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Abstract 
The rapid emergence of sixth-generation (6G) wireless networks and edge-cloud computing has created a strong demand for 
compact, high-gain, and secure antenna systems capable of supporting ultra-high data rates and intelligent communication 
services. Conventional microstrip antennas suffer from limitations such as narrow bandwidth, low gain, and inadequate 
adaptability to dynamic communication environments. To address these challenges, this paper proposes a Miniaturized 
Reconfigurable Metamaterial Antenna (MRMA) for secure 6G edge-cloud communication systems. The proposed antenna 
incorporates complementary split-ring resonator (CSRR)-based metamaterial structures and PIN-diode-enabled frequency 
reconfiguration to achieve multi-band operation and enhanced radiation performance. Furthermore, an AI-assisted beam 
optimization framework is integrated to improve secure data transmission and minimize interference in edge-cloud architectures. 
Simulation results reveal that the proposed antenna achieves an impedance bandwidth of 4.8 GHz, peak gain of 12.6 dBi, radiation 
efficiency of 94.3%, return loss of –38.7 dB, and VSWR of 1.05, outperforming conventional microstrip and metamaterial antennas. 
The compact size of 18 mm × 20 mm × 0.8 mm makes the antenna highly suitable for future secure 6G edge-cloud communication 
systems, Internet of Things (IoT), autonomous vehicles, and intelligent healthcare applications. 
 
Keywords: 6G Communication; Metamaterial Antenna; Reconfigurable Antenna; Edge-Cloud Computing; Beamforming; Secure 
Communication; CSRR; PIN Diodes; Artificial Intelligence. 

 

1. Introduction 
The evolution of wireless communication technologies has progressed rapidly from first-generation 
systems to fifth-generation networks, enabling enhanced connectivity, higher data rates, and intelligent 
services. With the emergence of sixth-generation (6G) communication systems, there is an increasing 
demand for ultra-high-speed data transmission, low latency, and seamless integration with edge-cloud 
computing infrastructures [1]. 
Edge-cloud communication architectures have become an essential component of future wireless 
ecosystems due to their ability to provide distributed intelligence, real-time processing, and secure data 
management. These architectures support numerous applications including smart healthcare, autonomous 
vehicles, industrial automation, and Internet of Things (IoT) environments [2]. 
Antennas play a crucial role in determining the overall performance of wireless communication systems. 
Conventional microstrip antennas are widely used because of their low profile, lightweight structure, and 
ease of fabrication. However, they suffer from limitations such as narrow bandwidth, low gain, and limited 
reconfigurability, which restrict their applicability in next-generation communication systems [3]. 
Metamaterials have emerged as an attractive solution for overcoming the limitations of traditional 
antennas. Their unique electromagnetic properties, including negative permittivity and negative 
permeability, enable significant improvements in gain, bandwidth, and radiation efficiency [4]. 
Complementary Split Ring Resonators (CSRRs) are extensively employed in metamaterial antenna designs 
to achieve miniaturization and enhance electromagnetic characteristics. The incorporation of CSRR 
structures enables compact antenna dimensions while maintaining superior radiation performance [5]. 
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Reconfigurable antennas have gained considerable attention because they can dynamically alter their 
operating frequency, polarization, and radiation characteristics according to communication requirements. 
PIN diodes and RF switches are commonly utilized to achieve frequency agility and multi-band operation 
[6]. 
Security is another important requirement in 6G edge-cloud communication systems. The increasing 
number of connected devices and distributed network architectures expose communication channels to 
interference and cyber-attacks. Therefore, intelligent beamforming and adaptive radiation mechanisms are 
essential for ensuring secure communication [7]. 
Artificial intelligence techniques have recently been integrated with antenna systems to optimize beam 
patterns, enhance channel capacity, and improve interference suppression. AI-assisted antennas offer 
adaptive communication capabilities and enable efficient resource management in dynamic wireless 
environments [8]. 
Several researchers have proposed metamaterial-based and reconfigurable antenna designs for 5G and 
beyond communication systems. Nevertheless, many existing antennas exhibit larger dimensions, lower 
gain, and insufficient adaptability for secure edge-cloud communication scenarios [9]. 
Motivated by these challenges, this paper proposes a Miniaturized Reconfigurable Metamaterial 
Antenna (MRMA) integrated with AI-assisted beam optimization for secure 6G edge-cloud communication 
systems. The proposed design combines CSRR metamaterial structures and PIN-diode-based frequency 
reconfiguration to achieve enhanced bandwidth, gain, radiation efficiency, and communication security, 
making it suitable for future intelligent wireless networks [10]. 
 

2. Related Work 
Metamaterial antennas have gained significant attention in advanced wireless communication systems 
because of their ability to improve miniaturization, bandwidth, gain, and radiation efficiency. Several 
researchers have explored reconfigurable antenna structures for 5G, 6G, IoT, and secure edge-cloud 
communication applications. 
Liu et al. proposed a compact metamaterial-inspired antenna for wireless communication applications. 
Their design achieved miniaturization using split-ring resonator structures, but the bandwidth 
enhancement was limited for multi-band communication environments [11]. 
Zhu et al. developed a frequency-reconfigurable microstrip antenna using PIN diodes for cognitive radio 
systems. The antenna provided tunable operating bands; however, its gain performance was comparatively 
low at higher frequencies [12]. 
Khan et al. introduced a CSRR-loaded antenna for 5G millimeter-wave communication. The proposed 
structure improved impedance matching and reduced antenna size, but radiation efficiency decreased due 
to dielectric and conductor losses [13]. 
Ali et al. presented a compact metamaterial antenna for IoT applications. The antenna achieved good return 
loss and compact size, but its fixed operating frequency restricted its adaptability for dynamic wireless 
systems [14]. 
Singh and Tripathi designed a reconfigurable antenna with switchable frequency bands for wireless 
communication. Their method offered frequency agility, but the switching mechanism increased design 
complexity and insertion loss [15]. 
Li et al. investigated artificial intelligence-based beamforming techniques for beyond-5G networks. Their 
study demonstrated that AI-assisted beam control improves interference mitigation and secure 
communication, although practical hardware integration remains challenging [16]. 
Huang et al. proposed a deep learning-assisted antenna optimization method for wireless systems. The 
model reduced design time and improved radiation characteristics, but it required a large dataset for 
reliable training [17]. 
Rappaport et al. discussed the opportunities and challenges of terahertz and millimeter-wave 
communication for 6G networks. Their work emphasized the need for high-gain, compact, and adaptive 
antennas to support ultra-high data rate communication [18]. 
Basar et al. explored reconfigurable intelligent surfaces and programmable metasurfaces for next-
generation communication systems. These technologies improve signal coverage and security; however, 
practical deployment requires efficient control mechanisms and low-power hardware [19]. 
Chen et al. proposed a secure physical-layer communication framework using directional beamforming and 
reconfigurable antenna structures. Their approach improved secrecy performance, but antenna 
miniaturization and multi-band reconfiguration were not fully addressed [20]. 
Overall, existing studies show that metamaterial loading, reconfigurable switching, and AI-assisted 
optimization significantly improve antenna performance for advanced wireless networks. However, many 
reported designs still face limitations such as larger size, narrow bandwidth, reduced radiation efficiency, 
insufficient gain, and limited security adaptability. Therefore, the proposed Miniaturized Reconfigurable 
Metamaterial Antenna (MRMA) integrates CSRR-based metamaterial structures, PIN-diode 
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reconfiguration, and AI-assisted beam optimization to support secure 6G edge-cloud communication 
systems. 
 

3. Proposed Work 
The proposed work introduces a Miniaturized Reconfigurable Metamaterial Antenna for Secure 6G 
Edge-Cloud Communication Systems, aiming to satisfy the stringent requirements of future sixth-
generation wireless networks, including ultra-high data rates, low latency, intelligent connectivity, and 
enhanced physical-layer security. Conventional microstrip antennas suffer from limited bandwidth, fixed 
operating frequencies, and relatively large dimensions, which restrict their applicability in compact 6G-
enabled edge devices. To overcome these challenges, the proposed system employs a compact 
metamaterial-based antenna integrated with frequency reconfiguration mechanisms and intelligent 
beamforming techniques. The antenna architecture is specifically designed to provide adaptive 
communication between edge nodes and cloud servers while ensuring secure and reliable transmission in 
dynamic wireless environments. 
Unlike conventional microstrip antennas, the proposed system employs Complementary Split Ring 
Resonators (CSRRs) and Defected Ground Structures (DGS) to achieve miniaturization, bandwidth 
enhancement, and improved radiation characteristics. Dynamic frequency and polarization switching 
enable secure transmission between edge devices and cloud servers, thereby reducing the probability of 
eavesdropping and interference. 
 
3.1 Overall Architecture 
The proposed framework consists of five major stages: 

1. Edge device data generation.  
2. Reconfigurable metamaterial antenna subsystem.  
3. Intelligent beamforming and polarization control.  
4. Secure edge-cloud communication channel.  
5. AI-assisted resource allocation and monitoring.  

The system architecture is illustrated in Fig. 1. 
 

 
Fig. 1 Overall architecture of the proposed secure 6G edge-cloud communication framework 

 
The overall architecture of the proposed system is illustrated in Fig. 1. The framework consists of IoT 
devices, edge processors, a miniaturized reconfigurable metamaterial antenna, AI-based beamforming 
modules, and cloud servers. Initially, data generated by edge devices are transmitted through the 
metamaterial antenna operating in multiple frequency bands. Subsequently, intelligent beam steering and 
adaptive frequency selection are performed using optimization algorithms to ensure reliable 
communication. Finally, the data are securely delivered to cloud servers, where Transformer-based 
security mechanisms continuously monitor network traffic and detect malicious activities. This integrated 
architecture provides ultra-low latency, enhanced spectral efficiency, and improved communication 
reliability for future 6G edge-cloud systems. 

http://www.svedbergopen.com/ijaiml


www.svedbergopen.com/ijaiml    International Journal of Artificial Intelligence and Machine Learning 
 

 

Vol.6, No.9s, 2026                       1933 

 
3.2 Miniaturized Metamaterial Antenna Design 
The antenna is designed using a compact rectangular patch integrated with metamaterial resonators. The 
unit cells generate negative permeability and negative permittivity characteristics that improve gain and 
reduce antenna dimensions. 
Features 

• Rogers RT5880 substrate  
• Relative permittivity:  

𝜀𝑟 = 2.2 
 

• Thickness:  
ℎ = 0.787 𝑚𝑚 

 
• Operating frequencies:  

o 28 GHz  
o 38 GHz  
o 60 GHz  

• Antenna size:  
12 × 10 × 0.787 𝑚𝑚3 

 
 
Patch Width 

𝑊 =
𝑐

2𝑓𝑟
√

2
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where 

• 𝑐=speed of light,  
• 𝑓𝑟=resonant frequency.  

 
Effective Dielectric Constant 
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Effective Length 

𝐿𝑒𝑓𝑓 =
𝑐

2𝑓𝑟√𝜀𝑒𝑓𝑓
 

 
3.3 Reconfigurable Frequency Switching 
PIN diodes are inserted between metamaterial cells to dynamically modify current distribution. 
Three switching states are employed: 
State 1 
Diode configuration: 
ON OFF OFF 
Frequency: 

𝑓1 = 28 𝐺𝐻𝑧 
 
State 2 
Diode configuration: 
OFF ON OFF 
Frequency: 

𝑓2 = 38 𝐺𝐻𝑧 
 
State 3 
Diode configuration: 
OFF OFF ON 
Frequency: 

𝑓3 = 60 𝐺𝐻𝑧 
 
Thus, a single antenna supports multiple 6G frequency bands. 
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3.4 AI-Based Adaptive Beamforming 
To maximize communication efficiency, beam directions are optimized using a Hybrid Harris Hawk 
Optimization–Deep Reinforcement Learning (HHO-DRL) framework. 
Objective Function 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 = 𝛼𝐺 + 𝛽𝐵𝑊 − 𝛾𝑆𝐿𝐿 
 
where 

• 𝐺=Gain,  
• 𝐵𝑊=Bandwidth,  
• 𝑆𝐿𝐿=Side lobe level,  
• 𝛼, 𝛽, 𝛾=weighting factors.  

 
Beamforming Weight 

𝑤𝑛 = 𝑒−𝑗2𝜋𝑛𝑑sin 𝜃/𝜆 
 
where 

• 𝑑=element spacing,  
• 𝜃=beam angle,  
• 𝜆=wavelength.  

The optimization framework continuously adjusts beam patterns according to channel conditions. 
 
3.5 Secure Communication Layer 
The proposed antenna introduces physical-layer security by exploiting: 
Frequency Hopping 

𝐹𝐻 = {28,38,60}𝐺𝐻𝑧 
 
Polarization Switching 

• Vertical polarization.  
• Horizontal polarization.  
• Circular polarization.  

Dynamic Radiation Pattern Control 
The beam is directed only toward authorized edge nodes, thereby reducing information leakage. 
 

 
Figure 2. Geometry of the Miniaturized Metamaterial Antenna Structure 

 
Figure 2 depicts the physical geometry of the proposed miniaturized metamaterial antenna. The antenna 
consists of a rectangular patch fabricated on a Rogers RT5880 substrate and loaded with Complementary 
Split Ring Resonators (CSRRs) and a Defected Ground Structure (DGS). The incorporation of metamaterial 
unit cells enables negative permeability and permittivity characteristics, thereby improving radiation 
efficiency and bandwidth while reducing the overall antenna dimensions. The compact structure makes the 
antenna suitable for integration into space-constrained 6G edge devices and intelligent wireless terminals. 

http://www.svedbergopen.com/ijaiml


www.svedbergopen.com/ijaiml    International Journal of Artificial Intelligence and Machine Learning 
 

 

Vol.6, No.9s, 2026                       1935 

 
Figure 3. Frequency Reconfiguration Using PIN Diodes 

 
Figure 3 illustrates the frequency reconfiguration mechanism employed in the proposed antenna. Multiple 
PIN diodes are strategically placed within the metamaterial structure to alter the current distribution 
across the patch. By changing the switching states of these diodes, the antenna can dynamically operate at 
different resonant frequencies such as 28 GHz, 38 GHz, and 60 GHz. The reconfigurable operation enables 
efficient utilization of available spectrum resources and improves communication flexibility. Moreover, 
dynamic frequency switching contributes to physical-layer security by reducing the likelihood of 
interception and jamming attacks. 
 

 
Figure 4. AI-Based Adaptive Beamforming and Radiation Control 

 
Figure 4 presents the intelligent beamforming framework integrated into the proposed antenna system. 
The beamforming process is controlled using a Hybrid Harris Hawk Optimization and Deep Reinforcement 
Learning (HHO-DRL) algorithm, which dynamically adjusts the radiation direction according to channel 
conditions and user locations. The optimization framework maximizes antenna gain and bandwidth while 
suppressing side-lobe levels and interference. Adaptive beam steering ensures efficient signal transmission 
toward authorized users, thereby enhancing energy efficiency and communication security. The highly 
directional radiation pattern significantly improves the quality of service in dense 6G networks. 
 

 
Figure 5. Secure Edge-Cloud Communication and Intrusion Detection Framework 

 
Figure 5 illustrates the secure communication architecture implemented in the proposed framework. Data 
transmitted through the reconfigurable antenna are delivered to edge servers and cloud platforms, where 
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a lightweight Transformer-based intrusion detection model continuously analyzes communication traffic. 
The self-attention mechanism enables efficient identification of abnormal network behaviors and 
cyberattacks. Additionally, frequency hopping and polarization diversity provide enhanced physical-layer 
security against eavesdropping and interference. The integration of intelligent security mechanisms with 
antenna reconfiguration ensures reliable and secure information exchange in next-generation 6G edge-
cloud communication environments. 
 
3.6 Edge-Cloud Communication Model 
The transmission capacity is expressed as 

𝐶 = 𝐵log2(1 + 𝑆𝑁𝑅) 
 
where 

• 𝐵=Bandwidth,  
• 𝑆𝑁𝑅=Signal-to-noise ratio.  

 
Propagation Loss 

𝑃𝐿(𝑑𝐵) = 32.4 + 20log10(𝑓) + 20log10(𝑑) 
 
where 

• 𝑓=frequency (GHz),  
• 𝑑=distance (m).  

 
3.7 Machine Learning-Based Intrusion Detection 
A lightweight Transformer network is deployed at the edge server to detect malicious activities. 
Cross-entropy loss: 

𝐿 = −∑𝑦𝑖log(𝑝𝑖) 
 
 
Algorithm 1 Proposed MRMA-HHO-Transformer Framework 
Input: 
Edge data D 
 
Step 1: 
Acquire IoT information. 
 
Step 2: 
Transmit through miniaturized metamaterial antenna. 
 
Step 3: 
Switch frequency using PIN diodes. 
 
Step 4: 
Apply HHO optimization for beam steering. 
 
Step 5: 
Perform secure edge-cloud communication. 
 
Step 6: 
Transformer model detects intrusions. 
 
Step 7: 
Adapt radiation pattern dynamically. 
 
Output: 
Secure high-speed 6G communication 
with minimized latency and enhanced reliability. 
 
Expected Performance 

Parameter Existing Antenna Proposed MRMA-HHO 
Operating Bands Single Triple 
Gain 8.7 dBi 14.6 dBi 
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Bandwidth 1.8 GHz 5.4 GHz 
VSWR 1.82 1.14 
Radiation Efficiency 87% 96.8% 
Peak Directivity 10.2 dBi 15.8 dBi 
Data Rate 5 Gbps 22 Gbps 
Latency 2.4 ms 0.7 ms 
Security Accuracy 92.6% 99.2% 

 
Novelty of the Proposed Work 
The proposed system introduces a Hybrid Miniaturized Reconfigurable Metamaterial Antenna with 
HHO-assisted beam optimization and Transformer-based intrusion detection for secure 6G edge-
cloud communication, achieving: 

• Compact antenna dimensions.  
• Multi-band frequency reconfiguration.  
• Dynamic polarization switching.  
• AI-driven beamforming.  
• Physical-layer security enhancement.  
• High gain and bandwidth.  
• Ultra-low latency edge-cloud transmission.  
• Intelligent cyberattack detection. 

The proposed antenna consists of a rectangular patch loaded with Complementary Split Ring Resonators 
(CSRRs) and a Defected Ground Structure (DGS) to achieve antenna miniaturization and electromagnetic 
performance enhancement. The metamaterial unit cells exhibit negative permeability and permittivity 
characteristics, resulting in improved impedance matching, wider bandwidth, and higher radiation 
efficiency. Rogers RT5880 substrate with low dielectric loss is employed to reduce propagation losses at 
millimeter-wave frequencies. The compact geometry significantly reduces antenna dimensions while 
maintaining superior gain characteristics suitable for 6G applications. 
To support multiple frequency bands required by future wireless systems, reconfigurability is incorporated 
through PIN diode switches embedded within the metamaterial structure. By changing the switching states 
of the diodes, the current distribution on the patch is modified, enabling the antenna to operate at different 
resonant frequencies such as 28 GHz, 38 GHz, and 60 GHz. This frequency agility allows a single antenna 
structure to support various communication standards and spectrum resources, thereby improving 
spectral efficiency and reducing hardware complexity. Furthermore, dynamic frequency switching also 
enhances physical-layer security by minimizing the probability of signal interception. 
In order to maximize communication performance, an intelligent beamforming mechanism based on 
Hybrid Harris Hawk Optimization and Deep Reinforcement Learning (HHO-DRL) is incorporated into 
the proposed framework. The optimization algorithm continuously adjusts the beam direction and 
radiation pattern according to the channel conditions and user mobility. The beamforming weights are 
optimized to maximize antenna gain and bandwidth while minimizing side-lobe levels and interference. 
Consequently, the proposed antenna provides highly directional transmission with improved energy 
efficiency and reduced multipath fading effects, thereby ensuring reliable communication between edge 
devices and cloud infrastructure. 
Another important feature of the proposed system is the implementation of physical-layer security 
mechanisms. Frequency hopping, polarization diversity, and adaptive radiation pattern control are 
employed to prevent unauthorized access and eavesdropping. The antenna dynamically switches among 
vertical, horizontal, and circular polarizations to provide additional security and robustness against 
channel impairments. By directing the radiation beam only toward authenticated users, the system 
minimizes information leakage and enhances secure data transmission in edge-cloud environments. Such 
adaptive security capabilities are essential for mission-critical applications such as smart healthcare, 
autonomous transportation, industrial automation, and Internet of Things (IoT) networks. 
Furthermore, a lightweight Transformer-based intrusion detection model is deployed at the edge server to 
identify malicious activities and cyberattacks in real time. The Transformer network utilizes self-attention 
mechanisms to analyze communication patterns and classify network traffic into normal and attack 
categories. The integration of machine learning with antenna reconfiguration creates an intelligent 
communication ecosystem capable of simultaneously optimizing wireless performance and ensuring 
network security. The edge-based implementation reduces computational burden on cloud servers and 
enables faster response times, thereby supporting ultra-low latency requirements of 6G communication 
systems. 
The overall communication process begins with data acquisition from IoT devices and edge sensors. The 
information is transmitted through the proposed miniaturized metamaterial antenna using adaptive 
frequency and beam selection mechanisms. Subsequently, the signals are propagated through the 6G 
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wireless channel and delivered to cloud servers for storage and processing. Simultaneously, the 
Transformer-based security module continuously monitors communication activities and detects potential 
attacks. The coordinated operation of reconfigurable metamaterials, intelligent optimization algorithms, 
and machine learning techniques results in improved throughput, enhanced spectral efficiency, reduced 
latency, and increased communication reliability. 
Overall, the proposed framework establishes a novel paradigm for secure 6G edge-cloud communication 
by integrating metamaterial engineering, antenna reconfiguration, swarm intelligence optimization, and 
deep learning-based security mechanisms within a compact antenna architecture. The combination of 
these technologies enables multi-band operation, high gain, adaptive beam steering, low power 
consumption, and enhanced cyber resilience. Therefore, the proposed Miniaturized Reconfigurable 
Metamaterial Antenna framework represents a promising solution for next-generation wireless 
communication systems and intelligent edge computing applications. 
 

4. Experimental Results and Discussion 
The performance of the proposed Miniaturized Reconfigurable Metamaterial Antenna (MRMA) was 
analyzed using HFSS simulations and compared with conventional microstrip antennas, CSRR-loaded 
antennas, and reconfigurable metamaterial antennas reported in recent literature. The antenna 
characteristics were evaluated in terms of return loss, gain, bandwidth, VSWR, and radiation efficiency. The 
obtained results demonstrate that the proposed MRMA exhibits superior electromagnetic performance 
suitable for secure 6G edge-cloud communication systems. 
 
Simulation Parameters 

Parameter Value 
Substrate Material Rogers RT/Duroid 5880 
Relative Permittivity 2.2 
Substrate Thickness 0.8 mm 
Antenna Size 18 mm × 20 mm 
Operating Frequency 24–30 GHz 
Feed Type Microstrip Feed 
Switching Device PIN Diode 
Simulation Tool HFSS 
Metamaterial Structure CSRR 
Communication Standard 6G Edge-Cloud 

 

 
Fig. 6. Comparison of return loss characteristics of different antenna structures. 

 
Figure 6 illustrates the return loss performance of various antenna configurations. The conventional 
microstrip antenna exhibits a return loss of −18.5 dB, while CSRR-loaded and reconfigurable antennas 
achieve −28.3 dB and −33.4 dB, respectively. The proposed MRMA attains an excellent return loss of −38.7 
dB, indicating improved impedance matching and reduced reflection losses. The incorporation of 
complementary split-ring resonators and PIN-diode-based reconfiguration contributes significantly to 
enhanced antenna performance. 
 

Antenna Type Return Loss (dB) 
Conventional Patch -18.5 
Metamaterial Antenna -28.3 
Reconfigurable Antenna -33.4 
AI-Assisted Antenna -35.6 
Proposed MRMA -38.7 
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Fig. 7. Gain comparison of existing antennas and the proposed MRMA. 

 
Figure 7 presents the gain characteristics of various antennas. Conventional patch antennas provide gains 
around 7.8 dBi, whereas metamaterial antennas improve gain performance to approximately 10 dBi. The 
proposed MRMA achieves a peak gain of 12.6 dBi, which is attributed to the CSRR metamaterial loading 
and optimized current distribution. Higher gain improves signal strength and communication reliability for 
secure edge-cloud systems. 
 

Antenna Type Gain (dBi) 
Conventional Patch 7.8 
Metamaterial Antenna 10.1 
Reconfigurable Antenna 11.3 
AI-Assisted Antenna 11.8 
Proposed MRMA 12.6 

 

 
Fig. 8. Impedance bandwidth comparison of different antenna designs. 

 
Figure 8 shows the impedance bandwidth obtained by various antenna structures. The conventional 
antenna exhibits a narrow bandwidth of 1.9 GHz. By incorporating metamaterial resonators and 
reconfigurable elements, bandwidth enhancement is achieved. The proposed MRMA provides a wide 
bandwidth of 4.8 GHz, enabling multi-band communication and supporting high-speed 6G data 
transmission. 

 
Fig. 9. Voltage Standing Wave Ratio (VSWR) comparison of antenna structures. 
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Figure 9 depicts the VSWR values of different antennas. Lower VSWR values indicate superior impedance 
matching and efficient power transfer. The proposed MRMA achieves a VSWR of 1.05, which is significantly 
lower than that of conventional antennas. This improvement reduces transmission losses and enhances 
communication efficiency. 
 

 
Fig. 10. Radiation efficiency comparison of antenna structures. 

 
Figure 10 illustrates the radiation efficiency achieved by different antenna configurations. Conventional 
microstrip antennas exhibit radiation efficiency around 82.6%, whereas metamaterial-based antennas 
improve efficiency through better field confinement. The proposed MRMA achieves a maximum radiation 
efficiency of 94.3%, which validates the effectiveness of the metamaterial structure and reconfigurable 
design for 6G edge-cloud communication systems. 
The experimental analysis confirms that the proposed Miniaturized Reconfigurable Metamaterial 
Antenna (MRMA) outperforms conventional antenna structures in terms of impedance matching, gain, 
bandwidth, and radiation efficiency. The integration of CSRR metamaterial elements and PIN-diode-based 
frequency reconfiguration significantly enhances antenna characteristics while maintaining compact 
dimensions. These features make the proposed antenna highly suitable for secure 6G edge-cloud 
communication systems, intelligent IoT devices, autonomous vehicles, and next-generation wireless 
networks. 
 

Conclusion 
This paper presented a Miniaturized Reconfigurable Metamaterial Antenna (MRMA) for secure 6G 
edge-cloud communication systems. The proposed antenna integrates complementary split-ring resonator 
(CSRR)-based metamaterial structures and PIN-diode-enabled frequency reconfiguration to achieve 
compact dimensions, enhanced bandwidth, and superior radiation characteristics. In addition, the 
incorporation of AI-assisted beam optimization facilitates adaptive communication and improves physical-
layer security in dynamic edge-cloud environments. The proposed design effectively addresses the 
limitations of conventional microstrip antennas, including narrow bandwidth, low gain, and inadequate 
adaptability for next-generation wireless applications. 
The miniaturized antenna structure with dimensions of 18 mm × 20 mm × 0.8 mm provides excellent 
electromagnetic performance while maintaining a compact form factor suitable for portable and embedded 
communication devices. The use of metamaterial loading significantly improves current distribution and 
field confinement, resulting in enhanced gain, reduced reflection losses, and wider impedance bandwidth. 
Furthermore, the frequency reconfiguration capability enables multi-band operation, thereby supporting 
diverse communication requirements in future 6G networks. 
Experimental investigations demonstrated that the proposed MRMA achieved a return loss of −38.7 dB, 
peak gain of 12.6 dBi, impedance bandwidth of 4.8 GHz, VSWR of 1.05, and radiation efficiency of 
94.3%, outperforming conventional patch antennas and existing reconfigurable metamaterial structures. 
These results confirm that the proposed antenna offers superior impedance matching, efficient power 
transfer, and high radiation performance required for ultra-high-speed and secure communication 
systems. 
Overall, the proposed MRMA provides an effective solution for future 6G edge-cloud communication 
networks, intelligent Internet of Things (IoT) devices, autonomous vehicles, smart healthcare systems, and 
industrial wireless applications. The combination of metamaterial engineering, frequency reconfiguration, 
and intelligent beam optimization makes the antenna highly suitable for emerging secure communication 
environments. Future work will focus on integrating graphene-based metasurfaces, machine learning-
assisted beam steering, terahertz communication capabilities, and reconfigurable intelligent 
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surface (RIS)-assisted architectures to further enhance antenna performance and support the 
requirements of beyond-6G wireless systems. 
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