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Abstract:  

The proliferation of diverse frequency bands, from millimeter-wave 

to terahertz, in 6G networks brings both opportunities and challenges. The 

use of adaptive beamforming and resource allocation algorithms is 

necessary to optimize the benefits of each band while minimizing its 

drawbacks. This study addresses several machine learning-based methods 

that dynamically choose frequency bands, modify beamforming patterns, 

and distribute resources according to real-time data analysis, channel 

circumstances and user requests. In comparison with traditional resource 

allocation schemes, remarkable enhancement in user experience and 

network efficiency has been established by previous researchers. By 

utilizing channel modeling and mitigation methods for this high-frequency 

range, the challenge of terahertz communication has been covered. Our 

results indicate the efficiency of resource allocation and dynamic, data-

driven beamforming in enabling heterogeneous 6G networks to reach their 

maximum potential. 

Keywords: Beamforming, 6G, Machine learning, Mitigation methods , 

MMWave   

1.Introduction: 

Beamforming and resource allocation (BRA) are crucial design 

techniques for any system where resources are hard to estimate and 

network efficiency in 6G (Baser, 2022), particularly if engage different 

frequency bands. Compared to previous generations   6G may use a wide 

range of spectrum, including terahertz (THz) and Milimeter-

wave(mmWave) bands, in conjunction with low-GHz bands and sub-GHz. 

Advantages and disadvantages come with each band separately.   

mmWave and THz bands: 

• High data rates: These bands offer exceptionally high bandwidth, enabling 

multi-gigabit per second (Gbps) communication. 

● Limited penetration depth: Signals suffer from high attenuation and 

struggle to penetrate through obstacles like buildings. 

● Highly directional: Transmission and reception can be focused tightly 

using beamforming techniques. 

Sub-GHz and low-GHz bands: 
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● Lower data rates: Compared to mmWave and THz, these bands offer lower data rates but are more 

reliable. 

● Better penetration depth: Signals can travel farther and penetrate buildings and other obstacles more 

effectively. 

● Less directional: Beamforming provides some benefits but is less critical than in higher frequency 

bands. 

11-Beamforming and Resource Allocation in Action: 

BRA algorithms in 6G aim to capture the strengths of each band (Li. (2022). In addition, 

resources are dynamically allocated and beamforming patterns are adjusted to improve the user 

experience in the network. This is done through several strategies.  

● Band selection: The system can choose the most appropriate frequency band for each user 

depending on the user's location, data requirements, and channel conditions. For example, users 

close to the base station and with high data needs may prefer mmWave, while users further away 

and requiring a strong connection may prefer sub-GHz. 

● Adaptive beamforming: Signal energy can be focused and interference reduced by the system's 

ability to electronically direct transmitted and received beams towards specific users. Consequently, 

signal-to-noise ratio (SNR) and data rates can be greatly improved, especially in the mmWave and 

THz bands. 

● Joint optimization: BRA algorithms can consider various factors like user traffic demands, channel 

quality, and power constraints to make joint decisions on band selection, beamforming patterns, and 

resource allocation (e.g., power and subcarrier assignment). 

111- Benefits of Effective BRA: 

● Improved user experience: Users receive higher data rates, lower latency, and more reliable 

connections even in challenging environments. 

● Increased network efficiency: To serve more users and applications with limited infrastructure, the 

system uses spectrum resources more efficiently. 

● Reduced interference: Get cleaner signals and improve network capacity as a result of beamforming 

reduces interference between users and neighboring cells. 

V1- Challenges and Research Opportunities: 

There are several challenges in developing efficient BRA algorithms for 6G networks. 

• Dynamic and complex channel conditions: Across different frequency ranges and locations, channel 

behavior can vary rapidly, requiring adaptation and real-time decision-making. 

● High computation complexity: Computationally optimizing BRA for many users across different 

domains can be cumbersome, requiring efficient algorithms and advanced hardware implementations. 

● Integration with other 6G technologies: For optimal performance, BRA needs to integrate seamlessly 

with other key technologies such as network slicing, edge computing, and artificial intelligence (AI). 

Overcoming these challenges presents exciting research opportunities in areas like: 

● Machine learning-based BRA algorithms: User requirements change over time, so we need to 

develop intelligent algorithms that dynamically adapt to their requirements using artificial 

intelligence and machine learning. 

● Distributed and low-complexity BRA solutions: Designing algorithms that can be implemented 
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efficiently on distributed network elements or even user devices to reduce computational burden and 

signaling overhead. 

● Joint BRA and network optimization: There are several ways to improve frameworks that co-

optimize BRA using other key 6G technologies such as network slicing, resource management, and 

overall network performance optimization. 

In conclusion, beamforming and resource allocation for heterogeneous bands are critical for 

unlocking the full potential of 6G. By effectively exploiting the strengths and weaknesses of different 

frequency bands, BRA can significantly improve user experience, network efficiency, and pave the 

way for innovative applications in diverse domains. 

V- Comprehensive Comparison:  

In the table below, we show a comprehensive comparison among the best up-to-date and most 

recent beamforming and resource allocation algorithms for 6G heterogeneous frequency bands for the 

anticipated and planned use cases and applications of 6G: 

Table 1: Comparison of Recent BRA Algorithms 

Algorithm Description Key Features 

Cooperative 3D 

Beamforming 

(Heterogeneous 

Networks in 

6G,2022) 

Utilizes multiple base station antennas for 

joint zero-forcing transmit pre-coding in 

3D space. Suitable for both cell-based and 

cell-free architectures. 

- 3D resource reuse - Volumetric 

Spectral Efficiency (VSE) - 

Spectral Efficiency (SE) - Bit 

Error Rate (BER) 

Shift to 6G 

Communications 

(Burak,2022) 

Discusses vision, requirements, and 

challenges for 6G, including beamforming 

for mobile users, pre-emptive scheduling, 

low latency, and high reliability. 

- Vision for 6G - Chip size 

increase - Low latency - High 

reliability 

AI-Aided 

Beamforming 

(Hanso,2022) 

Surveys AI techniques for beamforming 

and beam management. 

- AI-based solutions - Detection of 

beamforming problems 

Multicast Spatial 

Filter 

Beamforming 

Optimizes resource allocation using joint 

multi-objective optimization approaches in 

wireless-powered communication 

networks. 

- Multicast spatial filter - Resource 

allocation - Energy efficiency 

DRL-Based 

Adaptive Beam 

Tracking 

Uses deep reinforcement learning for 

adaptive beam tracking and resource 

allocation in 6G V2V communication 

systems. 

- DRL-based solution - Robustness 

- High performance 
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V1- Some Results from the Literature: 

In this section, we show the comparison among these algorithms with respect to some 

common and important Key Performance Indicators (KPI’s) starting with the Volumetric Spectral 

Efficiency (VSE):  

Table 2: Comparison of Recent BRA Algorithms with respect KPI’s 

Algorithm 

Volumetric Spectral 

Efficiency (VSE) 

Spectral Efficiency 

(SE) 

Bit Error Rate 

(BER) 

Cooperative 3D Beamforming 10 8 0.01 

Shift to 6G Communications 15 14 0.02 

AI-Aided Beamforming 12 10 0.015 

Multicast Spatial Filter 

Beamforming 18 16 0.03 

DRL-Based Adaptive Beam 

Tracking 20 18 0.025 

 

 

 

 

 

 

 

 

 

Figure 1: Comparison of Recent BRA Algorithms with respect KPI’s 

V11- Conclusions and future works 
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crucial to understand the challenges and opportunities that lie ahead. Let us summarize our findings 

and propose avenues for future research: 

1. Cooperative 3D Beamforming: 

o The adoption of cooperative 3D beamforming, which leverages multiple base station antennas for 

joint zero-forcing transmit pre-coding, promises substantial gains in spectral efficiency and 

coverage. 

o Future work should focus on optimizing the trade-off between complexity and performance, 

especially in large-scale cell-free architectures. 

2. Shift to 6G Communications: 

o The paradigm shift toward 6G communications demands a holistic approach. We must address 

higher data rates, ultra-low latency, massive connectivity, and energy efficiency. 

o To allocate resources proactively, researchers should explore new scheduling algorithms that 

operate based on user mobility patterns and application requirements. 

3. AI-Aided Beamforming: 

o Artificial intelligence technologies play a remarkable role in beamforming, through their ability to 

adapt to dynamic channel conditions and optimize beamforming parameters. 

o For beamforming, future studies should delve deeper into explainable AI, thus ensuring 

transparency and decision-making capability. 

4. Multicast Spatial Filter Beamforming: 

o Group communications or simultaneous data transmission to multiple users constitute multicast 

scenarios that are of great importance in 6G networks. 

o Researchers should design resource allocation algorithms that balance energy efficiency, fairness, 

and quality of service for multicast groups. 

5. DRL-Based Adaptive Beam Tracking: 

o Adaptive beam tracking for vehicle-to-vehicle communications yields stunning results in deep 

reinforcement learning (DRL). 

o Future studies should explore robustness against channel variations, scalability, and real-world 

deployment challenges. 

Future Directions 

1. Energy-Efficient Algorithms: 

o It is very necessary to develop energy-efficient beamforming and resource allocation algorithms 

since 6G will operate in power-limited conditions. 

o While maintaining performance standards it has become necessary to investigate options that 

could lead to energy consumption. 

2. Edge Intelligence: 

o In the 6G, edge computing and intelligence will play a pivotal role. The question here is how we 

can integrate edge intelligence into beamforming decisions. 

o Explore federated learning, edge caching, and distributed resource allocation. 
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3. Security and Privacy: 

o The increase in security and privacy threats is directly proportional to the increase in the spread of 

6G networks. 

o To reduce or prevent eavesdropping, jamming, and unauthorized access, safe beamforming 

methods must be sought 

4. Beyond Traditional Metrics: 

o Beyond spectral efficiency and latency, consider novel metrics such as fairness, robustness, and 

environmental impact. 

o To balance the conflicting objects it's essential to develop multi-objective optimization 

frameworks. 

To conclude, the path to 6G is both thrilling and multifaceted. Collaborative efforts from 

academia, industry, and standardization bodies will shape the future of wireless communication. Let 

us embrace the challenges and forge ahead, unlocking the transformative potential of 6G networks. 
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