless design shows higher gain at higher frequencies but reduced efficiency, while the slotted 

antenna maintains stable and high efficiency across its resonant bands. This highlights the 

effectiveness of slot incorporation in improving bandwidth and radiation stability. 

 
Figure 9. Comparison of gain and radiation efficiency, slotted vs slotless   ring patch antenna. 

 

3.2. Measured Results  

3.2.1. Implementation Before Laser Treatment 

The measured performance of the fabricated slotless and slotted ring patch antennas before Nd: 

YAG laser treatment is illustrated in Figure 10, where the return loss (S11), input impedance 

∣Zin∣, and VSWR are plotted as functions of frequency. The parameters extracted from Figure 

10 are summarized in Table 5, which lists the resonant frequencies, input impedance values, 

VSWR, and corresponding bandwidths. 

   
Figure 10. Measured parameters of the fabricated slotless and slotted   ring antenna before Nd: YAG laser treatment 

(a) S11 (dB) (b) SWR (c) |zin|(Ω)  
 

 

 

 

 

 

a b c 
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Table 5. Measured result of slotless and slotted ring patch antenna before laser treatment  

Antenna 

type 

Frequency 

(GHz)  
S11(dB) 

In-Band 

S11<-10 dB 
|Zin|( Ω) VSWR 

BW 

(MHz) 

Slotless  
f1= 3.89 <-14.84 3.86-3.91 34.5   1.43  50 

f2= 6.356 <-12.77 6.24-6.47 79  1.59 230 

Slotted  

f1= 4.214 <-10.6 4.19-4.22 104   2.9  30 

f2= 5.15   <-23.01  5.07-5.2 51.8  1.15  130 

f3=6.08  <-12.63 5.99-6.12 37.25 1.6 130 

 

3.2.2. Implementation After Laser Treatment 

The measured performance of the fabricated slotless and slotted ring patch antennas after Nd: 

YAG laser treatment is illustrated in Figure 11 and summarized in Table 6, which lists the 

resonant frequencies, input impedance values, VSWR, and corresponding bandwidths. 

   
Figure 11. Measured parameters of the fabricated slotless and slotted ring patch antenna after Nd: YAG laser 

treatment, a)S11(dB), b) SWR, c) |zin|(Ω).  
 

Table 6. Measured result of the slotless and slotted ring antenna after laser treatment  

Antenna type Frequency(GHz) S11(dB) 
In-Band 

S11<-10 dB 
|Zin|( Ω) VSWR 

BW 

(MHz) 

Slotless 

f1= 3.89 <-13 3.86-3.91 32.38 1.57 50 

f2= 5.12 <-23.13 5.07-5.2 55.7 1.15 130 

f3= 6.02 <-10.13 5.99-6.05 26.26 1.9 60 

f4=7.13 <-12.8 7.04-7.23 46.7 1.6 190 

f5=7.64 <-15 7.53-7.75 2.19 104.3 220 

Slotted 

 

 

 

f1= 4.04 <-15.56 4-4.07 37 1.4 70 

f2= 5.15 <-21.7 5.07-5.25 46.5 1.18 180 

f3=5.51 <-15.2 5.46-5.56 63.3 1.4 100 

f4=6.98 < -13.2 6.9-7.04 32.17 1.55 140 

f5=7.73 < - 13.76 7.66-7.78 67.5 1.51 120 

 

4. Discussion  

This section presents a comprehensive analysis of the simulated and measured performance of 

the proposed slotless and slotted circular microstrip antennas, highlighting the effects of slot 

loading and Nd:YAG laser treatment on impedance matching, bandwidth, and multi-band 

operation. Key performance parameters including resonance frequencies, return loss (S11), 

VSWR, gain, and input impedance are discussed, emphasizing improvements achieved through 

design modifications and post-fabrication processing. 

4.1. Simulation Results 

The simulated results, presented in Figure 7 and Table 2, show that The slotless antenna 

exhibits dual resonances at 5.36 GHz and 6.356 GHz with bandwidths of 260 MHz and 230 MHz 

(VSWR < 1.6). Introducing a slot generates three resonances, with the main mode at 5.402 GHz 

achieving −27.5 dB return loss and 620 MHz bandwidth (VSWR = 1.08), representing a ~138% 

bandwidth enhancement over the slotless case. This confirms that slot loading effectively 

redistributes surface currents, enhances coupling, and significantly improves multiband 

a 
b c 
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performance and impedance matching. The radiation characteristics of the slotless antenna are 

illustrated in Figure 8 and Table 4, and its efficiencies at two resonant frequencies are about 

70.84% and 52.36%, which are reasonable although they decrease for higher frequencies as 

shown in Table 3. On the other hand, the slotted antenna has increased as well as stable 

efficiency than that of slot loaded dipole which is 74% at 5.402 GHz and 72.21% at 5.75 GHz 

because of improved impedance matching and less surface losses respectively. The gain and 

directivity do not change, which demonstrates the radiation behaviors are effective. In general, 

the addition of slots does not only lead to increasing modes resonant but also further improving 

bandwidths, efficiency and radiation stability for the antenna, which is more suited for 

broadband and 5G applications. It is observed from Figure 9 that the slotless antenna exhibits 

minimum gain in high-frequency regime due to low efficiency, while inherently compromised 

efficiency of slotted structure remains at a reasonably high level across its operating bands is 

fixed up through incorporating the slot. 

4.2. Measured Results Before Laser Treatment 

The pre-laser results are shown in Figure 10 and Table 5. Two resonances are predicted at 5.36 

and 6.356 GHz for the slotless antenna, however, measured lower resonance occurs at 3.89 GHz 

with ∼28% shift and its bandwidth degrades by 80% to ∼50 MHz while higher one remains 

almost unchanged. VSWR values remain acceptable, which means the impedance matching is 

good. For slotted one, the main resonance 5.402 GHz in simulation shifts to 5.15 GHz at 

measurements (4.6% detuning) and its bandwidth decreases from 620 MHz to be Tweaked it: 

130 MHz (79% decreased), while other modes still exist confirming multiband 

characteristics.This quantitative study determines primarily higher frequencies, adapting to the 

around 5 GHz band, while built-in fan-out circuitry is the slotted structure designed for not only 

multi-band operation and additional impedance invariance of these devices, demonstrating that 

such a design is feasible and consistent. 

4.3. Measured Results After Laser Treatment 

Post-laser treatment measurements, as presented in Figure 11 and Table 6, Post-Nd:YAG laser 

processing correlates very well to the simulations and enhance the performance of antennas. The 

slotless resonance moves a 4.5% offset from 5.36 to 5.12 GHz with >50% gain bandwidth and 

slotted antenna exhibits even more shift at about the only first spot: it arises by 4.6%, (f c2 = 

5.15 GHz) with increase of bandwidth that reaches up to BW G BG =38%. These improvements 

are attributed to lower surface roughness as well as enhanced field localization, which results in 

the smoother current flow, less losses and better impedance matching, which consequently 

provide higher efficiency for these antennas — hence they can be applicable for broadband and 

5G communications. 

4.4 .Comparison with Literature 

The designed antennas exhibit better performance than those reported in the literature, with wide 

multiband operation (4.04–7.73 GHz), and good bandwidths up to 180 MHz, high efficiency 

(>85%), gain >6 dBi and impedance near 50 Ω within a compact FR-4 substrate (44.5 × 54.25 

mm²). Previous designs either used a larger size to achieve wider bandwidth or high gain as 
14, 4 

 

or expensive substrates such as the Rogers RT5880 for antenna with higher Gain and efficiency 
20, 

while some FR-4 antennas had limited multiband operation as well as narrow bandwidths 
3, 15

.  

Slot-loading and metallic nanofilm coatings on FR-4 greatly improve antenna properties, 

according to recent research: Ag-Au-Ag multilayer coatings boosted bandwidth by ≈18.75% and 

gain by ≈2 dB, whereas Au nanoparticle coated slots improved bandwidth by ≈12.5% and gain 

by ≈0.5 dB, allowing for dependable multiband operation without extending the antenna
30

.. 

These improvements reveal the performance gains are accomplished by combining novel design 

and practical fabrication process, which well explain its higher efficiency, wider bandwidth and 

multiband features in contrast to the published works. 
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5. Conclusion  

    In this study, slotless and slotted ring microstrip patch antennas were designed on FR-4 

substrate, fabricated and improved by Nd:YAG laser treatment. Results demonstrate that the 

slotless antenna changes from dual-band to multi-band, obtaining five resonances from 3.89 to 

7.64 GHz, whereas the slotted configuration achieves five resonances between 4.04 and 7.73 

GHz with better performance in general. The slot loading and laser polishing result in much 

better matching impedance, bandwidth, and radiation properties. In particular, the slotted 

antenna demonstrates a good performance at 5.15 GHz (S11 = –21.7 dB, VSWR = 1.18, BW = 

180 MHz) and multiple higher frequency modes are also supported. These results verify that the 

designed antennas are well-matched to Wi-Fi, Bluetooth, WLAN as well as future 5G systems. 

For the future, it will be interesting to explore the microstrip circular antenna optimization from 

AI-based methods, introduce a reconfigurable feature like PIN diodes or varactors inside the 

design and expand this approach to MIMO/array designs on different substrates or laser 

parameters.  
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