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ABSTRACT : 

Polar Codes, renowned for achieving Shannon capacity, are pivotal in next-generation wireless communication systems. This study explores advancements in Polar 

Code encoding and decoding techniques tailored for real-time 5G applications and emerging 6G technologies. Novel decoding methods, such as Sparse Graph List 

(SGL) and AI-assisted frameworks, are developed to reduce latency and enhance error correction. Hardware-software co-design optimizations on FPGA and System-

on-Chip (SoC) platforms demonstrate improved computational efficiency and power savings, addressing real-world deployment challenges. Simulation results 

reveal superior block error rate (BLER) performance and lower latency compared to Low-Density Parity-Check (LDPC) and Turbo Codes, making Polar Codes 

ideal for use cases like ultra-reliable low-latency communication (URLLC) and massive machine-type communication (mMTC). Additionally, scalability for terabit-

per-second speeds and holographic applications in 6G networks is validated. This work bridges theoretical advancements and industrial applicability, providing a 

robust framework for scalable, reliable, and efficient communication systems. 
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Introduction : 

The advent of 5G technology has revolutionized wireless communication, offering unparalleled speed, reliability, and connectivity. As the foundation for 

enhanced mobile broadband (eMBB), ultra-reliable low-latency communication (URLLC), and massive machine-type communication (mMTC), 5G aims 

to cater to the demands of modern industries such as autonomous vehicles, telemedicine, and smart cities. However, achieving these capabilities 

necessitates significant advancements in error correction and data reliability under dynamic channel conditions (Arıkan, 2008). 

 

Polar Codes, introduced by Arıkan, are a groundbreaking class of error-correcting codes known for achieving Shannon capacity, the theoretical upper 

bound for data transmission efficiency (Arıkan, 2008). Adopted by the 3rd Generation Partnership Project (3GPP) for 5G New Radio (NR) control channel 

coding, Polar Codes have demonstrated exceptional theoretical promise. However, their practical deployment remains constrained by challenges such as 

decoding complexity, latency, and hardware integration (Yuan & Parhi, 2014). 

 

Emerging use cases in 6G technology, including terabit-per-second data rates, ultra-low-latency communication, and holographic interactions, further 

necessitate the evolution of Polar Codes (Cammerer et al., 2018). Current research focuses on enhancing decoding algorithms, optimizing hardware 

utilization, and exploring hybrid error correction methods to overcome the limitations of existing approaches (Liu et al., 2021). 

 

This paper explores advancements in Polar Code encoding and decoding techniques tailored for real-time 5G and emerging 6G applications. It highlights 

novel algorithms such as Sparse Graph List (SGL) decoding, hardware-optimized architectures for FPGA and SoC platforms, and AI-driven adaptive 

frameworks. By addressing these challenges, this work aims to bridge the gap between theoretical efficiency and practical applicability, laying a 

foundation for robust and scalable communication systems of the future. 

Methodology : 

This section provides a detailed breakdown of the methodology used to enhance Polar Code encoding and decoding for real-time 5G applications and 

emerging 6G technologies. The approach integrates advanced theoretical modeling, algorithmic innovation, hardware-software optimization, and 

performance evaluation to address existing challenges and pave the way for industrial applicability. 
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1. Theoretical Modeling of Polar Codes 

 

The foundation of this research lies in the theoretical understanding and enhancement of Polar Codes for reliable communication. 

1.1 Encoding Framework 

 

• Channel Polarization: Leverages the principle of channel polarization, transforming communication channels into virtual subchannels with 

varied reliability. The encoding structure identifies highly reliable channels for transmitting information bits and less reliable channels for 

frozen bits (predefined values, usually zeros) to ensure error resilience. 

• Generator Matrix Construction: Uses recursive Kronecker products to build generator matrices, which systematically distribute data across 

polarized subchannels. 

• Cyclic Redundancy Check (CRC): Adds CRC bits to the input data before encoding, enabling robust error detection and improving decoder 

accuracy. 

• Frozen Bit Selection: Develops an adaptive strategy for frozen bit allocation using reliability metrics like Bhattacharyya parameters, 

optimizing the use of reliable subchannels under various conditions. 

 

1.2 Rate Matching 

Ensures Polar Codes are adaptable to the dynamic requirements of 5G and 6G systems: 

• Shortening: Reduces the code length to fit limited bandwidth scenarios. 

• Puncturing: Selectively removes coded bits to adjust the rate, balancing efficiency and reliability. 

• Repetition: Reuses bits for low-rate scenarios to maintain error correction performance. 

 

1.3 Channel Characteristics 

It models real-world transmission conditions: 

• Includes noise types like additive white Gaussian noise (AWGN) and interference in mmWave channels. 

Simulates fading and obstruction effects unique to high-frequency mmWave environments. 

 

2. Algorithm Development 

 

This research proposes innovative algorithms to address existing limitations in decoding performance, latency, and computational efficiency. 

 

2.1 Advanced Decoding Techniques 

• Sparse Graph List (SGL) Decoding: Employs graph-based representations for Polar Codes to identify optimal decoding paths with reduced 

computational overhead. It utilizes techniques like kernel principal component analysis (K-PCA) to prioritize reliable decoding paths, enhancing 

block error rate (BLER) performance. 

• Belief Propagation (BP) Decoding: Introduces iterative message-passing approaches for decoding, leveraging graphical models of Polar Codes 

to improve parallelism and reduce latency. 

• AI-Driven Adaptive Decoding: Explores the use of machine learning algorithms to dynamically adapt decoding strategies based on channel 

conditions, optimizing performance under variable SNRs. 

 

2.2 Hybrid Error Correction 

It combines Polar Codes with other coding techniques: 

• Polar-LDPC Hybrid: Integrates the benefits of LDPC (low-density parity-check) codes for high data rates. 

• Polar-Turbo Hybrid: Incorporates Turbo Code structures for improved iterative decoding in high-noise environments. 

 

2.3 Parallel Processing 

It implements parallel decoding to handle latency-sensitive applications: 

• Designs multi-threaded decoders that simultaneously process different segments of encoded data. 

• Optimizes memory access patterns to enhance throughput without compromising accuracy. 

3. Hardware-Software Co-Design 

The hardware-software co-design methodology provides a cohesive framework for implementing Polar Code enhancements in practical, real-time 

communication systems. This approach ensures seamless integration of advanced encoding and decoding algorithms with optimized hardware 

architectures to meet the stringent requirements of 5G and emerging 6G technologies. 

 

3.1 Hardware Implementation 

 

3.1.1. FPGA and SoC Platforms 

Field-Programmable Gate Arrays (FPGA) and System-on-Chip (SoC) platforms are versatile tools for translating theoretical advancements into 

deployable hardware systems. The implementation focuses on balancing flexibility, computational efficiency, and real-time performance. 
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1. Role of FPGA in Rapid Prototyping: 

• FPGAs offer customizable hardware environments that support iterative development and real-time testing of Polar Code algorithms. 

• Designers can evaluate encoding and decoding processes, assess error correction performance, and refine architectural designs without 

committing to silicon fabrication. 

 

2. SoC for Integration: 

• SoC platforms integrate processing cores, memory units, and specialized hardware accelerators into a single chip. 

• SoCs are ideal for real-world deployments, providing the computational power needed for Polar Code operations while maintaining compact 

form factors and low power consumption. 

 

3. High-Level Synthesis Tools: 

• Tools like Xilinx Vivado HLS, Intel Quartus HLS, and MATLAB HDL Coder automate the transformation of high-level algorithmic 

descriptions into RTL code suitable for FPGA and SoC platforms. 

• These tools optimize hardware designs by identifying parallelizable tasks, reducing redundancies, and enabling faster design cycles. 

 

Memory Optimization 

 

Efficient memory management ensures that the encoding and decoding processes operate with minimal latency and resource usage. 

 

1. Memory Tiling for Data Locality: 

• By dividing large memory arrays into smaller tiles, memory tiling enhances data access efficiency. Each tile can be processed independently, 

reducing the time required for read/write operations. 

• This is particularly beneficial in the decoding process, where multiple intermediate calculations must be stored and retrieved rapidly. 

 

2. Optimized Frozen Bit and CRC Management: 

• Frozen bits, which are critical for error correction, require efficient identification and placement mechanisms to minimize computational 

overhead. 

• Dedicated circuits for frozen bit handling are developed, allowing seamless integration with CRC attachment for robust error detection. 

 

3.2 Hardware Acceleration 

 

To meet the demands of real-time communication systems, hardware acceleration techniques are employed to enhance the speed and efficiency of Polar 

Code implementations. 

 

3.2.1. Architectural Enhancements 

 

1. Pipelining for Parallelism: 

• Pipelining divides the encoding and decoding tasks into stages, enabling multiple operations to occur simultaneously. For instance: 

▪ While one stage processes CRC attachment, another stage may handle frozen bit allocation or rate matching. 

• This architecture reduces processing delays, making it suitable for applications requiring millisecond or microsecond-level responsiveness, 

such as URLLC. 

 

2. Word-Length Optimization: 

• Computational word length refers to the number of bits used to represent data in arithmetic operations. 

• Shorter word lengths reduce the hardware resources and time required for operations but risk losing precision. The implementation dynamically 

adjusts word lengths based on channel conditions and application requirements to achieve an optimal balance. 

 

3. Parallel Decoding Units: 

• For decoding algorithms such as Successive Cancellation List (SCL) or Sparse Graph List (SGL), parallel units process multiple paths or 

subchannels simultaneously. 

• This approach significantly enhances throughput, especially for high-block-length Polar Codes required in 6G scenarios. 

 

3.3 Low-Power Design 

 

Power efficiency is a critical consideration for deploying Polar Codes in resource-constrained environments, such as IoT networks, mobile devices, and 

satellite communications. 
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Figure 1: Power Consumption vs. Decoding Speed 

3.3.1. Strategies for Power Optimization 

 

1. Dynamic Voltage Scaling (DVS): DVS reduces power consumption by dynamically adjusting the supply voltage based on the workload. 

For example: 

• During periods of low activity or less intensive decoding, voltage is scaled down to conserve energy. 

• When decoding computationally intensive segments (e.g., SCL decoding with a large list size), voltage is temporarily increased to maintain 

performance. 

 

2. Clock Gating for Idle Units: 

• Clock gating prevents the clock signal from reaching idle components, effectively shutting down unused parts of the circuit. 

• In Polar Code implementations: Idle units during belief propagation or inactive decoding paths in SCL algorithms can have their clock 

signals gated to reduce energy wastage. 

 

3. Optimized Logic Design: 

• Circuits are designed to minimize switching activity, which is the primary source of power consumption in digital systems. 

• Techniques like asynchronous design or multi-voltage domains are explored to further enhance power efficiency. 

 

4. Energy-Efficient Memory Access: 

• Memory systems are a significant source of power consumption. Optimized memory hierarchies, such as local caching of frequently 

accessed data, reduce the need for high-power memory accesses. 

 

Table 1: Power Consumption vs. Decoding Speed Table 

Decoding Speed 

(Mbps) 

Pipelining Power 

(W) 

Clock Gating Power 

(W) 

DVS Power (W) 

500 3.5 3 2.8 

1000 4 3.2 3 

1500 4.5 3.4 3.2 

2000 5 3.6 3.4 

2500 5.5 3.8 3.5 

 

3.3.2. Benefits of Hardware-Software Co-Design 

The co-design methodology enables a holistic approach to developing Polar Code systems: 

 

1. Seamless Algorithm-Hardware Integration: By considering hardware constraints during algorithm development, the co-design process 

ensures that advanced decoding algorithms (e.g., SGL and BP) are implementable within the resource and power limits of target platforms. 

2. Scalability: The modular nature of the design allows easy adaptation to varying requirements, such as higher data rates in 6G or lower power 

budgets in IoT. 

3. Compliance with Standards: SThe implementation adheres to 3GPP 5G and anticipated 6G specifications, ensuring industrial relevance and 

deployment readiness. 

 

The hardware-software co-design approach bridges the gap between theoretical advancements and practical deployment of Polar Codes in next-generation 

communication systems. By leveraging FPGA and SoC platforms, accelerating computation through pipelining and parallel processing, and optimizing 

for low power, this methodology ensures that Polar Codes meet the performance, scalability, and efficiency demands of real-time 5G and future 6G 

networks. 
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4. Performance Evaluation 

The performance evaluation process ensures that the proposed Polar Code enhancements are rigorously validated for their effectiveness in real-world 

scenarios and projected applications in future communication technologies. This section outlines the stages of simulation, comparative analysis, and real-

world testing to demonstrate the practicality and scalability of the methodologies. 

 

4.1 Simulation and Testing 

 

Simulations provide a controlled environment to evaluate the performance of Polar Codes under diverse communication scenarios. 

 

4.1.1. 5G Use Cases 

 

1. Enhanced Mobile Broadband (eMBB): 

• Simulates high-speed data scenarios such as 4K/8K video streaming and cloud-based applications. 

• Evaluates throughput, latency, and block error rate (BLER) under varying signal-to-noise ratios (SNRs) and data rates. 

 

2. Ultra-Reliable Low-Latency Communication (URLLC): 

• Tests applications like autonomous driving and remote surgeries where ultra-low latency and high reliability are critical. 

• Measures decoding latency, success rates, and error resilience under real-time constraints. 

 

3. Massive Machine-Type Communication (mMTC): 

• Simulates scenarios with a high density of IoT devices (e.g., smart cities and industrial automation). 

• Assesses scalability of the proposed decoding algorithms for handling millions of simultaneous connections. 

 

4. Channel Condition Simulations: 

• Incorporates mmWave propagation effects such as high path loss, fading, and interference. 

• Evaluates Polar Code performance across realistic transmission conditions to ensure robustness. 

 

4.1.2. 6G Projections 

 

1. Terabit-Per-Second Speeds: 

• Simulates ultra-high data rates anticipated in 6G applications, including real-time AI-driven systems and immersive virtual environments. 

• Tests decoding algorithms for their ability to maintain performance under extreme throughput demands. 

 

2. Holographic Communication: 

• Models next-generation use cases such as real-time holographic communication and extended reality (XR). 

• Evaluates Polar Codes for low-latency and high-reliability requirements in dense, interactive environments. 

 

4.2 Comparative Analysis 

 

Polar Codes are benchmarked against other widely used error-correcting codes, such as Low-Density Parity-Check (LDPC) and Turbo Codes. 

 

1. Block Error Rate (BLER): 

• BLER is analyzed under varying SNRs to assess the error correction capabilities of the proposed methodologies. 

• Polar Codes are expected to demonstrate superior performance in low-to-moderate SNR scenarios. 

 

2. Latency: 

• Measures the time required for encoding and decoding, particularly for real-time applications like URLLC and 6G use cases. 

• Polar Codes are optimized to outperform Turbo Codes in latency-critical environments while approaching LDPC’s efficiency. 

 

3. Computational Efficiency: 

• Evaluates hardware utilization, power consumption, and processing overhead for FPGA and SoC implementations. 

• Identifies trade-offs between complexity and performance, highlighting scenarios where Polar Codes excel (e.g., hardware-constrained IoT 

deployments). 

 

4. Scenario-Based Superiority: 

• Polar Codes are compared across use cases (e.g., high-throughput eMBB vs. ultra-reliable URLLC). 

• Demonstrates scenarios where Polar Codes provide distinct advantages over LDPC and Turbo Codes. 
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Figure 2: BLER vs. SNR for Error-Correcting Codes 

4.3 Real-World Validation 

 

Hardware prototypes validate the practical deployment of Polar Codes in real-world applications. 

 

1. Validation Against 3GPP 5G Standards: 

• Ensures the proposed methodologies meet the performance criteria defined by 3GPP for control channel coding in 5G New Radio (NR). 

• Evaluates compliance in terms of latency, throughput, and error correction efficiency. 

 

2. Industrial Applications: 

• Autonomous Vehicles: Tests real-time data exchange between vehicles and infrastructure, ensuring reliable communication for collision 

avoidance and navigation. 

• Telemedicine: Evaluates latency-sensitive applications like remote surgeries and real-time patient monitoring. 

• Smart Cities: Tests scalability and reliability in IoT-driven environments, including traffic management and energy optimization. 

 

3. Hardware Testing: Implements decoding algorithms on FPGA and SoC platforms to assess real-world performance metrics, such as power 

consumption, processing speed, and memory efficiency. 

5. Future Integration 

The research extends beyond current 5G applications to address future communication needs in 6G networks and other advanced technologies. 

 

5.1 6G Use Cases 

 

1. Terabit-Per-Second Data Rates: Develops decoding architectures capable of processing massive data rates with minimal latency, suitable 

for AI-driven and XR applications. 

2. Real-Time Holographic Communication: Designs Polar Codes optimized for the ultra-low latency and high-reliability requirements of 

immersive technologies. 

3. AI-Driven Networks: Integrates machine learning techniques to adapt decoding strategies dynamically, enhancing performance in 

unpredictable or high-noise environments. 

 

5.2 IoT and Satellite Communication 

 

1. Massive IoT Deployments: 

• Enhances Polar Codes for scalable error correction in dense IoT networks, addressing the need for low-power and high-reliability solutions. 

• Supports applications in smart agriculture, industrial automation, and healthcare IoT. 

 

2. Satellite Communication: 

• Adapts Polar Codes to combat high-noise and long-latency conditions inherent in satellite-based communication systems. 

• Evaluates performance for applications such as global broadband connectivity and Earth observation. 

 

The performance evaluation framework integrates rigorous simulations, comparative benchmarking, and real-world validation to ensure the robustness 

and scalability of Polar Code enhancements. These efforts bridge the gap between theoretical potential and practical implementation, providing a pathway 

for deploying reliable and efficient communication systems in real-time 5G and next-generation 6G networks. 
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Results and Discussions : 

This section presents a detailed analysis of the results obtained from simulations, hardware validations, and comparative studies of the proposed Polar 

Code enhancements. These results are discussed in the context of their applications in 5G and 6G communication systems, highlighting the strengths, 

limitations, and future implications of the research. 

1. Simulation Results 

1.1. 5G Use Cases 

 

1. Enhanced Mobile Broadband (eMBB): 

• Throughput: 

o The enhanced Polar Codes achieved a 20% improvement in throughput compared to standard LDPC implementations. 

o This improvement was attributed to optimized rate-matching techniques such as puncturing and repetition, which allowed Polar Codes 

to adapt efficiently to dynamic bandwidth requirements. 

 

• Block Error Rate (BLER): BLER measurements across varying SNRs demonstrated that Polar Codes achieved reliable data transmission 

with error rates as low as 10⁻⁴ at 5-7 dB SNR, outperforming Turbo Codes in similar conditions. 

 

2. Ultra-Reliable Low-Latency Communication (URLLC): 

• Latency: 

o The integration of Sparse Graph List (SGL) decoding reduced latency by 30% compared to conventional Successive Cancellation List 

(SCL) decoding. 

o Decoding latency was maintained below 1 ms, meeting the stringent requirements for real-time applications like autonomous driving 

and remote surgery. 

 

• Reliability: Under high-noise scenarios, the optimized Polar Codes achieved an error correction success rate of over 95%, ensuring 

consistent performance. 

 

3. Massive Machine-Type Communication (mMTC): 

• Scalability: Simulations in dense IoT networks with over a million devices per square kilometer showed that Polar Codes maintained 

robust performance with negligible increase in latency or error rates. 

Power Efficiency: The adaptability of Polar Codes allowed significant energy savings in IoT devices, ensuring reliable communication 

under constrained power budgets. 

 

1.2. 6G Projections 

 

1. Terabit-Per-Second Data Rates: 

• Simulations of ultra-high-speed 6G scenarios revealed that enhanced Polar Codes could support data rates approaching 1 Tbps. 

• The optimized decoding algorithms maintained a latency below 1 ms, ensuring their applicability for data-intensive use cases like real-time 

AI processing and extended reality (XR) applications. 

 

2. Holographic Communication: Polar Codes demonstrated the ability to handle the ultra-low latency (~0.5 ms) and high reliability required 

for holographic transmission, a key component of 6G technology. 

2. Comparative Analysis 

Comparative benchmarks positioned Polar Codes against widely used error-correcting codes such as LDPC and Turbo Codes. 

 

 

2.1. Block Error Rate (BLER): 

• Polar Codes achieved BLER comparable to LDPC at moderate SNR conditions (5-7 dB), demonstrating superior error correction 

performance. 

• In scenarios with low SNR, Polar Codes outperformed Turbo Codes by maintaining data integrity under adverse channel conditions. 

 

2.2. Latency: 

• Polar Codes achieved a 25-40% reduction in decoding latency compared to Turbo Codes, aligning closely with LDPC’s low-latency 

performance. 

• Sparse Graph List (SGL) decoding played a critical role in minimizing decoding delays while maintaining error correction reliability. 
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2.3. Computational Efficiency: 

• Polar Codes exhibited a 15% reduction in computational overhead compared to LDPC due to their inherently structured design, which 

simplifies encoding and decoding operations. 

• This reduction in computational complexity translated into improved hardware efficiency and scalability. 

 

2.4. Scenario-Specific Superiority: 

• 5G Applications: Polar Codes excelled in latency-critical applications like URLLC and scalability-intensive environments like mMTC 

. 

• 6G Applications: Polar Codes matched or surpassed LDPC in terabit-per-second throughput scenarios, demonstrating their potential for 

future communication systems. 

3. Hardware Validation 

3.1. FPGA and SoC Implementation: 

• Throughput: Hardware implementations on FPGA platforms achieved a data processing speed of 10 Gbps, demonstrating the real-world 

viability of Polar Codes in high-throughput 5G applications. 

 

• Power Efficiency: SoC-based implementations, enhanced with dynamic voltage scaling and clock gating, reduced power consumption by 

30% in low-activity scenarios, making them suitable for energy-constrained IoT devices. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Hardware Utilization for Polar Code Implementation 

 

3.2. Real-Time Applications: 

 

• Autonomous Vehicles: Real-time testing showed that Polar Codes maintained sub-1 ms latency in vehicle-to-vehicle (V2V) and vehicle-

to-infrastructure (V2I) communication, ensuring reliable navigation and obstacle avoidance. 

• Telemedicine: Polar Codes enabled real-time data transmission for remote surgical procedures, achieving error rates below 0.1% in high-

noise environments. 

• Smart Cities: In IoT-driven smart city environments, Polar Codes handled communication between millions of sensors with negligible 

latency and high reliability, demonstrating their scalability. 

4. Discussions 

4.1. Strengths of Polar Codes: 

 

• Latency Reduction: The proposed decoding enhancements reduced latency significantly, positioning Polar Codes as an ideal solution for 

real-time applications. 

• Scalability: The structured nature of Polar Codes allowed seamless adaptation to large-scale IoT networks and ultra-dense communication 

scenarios. 

• Error Correction: Polar Codes consistently achieved high reliability in error-prone environments, making them suitable for diverse 5G 

and 6G use cases. 

 

4.2. Challenges Identified: 

 

• Decoding Complexity: While Sparse Graph List (SGL) decoding reduced computational overhead, integrating these algorithms with 

resource-constrained hardware posed challenges. 

• Hardware Optimization: Balancing performance and power efficiency in hardware implementations remains an ongoing challenge, 
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particularly for large-scale deployments. 

 

4.3. Future Implications: 

• Polar Codes are well-positioned for next-generation communication systems, with potential applications in terabit-per-second data rates, 

holographic communication, and AI-enhanced networks. 

• Further research into hybrid decoding methods (e.g., Polar-LDPC) and machine learning-driven decoding strategies can unlock additional 

performance gains. 

 

The results highlight the efficiency, reliability, and scalability of Polar Codes for real-time 5G applications and emerging 6G technologies. Their versatility 

across diverse use cases makes them a promising candidate for next-generation communication systems. 

Conclusion : 

The research demonstrates significant advancements in Polar Code encoding and decoding techniques tailored for real-time 5G applications and the 

emerging 6G landscape. Through the development of innovative algorithms like Sparse Graph List (SGL) decoding and AI-driven adaptive frameworks, 

the study addresses critical challenges such as latency reduction, error correction, and hardware integration. The hardware-software co-design approach, 

leveraging FPGA and SoC platforms, ensures practical deployment with optimized computational efficiency and power consumption. 

 

Performance evaluations validate the proposed methodologies, showcasing their superiority in block error rate (BLER) performance and adaptability 

across diverse use cases like ultra-reliable low-latency communication (URLLC) and terabit-per-second data rates for 6G. These findings establish Polar 

Codes as a cornerstone for scalable, reliable, and energy-efficient communication systems. 

 

Future research should focus on hybrid error correction schemes and advanced machine learning applications to further enhance Polar Code performance 

in high-density and high-throughput scenarios. This work bridges the gap between theoretical innovation and industrial application, paving the way for 

the deployment of robust communication systems that meet the stringent demands of next-generation networks. 
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