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In this article, a miniaturized square slot-loaded patch antenna with a rectangular bulged slot and a complementary π-shaped slot 
carved on the ground plane is proposed. The tri-band of resonant frequencies was obtained by exciting a rectangular bulged slot 
and a complementary π-shaped slot with a microstrip-fed slot-loaded patch antenna. FR-4 dielectric substrate of 50 mm x 50 mm 
x 1.56 mm has been used to fabricate the antenna. The resonant frequencies of 8.4, 9.4, and 11.9 GHz were acquired for X-band 
applications, including wireless networks, radar systems, and satellite communications. Impedance matching and wide bandwidth 
are achieved with the implementation of the defected ground structure (DGS) technique. The experimental validation of antenna 
characteristics, including reflection coefficient, gain, bandwidth, and radiation efficiency, demonstrates strong concordance with 
simulated results.

1. INTRODUCTION 
The X-band (8–12 GHz) region of the microwave 

spectrum is widely employed in applications such as radar 
systems, satellite communications, point-to-point links, air 
traffic control and surface movement radar, synthetic 
aperture radar (SAR), and television broadcasting. In 
biomedical electromagnetics, this frequency band supports 
medical imaging techniques, including microwave 
tomography for breast cancer diagnosis and dielectric 
imaging for tissue characterization [1–3]. X-band microwave 
systems are being utilized in healthcare applications, 
including hyperthermia-based cancer therapy, biotelemetry, 
non-invasive blood glucose monitoring, endoscopic 
imaging, bone and joint imaging, and respiration monitoring. 

For X-band applications, prominent antenna types include 
microstrip patch, horn, parabolic reflector, and slot antennas, 
each selected based on criteria such as gain, radiation pattern, 
polarization, and physical limitations [4,5]. Key design 
factors for X-band antennas include compact size, high 
radiation efficiency, and adequate impedance bandwidth. 
Multiband slot- and patch-based antennas are particularly 
attractive due to their low-profile design, ease of fabrication, 
and capacity for wideband operation across multiple 
frequency bands [6,7]. 

Microstrip antennas are extensively utilized in 
contemporary wireless and microwave communication 
systems owing to their planar structure and compatibility 
with integrated circuit technology. However, conventional 
microstrip antennas exhibit limitations, including narrow 
bandwidth, low radiation efficiency, spurious radiation, and 
challenges in achieving high gain and polarization purity. 
Design methodologies, including slot loading and defective 
ground structures, have been proposed to mitigate these 
drawbacks, though they often increase design complexity 
and involve performance trade-offs [8–10]. 

Various antenna designs have been proposed for X-band 
and related applications. In [11,12], rectangular microstrip 
antennas with defected ground structures or partially 
reflecting surfaces achieved wide bandwidths and moderate 
gains. Meta-surface-based slot-notched patch antennas have 
been designed for dual-band function [13], while self-
triplexing antennas utilizing nonlinear hybrid slots and 
substrate-integrated waveguides have enabled multi-
frequency operation with improved port isolation [14]. Other 
designs include dual-polarization reconfigurable monopole 
antennas [15], aperture antenna arrays for synthetic aperture 

radar [16], and compact circularly polarized multiband 
antennas with split-ring resonators [17]. These designs 
indicate advancements in bandwidth, polarization, and gain, 
but many are limited to single- or dual-band operation or 
require complex structures such as AMCs and SIWs, 
increasing design and fabrication challenges.  

This study introduces a low-profile square patch antenna 
featuring a rectangular bulged slot and a complementary π-
shaped slot etched on the ground plane. The antenna operates 
at three frequency bands, and a partial ground plane (PGP) is 
utilized to improve gain and radiation efficiency. The 
novelty of the design lies in realizing triple-band operation 
in a compact, low-profile structure with high gain and 
efficiency, without relying on complex AMC or SIW 
configurations, making it suitable for X-band applications. 
The antenna is fabricated on an FR-4 substrate for its low 
cost and availability; although its higher dielectric loss can 
slightly reduce gain and efficiency, design features such as 
the PGP and slot loading mitigate these effects, ensuring 
acceptable X-band performance. 

2. ANTENNA DESIGN 
Figure 1 shows the geometric specification of the antenna. 

The antenna is made on an FR-4 substrate with a dielectric 
constant (εᵣ) of 4.4, height of the substrate (h) of 1.56 mm, 
and a loss tangent (tan δ) of 0.02. Figure 1a illustrates the top 
view of the antenna. The physical dimensions are initially 
determined using resonant frequency and the antenna design 
equations outlined in [18–20]. The antenna's physical 
parameters are specified in Table 1. 

Table 1 
Antenna physical parameters. 

Physical Parameters Dimensions [mm] 
Ground plane and Patch length (L) 50 
Ground plane and Patch width (W) 50 

Square Slot Length (sL) 33.8 
Square Slot Width (sW) 33.8 

Ground slot length (g1L) 23 
Ground slot width (g1W) 8 

π shaped slot length (g2L) 6.5 
π shaped slot width (g2W) 7 

Complementary π shaped slot length (g3L) 4 
Complementary π shaped slot width (g3W) 5 

Thickness of the Substrate (h) 1.56 
 

A square slot is loaded into the patch to reduce the 
effective radiating area and improve the antenna’s radiation 
characteristics, such as reflection coefficient, bandwidth,  
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Fig. 1 – The geometrical details of the antenna: (a) Top view; (b) Full ground plane-bottom view (stage I); (c) Rectangular bulged slot (stage II); 

 (d) Complementary π-shaped slot (stage III), and (e) Final ground plane (stage IV). 

gain, radiation efficiency, etc. Initially, the size of the square 
slot is 33 mm  ´ 33 mm. In Stage I, the full ground plane is 
utilized, as shown in Fig. 1. 

2.1 ANALYSIS OF ANTENNA 
By varying the square slot side length (sL) from 33 mm to 

34 mm with a period of 0.2 mm, six reflection coefficient 
responses were obtained using the parametric analysis method 
in HFSS. From Fig. 2, the optimized square slot side length 
(sL) of 33.8 mm was obtained for three resonating frequencies 
of 8.4, 9.4, and 11.9 GHz. Reflection coefficients of -40, -22, 
and -19 dB were observed at 8.4, 9.4, and 11.9 GHz, 
respectively. To improve antenna characteristics, such as the 
reflection coefficient, gain, bandwidth, and radiation 
efficiency, the ground plane is further modified. 

 
Fig. 2 – Parametric analysis of square slot length. 

In stage II, a rectangular bulged slot is incorporated into the 
antenna's ground plane. The dimensions of the rectangular 
bulged slot are 23 mm and 8 mm. Simulated reflection 
coefficients of -15, and -17 dB are obtained at 8.4 and 11.8 GHz. 
The reflection coefficient for stage II is shown in Fig. 3. 

In stage III, a complementary π-shaped slot is extracted 
from the ground plane after the rectangular bulged slot is 

removed. The dimensions of the π-shaped slot are g2L = 
6.5 mm, g2W = 7 mm, g3L = 4 mm, and g3W = 5 mm. The 
stage III defective ground structure is shown in Fig. 1d. After 
etching the complementary π-shaped slot, the simulated 
reflection coefficient was obtained in the HFSS tool. 
Reflection coefficients of -18, -17, and -16.5 dB were 
observed at 8.4, 9.4, and 11.8 GHz, respectively. From the 
graph, the bandwidth is narrowed. 

In stage IV, the rectangular bulged slot and the 
complementary π-shaped slot are etched from the ground 
plane. The simulated reflection coefficient of stage IV is 
shown in Fig. 3. From the graph, it is evident that the 
reflection coefficient is improved for all three resonating 
frequencies. Reflection coefficients of -42, -32, and -26 dB 
are obtained at 8.4, 9.4, and 11.9 GHz, respectively. The 
bandwidth is also improved. 

The 3D radiation pattern was simulated at 8.4 GHz and 
exhibits a stable, well-defined broadside response with a 
peak gain of 6.94 dBi, and it is shown in Fig. 4. The smooth, 
symmetric pattern with low side-lobes and suppressed back 
radiation, enabled by the slot-loaded patch and defected 
ground structure, confirms proper mode excitation and good 
impedance matching. 

 
Fig. 3 – Reflection coefficient of different stages of antenna design. 
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(a) 8.4 GHz 

 
(b) 9.4 GHz 

 
(c) 11.9 GHz 

Fig. 4 – 3D radiation pattern at different resonating frequencies. 

At 9.4 GHz, the 3D radiation pattern indicates a well-
defined broadside beam with a peak gain of 5.52 dBi. The 
pattern is smooth with moderate symmetry, and side-lobe 
levels are controlled, while back radiation is slightly higher. 
These properties indicate effective excitation of the resonant 
mode, efficient radiation, and good impedance matching. 

 

 
(a) 8.4 GHz. 

 
(b) 9.4 GHz. 

 
(c) 11.9 GHz. 

Fig. 5 –Surface current distributions 

At 11.9 GHz, the 3D radiation pattern exhibits a consistent 
broadside beam with a peak gain of 4.30 dBi. The pattern 
shows slight spreading and minor asymmetry, typical of 
higher-order resonances. Side-lobes and back radiation are 
moderately increased compared to lower bands, yet the overall 
radiation remains well-controlled, confirming effective mode 
excitation and acceptable directional performance. 

The surface current distributions at 8.4, 9.4, and 11.9 GHz 
indicate edge and slot-dominated higher-order resonant 
behavior, as shown in Fig. 5. At 8.4 GHz, currents are 
concentrated along the edges and corners of the square 
aperture, with weak central excitation, indicating multimodal, 
edge-driven resonance. At 9.4 GHz, enhanced currents along 
the lower edge and adjacent corners indicate stronger field 
localization and frequency-selective radiation, while the 
central region remains predominantly inactive. At 11.9 GHz, 
currents are concentrated along the patch edges and slot 
boundaries, with weak central currents, confirming a slot-
induced higher-order hybrid mode. Across all three 
frequencies, these distributions show that edge geometry, slot 
configuration, and boundary discontinuities significantly 
influence resonance, impedance matching, and radiation 
efficiency of the antenna. 

3. RESULTS AND DISCUSSIONS 
The antenna was fabricated, and with the help of a 

Keysight network analyzer, the reflection coefficient was 
measured. Fig. 6 shows the top and bottom views of the 
fabricated antenna. The measured and simulated reflection 
coefficients of three resonating frequencies are compared in 
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Fig. 5. Reflection coefficients of -36, -17, and -15 dB were 
measured at 8.4, 9.4, and 11.8 GHz, respectively. 

        
Fig. 6 – Fabricated Antenna top view and bottom view. 

Compared to the simulated results, measured reflection 
coefficients were degraded for all the resonating frequencies. 
The measured impedance bandwidths are also mentioned in 
Fig. 7. The -10 dB impedance bandwidths obtained are 0.4 
GHz (8.6-8.2 GHz, centered at 8.4 GHz), 0.5 GHz (9.7-9.2 
GHz, centered at 9.4 GHz), and 0.2 GHz (12-11.8 GHz, 
centered at 11.9 GHz). 

 
Fig. 7 – Comparative view of measured and simulated  

reflection coefficient. 

The 2D radiation pattern is simulated using the HFSS tool. 
The E-plane and H-plane patterns were simulated with φ = 
00 and θ = 900, respectively, and are shown in Fig. 8. The 
fabricated antenna was placed in the anechoic chamber with 
a proper implementation setup. 

Then, the 2D radiation pattern was measured at the triband 
frequencies and is shown in Fig. 8. Compared to the 
simulated radiation pattern, the measured radiation pattern is 
slightly degraded due to substrate losses, fabrication 
tolerances, and connector and soldering effects. 

 
(a) 8.4 GHz. 

 
(b) 9.4 GHz 

 
 

(c) 11.9 GHz. 

Fig. 8 – 2D radiation pattern at different resonating frequencies. 

 
Fig. 9 – The comparison of simulated and measured gain. 

The gain is simulated using HFSS, and the values are 6.94, 
5.52, and 4.30 dBi at 8.4, 9.4, and 11.9 GHz, respectively. 
The antenna’s radiation efficiency and gain were measured. 
Fig. 9 shows a comparison of the measured and simulated 
gains. The antenna's measured gain is 5.79, 4.77, and 3.65 
dBi at 8.4, 9.4, and 11.9 GHz, respectively. Compared to the 
simulated gain, the measured gain was decreased due to 
dielectric losses and SMA connector losses. The radiation 
efficiencies of 93%, 86%, and 82% were obtained at 8.4, 9.4, 
and 11.9 GHz, respectively. The radiation efficiency as a 
function of frequency is shown in Fig. 10. 

This antenna design exhibits a well-balanced 
performance compared with recently reported antennas in 
the literature, as shown in Table 2. Previous works primarily 
emphasize single- or dual-band operation with either narrow 
bandwidths or higher design complexity. Although certain 
designs attain considerable gain or wideband performance, 
they frequently have minor fluctuations in efficiency or 
increased design complexity. 
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Table 2 

Comparison of the proposed antenna with other antennas. 

Ref. & Year Frequency (GHz) Bandwidth (GHz) Reflection 
Coefficient (dB) Gain (dBi) Radiation Efficiency 

(%) 
Design 

complexity 
[13] & 2023 (8.11-11.14) 3.03 -32 8.72 91 High 
[15] & 2023 (9.88-11.06) 1.18 -24 5.71 - High 
[16] & 2023 5.35, 9.65 0.065, 0.354 -32 13.2,10.6 - Low 
[7] & 2024 (2.8-3.2), (6.16-10.45) 0.4,4.4  -22,-24 5.8 80 Moderate 

[22]& 2024 2.45,5.85,8.83 0.1,0.7,1.8 -12,-20,-24 2.75, 3.53, 
4.36 77,82,84 Moderate 

[21] & 2025 5.7,9.5 0.31,0.5 -31 7.2,5.8 - High 
[19] & 2025 9.5 0.4 -35.84 6.35 - High 

Proposed 
Antenna 8.4, 9.4, 11.9 0.4,0.5,0.2 -36, -17, -15 6.94, 5.52, 

4.30 93, 86, 82 Low 

 

 
Fig. 10 – Measured gain and radiation efficiency of the antenna. 

The antenna functions at three resonant frequencies (8.4, 
9.4, and 11.9 GHz) with acceptable impedance bandwidths 
and good reflection coefficients (-36, -17, and -15 dB). It 
exhibits competitive gain (up to 6.94 dBi) as well as high 
radiation efficiency (86–93%) while preserving low design 
complexity, rendering it a preferable alternative to the 
present systems. 

4. CONCLUSIONS 
A slot-loaded patch antenna resonates at a triband of 

frequencies in the X band and gives better gain and 
bandwidth, along with high radiation efficiency. The 
rectangular bulged slot and a complementary π-shaped slot 
are extracted from the ground plane. The antenna parameters 
are validated experimentally, and it is fit for X-band 
applications. In the future, the polarization and diversity of 
the antenna will be investigated with the parameter of axial 
ratio. The integration of advanced materials and fabrication 
methods further enhances the feasibility of the proposed slot-
loaded patch antenna, allowing for greater versatility in 
deployment across different platforms and environments. 
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