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This study addresses the performance limitations of conventional hybrid couplers used in sub-

6 GHz 5G infrastructure, targeting the N1 band (1.92–2.17 GHz), and integrates Defected 

Ground Structure (DGS) technology. The objective is to enhance bandwidth, reduce return and 

isolation losses, and optimize phase coupling while maintaining cost-effectiveness using FR-4 

epoxy substrates. A quadrature hybrid coupler was designed and optimized using microstrip 

line technology with DGS modifications. The study employed advanced electromagnetic 

simulation software to evaluate key performance parameters, including return loss, isolation 

loss, bandwidth, insertion loss, and phase coupling. The DGS-modified design was compared 

with a conventional coupler to quantify performance improvements. The DGS-modified 

coupler achieved significant enhancements across all performance metrics. Return loss 

improved to −23.17 dB, isolation loss to −44.39 dB, and bandwidth increased by 34%, reaching 

693.2 MHz. Phase coupling also approached the ideal 90° with a deviation of only 2.56°, 

significantly outperforming the conventional design. However, the insertion loss increased 

slightly to −4.34 dB, reflecting a trade-off between bandwidth enhancement and efficiency that 

must be considered in practical implementations. Overall, the integration of DGS into hybrid 

coupler designs provides a practical and effective means of enhancing RF component 

performance for reliable 5G networks while maintaining low-cost fabrication. These results 

underscore the potential of DGS technology for developing scalable, application-oriented 

solutions for next-generation wireless communications. 
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INTRODUCTION 

The transition to 5G technology represents a significant 

advancement in wireless communication, promising 

improvements in data speeds, reduced latency, and the ability to 

connect a larger number of devices. This transformation is 

central to the evolution of digital technologies, including the 

Internet of Things (IoT), Artificial Intelligence (AI), and smart 

cities. The enhanced capabilities of 5G are expected to 

revolutionize various sectors such as healthcare, transportation, 

and industrial automation, thereby shifting how these industries 

operate and interact with technology [1, 2]. The key enabler of 

5G's performance improvements is its ability to operate across 

multiple frequency bands, including low, mid, and high bands, 

which is essential for meeting the diverse requirements of 

modern applications [3]. 

However, to fully realize the potential of 5G, addressing the 

challenges posed by the increasing complexity of network 

infrastructure and the need for more efficient radio frequency 

(RF) components is crucial. Among the critical elements of 5G 

infrastructure, antenna systems and RF circuits, particularly 

hybrid couplers, play a significant role in ensuring signal quality 

and network reliability. Hybrid couplers, which divide or 

combine power between multiple ports while maintaining phase 

balance, are integral to beamforming networks such as the Butler 

Matrix [4]. These couplers enable precise power distribution 

control across antenna arrays, a fundamental aspect of Multiple 

Input Multiple Output (MIMO) systems that underpin 5G's high 

capacity and efficient spectrum use [5]. Despite extensive 

studies on hybrid couplers, conventional designs often exhibit 

limitations in terms of narrow bandwidth and size, particularly 

at the higher frequencies utilized in 5G applications [6]. 

The challenge of optimizing hybrid couplers for 5G is further 

complicated by the frequency range and propagation 

characteristics of the N1 5G band (1.92–2.17 GHz), which 

necessitate efficient signal processing and minimal signal loss 

[7]. Current designs often fail to meet the desired specifications 

for return loss, isolation loss, and bandwidth, particularly when 

implemented with compact substrates such as FR-4 epoxy [8]. 

This issue is exacerbated by the demand for low-cost, 

manufacturable solutions that do not compromise performance. 

Previous studies have explored various methods to enhance 

hybrid coupler performance, such as modifying coupler 

geometries and incorporating different materials; however, these 
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solutions often lack scalability and consistent performance in the 

context of 5G [9]. 

In recent years, integrating Defected Ground Structure (DGS) 

into hybrid couplers has emerged as a promising approach to 

address these limitations. DGS modifies the ground plane of the 

coupler, introducing high-impedance paths that improve 

bandwidth, reduce harmonic distortion, and enhance overall 

performance [4]. DGS has been successfully applied to various 

RF components, including filters and antennas, demonstrating 

significant bandwidth increases and size reductions without 

compromising efficiency [10]. However, despite these 

advancements, a notable gap remains in the literature regarding 

the use of DGS in hybrid couplers specifically designed for the 

5G N1 band. Addressing this gap is crucial for enhancing the 

efficiency of 5G infrastructure, as it would improve power 

handling, minimize signal interference, and optimize spectrum 

use in urban environments where high device density presents 

significant challenges [11]. 

This study contributes to the state of the art by presenting a novel 

design and optimization of a Quadrature Hybrid Coupler for the 

5G N1 band, incorporating a unique DGS configuration on an 

FR-4 epoxy substrate. The novelty lies in three main aspects: 

first, the coupler is specifically tuned for the 5G N1 band under 

cost and size constraints typical of practical deployments; 

second, the DGS pattern and its dimensions are optimized to 

address the trade-off between bandwidth enhancement and 

insertion loss, a design-space exploration often overlooked in 

existing works; third, comprehensive simulation-based analysis 

is conducted to evaluate real-world metrics such as return loss, 

isolation, insertion loss, phase coupling, and bandwidth using a 

low-cost substrate. By systematically comparing the proposed 

coupler with a conventional design, this study offers a 

differentiated perspective and fills a critical research gap in the 

design of application-specific, performance-balanced hybrid 

couplers. The findings suggest a scalable and economical 

pathway to implement high-performance couplers in next-

generation wireless communication systems. 

METHODS 

This study presents the design, simulation, and optimization of a 

Quadrature Hybrid Coupler tailored for the 5G N1 band (1.92 

GHz – 2.17 GHz), utilizing microstrip line technology with 

Defected Ground Structure (DGS) modifications. The primary 

objective was to enhance key performance parameters, including 

bandwidth, return loss, isolation loss, and phase coupling, while 

maintaining cost-effectiveness through the use of an FR-4 epoxy 

substrate. 

 
Figure 1. The initial design of the conventional couplers 

The methodology commenced with the selection of FR-4 epoxy 

as the substrate, a widely used material in cost-sensitive RF 

applications due to its dielectric constant (εr) of 4.3, loss tangent 

(tan δ) of 0.0265, and thickness of 1.6 mm [14]. Initial design 

dimensions for the conventional hybrid coupler were derived 

using standard microstrip transmission line theory and synthesis 

equations, considering a center frequency of 2.045 GHz. These 

parameters are summarized in Table 1 and illustrated in Figure 1. 

This approach aligns with methodologies employed in previous 

studies involving planar couplers and RF components [12, 13, 

14]. 

 

Table 1. Initial Dimensions of Hybrid Coupler (conventional 

design)  

Dimension (mm) 

Shunt arm length (l50) 37 

Shunt arm width (w50) 3 

Series arm length (l35) 37 

Series arm width (w35) 5.25 

Feedline length (lf) 18.5 

Feedline width (wf) 3 

Thickness (t) 0.035 

 

After establishing the conventional design, electromagnetic 

simulations were conducted to evaluate its performance. The 

DGS modification was then introduced to the ground plane in the 

form of rectangular slots, intended to generate high-impedance 

characteristics and disrupt current distribution, thereby improving 

bandwidth and isolation [15, 17]. This DGS-based enhancement 

technique follows principles validated in similar works on filters 

and antennas that demonstrate improved spectral characteristics 

and miniaturization without significantly increasing complexity 

[10, 17]. The configuration of the DGS used in this study is 

illustrated in Figure 2.  

 
Figure 2. The Proposed Design of DGS-Modified Hybrid 

Coupler 

 

A detailed optimization process followed, focusing on the 

physical dimensions of the microstrip arms (l50 and l35), feed 

lines (lf), and the DGS slot geometry. By iteratively adjusting 

these parameters, the design was fine-tuned to achieve ideal 

performance targets: return loss ≤ -10 dB, isolation loss ≤ -10 dB, 
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insertion loss ∼ -3 dB, phase difference ∼ 90°, and bandwidth ≥ 

250 MHz [16]. 

Simulations were conducted using a full-wave electromagnetic 

solver widely employed in high-frequency RF circuit design. The 

extracted S-parameters (S11, S21, S31, S41) were used to 

compare the performance of both conventional and DGS-

modified couplers. The observed improvements, visualized in 

Figures 4 through 10, substantiate the efficacy of DGS in hybrid 

coupler applications, as reported in earlier works [10, 17], and 

support the viability of this approach for compact and scalable 5G 

RF front-end implementations. 

RESULTS AND DISCUSSION 

The simulation of the Quadrature Hybrid Coupler for the 5G N1 

band (1.92 – 2.17 GHz) was performed using a full-wave 

electromagnetic solver. Key metrics analyzed include return loss, 

isolation loss, insertion loss, phase coupling, and bandwidth. 

Conventional Coupler Results 

Table 2 summarizes the performance of the conventional coupler 

design at 2.045 GHz. The return loss (S11) was -8.69 dB and 

isolation loss (S41) was -9.63 dB, both failing to meet the target 

of ≤ -10 dB. Phase coupling between ports S21 and S31 was 

recorded at 111.11°, deviating significantly from the ideal 90° 

phase shift, and the insertion loss was relatively high at -6.43 dB. 

Figure 3 visualizes the return loss over the frequency band, 

indicating poor impedance matching beyond the optimal range. 

Table 2. Simulation Results for Conventional Hybrid Coupler 

Design 

Parameter 
Desired 

Specification 
Designed Results 

Return Loss ≤ -10 dB -8.69 dB 

Isolation Loss ≤ -10 dB -9.63 dB 

Phase Coupling 90º 111,11º 

Insertion Loss -3 dB -6 ,436 2  dB 

Coupling -3 dB -4,8292 dB 

 

 

 
Figure 3. Simulation Results of Return Loss for Conventional 

Hybrid Coupler 

 

These results are consistent with findings in the literature that 

highlight the challenges of maintaining performance using 

conventional hybrid couplers at higher frequencies [18, 20, 21]. 

DGS-Modified Coupler Results 

The introduction of Defected Ground Structures (DGS) 

significantly improved the coupler's performance. Table 3 and 

Figures 4–10 demonstrate these enhancements. The return loss 

improved to -23.17 dB (Figure 4), while isolation loss was greatly 

reduced to -44.39 dB (Figure 5), indicating a substantial reduction 

in signal leakage. Phase coupling was corrected to 87.44°, 

approaching the desired 90°, and insertion loss was reduced to -

4.34 dB (Figure 6). 

Table 3. Simulation Results for DGS-Modified Hybrid Coupler 

Design 

Parameter Target DGS-Modified  

Return Loss ≤ -10 dB -23,17 dB 

Isolation Loss ≤ -10 dB -44,39 dB 

Phase Coupling 90º 87.44º 

Insertion Loss -3 dB -4.34 dB 

Coupling -3 dB -3.33 dB 

Bandwidth VSWR ≥ 250 MHz 693,2 MHz 

Bandwidth Power 

Balance 

≥ 250 MHz 528.4 MHz 

 

 

Figure 4. The Simulation Result of Return Loss in Comparison 

 

 

Figure 5. The Simulation Result of Isolation Loss in 

Comparison 
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Figure 6. The Simulation Result of Insertion Loss in 

Comparison 

 

 

Figure 7. The Simulation Result of Coupling in Comparison 

 

 
Figure 8. The Simulation Result of Bandwidth VSWR in 

Comparison 

 
Figure 9. The Simulation Result of Bandwidth Power Balance 

from port 1 to port 2 in Comparison 

 
Figure 10. The Simulation Result of Bandwidth Power Balance 

from port 1 to port 3 in Comparison 

Bandwidth also improved markedly: the VSWR bandwidth 

increased to 693.2 MHz (Figure 8), while the power balance 

bandwidth between ports 1–2 and 1–3 reached 528.4 MHz and 

341.2 MHz, respectively (Figures 9 and 10). These outcomes 

confirm the DGS effectiveness in improving coupling uniformity 

and impedance matching. 

 

Validation Limitations 

 

Despite these promising outcomes, the design's validation relies 

exclusively on simulation. In RF and antenna engineering, such 

simulated performance often diverges from real-world behavior 

due to factors like fabrication tolerances, material 

inconsistencies, and connector losses. Therefore, without a 

fabricated prototype and empirical measurements, the reliability 

and applicability of these results remain uncertain. Future work 

should include prototyping and testing under practical conditions 

to validate the design. 

 

Benchmark Comparison with Existing Designs 

 

To contextualize the improvements, the proposed DGS-modified 

coupler can be compared with existing literature. For example, 

prior designs have reported return losses between -15 dB and -20 

dB and bandwidths typically below 500 MHz using different 

substrates [13, 19, 22]. Compared to these, the proposed design 

achieves superior isolation and bandwidth while utilizing the low-

cost FR-4 material. 

Although insertion loss in this study is higher than the ideal -3 

dB, the bandwidth and isolation enhancements present a valuable 

trade-off for applications where wider spectral coverage is 

essential. These comparisons suggest that the presented design 

offers a practical balance between cost efficiency and high-

frequency performance, and can inform the further development 

of scalable RF components for 5G systems. 

CONCLUSIONS 

This study presented the design and electromagnetic simulation 

of a DGS-based quadrature hybrid coupler for 5G N1 band 

applications using an FR-4 epoxy substrate. The proposed 

coupler achieved the targeted performance enhancements, 

including improved impedance matching with a return loss of 

−23.17 dB, significantly reduced cross-talk with an isolation loss 

of −44.39 dB, a 34% increase in bandwidth to 693.2 MHz, and 

phase coupling close to 90°, thereby addressing the limitations of 
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the conventional design in terms of bandwidth, return loss, 

isolation loss, and phase balance. A remaining limitation is the 

insertion loss of −4.34 dB, slightly above the ideal −3 dB, 

suggesting that further optimization of the DGS configuration and 

substrate parameters, supported by prototype fabrication and 

measurements, is required to refine the trade-off between 

bandwidth enhancement and efficiency in practical 5G 

implementations. 
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