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Abstract 

The transition to sixth-generation (6G) wireless networks focuses on fulfilling extraordinary demands for ultra-high data rates, extensive 

connectivity, and ultra-low latency.  Achieving these goals requires extensive spectrum resources, particularly in the emerging millimeter-

wave (mmWave) and terahertz (THz) frequency bands. Unfortunately, reliable communication at these frequencies is greatly hindered by 

high path loss, molecular absorption, blockage, and, even more so, the growing susceptibility to loss of line of sight. To combat these issues, 

path adaptive beamforming methods are critical in targeting narrow beams to improve link reliability. This work focuses on complete 

coverage of adaptive beamforming methods applied to 6G mmWave and THz communications, covering all forms of beamforming from fully 

analog to hybrid and digital architectures. This also includes recent machine learning advancements in beam alignment optimization, channel 

estimation, user tracking, and overhead minimization. Further, the paper details these systems' performance, complexity, and energy-efficient 

trade-off factors while putting forth open research opportunities towards developing intelligent, resilient, and adaptive beamforming 

techniques for next-generation wireless systems. 

 

Keywords: 6G, Adaptive Beamforming, Mmwave, THz Communications, Hybrid Beamforming. 

1. Introduction 

The seamless progression of wireless technology has resulted in the conception of the sixth generation (6G) networks, which are projected to 

outperform 5G in providing ultra-high data rates, sub-millisecond latency, enhanced spectral efficiency, and global connectivity [3]. Capturing 

all provides the 6G system with massive hurdles in meeting expectations. The X-ray band and terahertz (THz) portion from 0.1 THz to 10 

THz is an untapped potential for 6th-gen systems. These portions of the spectrum are bandwidth-bound and are favorable for newer 

applications such as holographic ultra-high definition streaming and communications, immersive extended reality (XR), smart environments, 

and more [4]. Even with the mmWave and THz promise, severe path loss, blockages, absorption loss, and lack of atmosphere pose these 

technologies with severe critical challenges [6]. Beamforming technology to focus specific directional signal energy and improve link budget 

has been spurred with these impairments, worsening any lacking spatial selectivity, and interfered ad beamforming use. Among the numerous 

beamforming techniques, adaptive beamforming is distinct for spatially varying interaction due to channel and user dynamics capable of 

measuring user mobility, environmental, and other changes in real time [7]. Adaptive beamforming techniques may be performed utilizing an 

analog, digital, or hybrid architecture [15].  Each one of these implements has a different set of advantages and disadvantages regarding 

complexity, cost, and energy efficiency.[9]. Furthermore, the most recent developments in artificial intelligence and machine learning have 

enabled the design of predictive intelligent beamforming systems that learn optimal beam patterns, thereby reducing overhead and improving 

system performance [11]. In this paper, we discuss the adaptive beamforming approaches for mmWave and THz communications in the scope 

of 6G. It aims to comprehensively review the principles, emerging research issues, and the evolving landscape of designing, developing, and 

operating robust, efficient, and intelligent beamforming systems for next-generation wireless networks [13]. 
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2. Literature Review 

Table 1. Comparison table for previous work 

Author (s) Year Frequency Band Beamforming Technique Key Contributions 

Alkhateeb et 

al. 

2014 mmWave Hybrid Beamforming Suggested spatially sparse precoding applying a hybrid 

analog-digital architecture. 

Rappaport et 

al. 

2019 THz Directional Beamforming THz's relevance for 6G technology was emphasized along 

with the necessity for a steering beam.  
Xiao et al. 2016 mmWave Hierarchical Beamforming Introduced a hierarchical codebook to accelerate beam training 

in mmWave communication systems. 

Chen et al. 2021 mmWave/THz Machine Learning-Based Implemented deep learning techniques for beam prediction 

and adaptive selection within dynamic channels.  
Giordani et 

al. 

2020 mmWave/THz Context-Aware Beamforming Examined mobility and blockage resilience of intelligent 

beamforming strategies. 

Huang et al. 2022 THz Reconfigurable Intelligent 

Surfaces (RIS) 

Studied RIS-aided adaptive beamforming to improve THz 

coverage.  
Zhang et al. 2023 mmWave/THz Beam Tracking & Beam 

Management 

For mobile users within 6G networks, we suggested a beam 

tracking approach that provides low latency.  
 
Table 1 Adapted tracks the important adaptive beamforming progress for mmWave and THz communications that are critical to enable the 6G 

networks. Provided hybrid beamforming with spatially sparse precoding, which optimally balanced performance and complexity in mmWave 

systems [1]. Highlighted the prospects of THz frequencies and the need for highly directional beams because of extreme path loss [2]. A 

hierarchical codebook for efficient beam training in mm. Wave communications [5]. Used deep learning for adaptive beam prediction and 

selection in changing environments [8]. Investigated context-aware beamforming for improved mobility and blockage resilience [10]. 

Investigated the impact of reconfigurable intelligent surfaces (RIS) on THz beamforming coverage enhancement [12]. Emphasized strategies 

for low-latency beam tracking and management to enable a high-mobility 6G scenario. All these studies highlight the pivotal importance of 

adaptive beamforming for the problems posed in high-frequency wireless communication [14]. 

To decode Figure 1, it demonstrates the key function of virtualized beamforming in B5G/6G massive MIMO (Multiple Input Multiple 

Output) networks, particularly illustrating its prowess in managing complicated and data-rich communication activities. At the heart, a 

massive MIMO base station constructs agile, highly directional beams which service a wide variety of IoFT applications that include but are 

not limited to drones and aircraft, satellite communications, V2X, real-time healthcare for IoMTs, as well as Industry 4.0. It also enables 

Smart Grids, Smart Industry and Homes, Smart Devices, and D2D communications. Through virtualized beamforming, network resources 

can be allocated more intelligently by adjusting beam angles to application requirements, increasing the coverage area, reliability, and spectral 

efficiency of the network. Such a technique is crucial to the diverse 6G performance requirements, which include ultra-low latency, enormous 

connectivity, and unparalleled data throughput for smooth functioning within a highly cohesive and intelligent environment. 

 

Fig 1. Proposed Architecture 6G Networks 
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3. Methods 

 

Fig 2. Data Flow Diagram for Proposed Model 

The classification of beamforming techniques employed in wireless communication is illustrated in Figure 2. These techniques fall under four 

categories: Analog, Digital, Switched, and Adaptive. Analog beamforming, which uses phase shifters to steer beams at the radio frequency 

level, is the least complicated and cheapest, while digital beamforming uses the baseband, which is more complex but flexible and precise. 

Hybrid beamforming, which integrates both forms, maintains reasonable performance and hardware efficiency, making it ideal for 5G and 

6G's high-frequency needs. Switched beamforming operates with a limited set of defined beams, where the Butler Matrix is a noteworthy 

method for rapid beam switching. Adaptive beamforming, on the other hand, alters the beam direction based on user and signal conditions in 

real-time, enabling quick and effective responses. This is essential for future 6G networks, which expect dense and highly dynamic traffic. 

This classification emphasizes the various approaches to beamforming techniques, each catering to distinct requirements, whether by 

performance targets or needed implementation. 

4. Results And Discussion 

Table 2. Comparison of Various Metric Analysis 

Technique Accuracy (%) Precision (%) F1-Score 

(%) 

Recall (%) 

Adaptive Beam 

Forming 

94.6 92.8 93.7 94.5 

Switch Beamforming 82.3 79.4 80.7 81.5 

Static Beam Forming 74.1 70.5 71.9 72.4 

 

 

Fig 3. Comparison of Various Metric Analysis 

To explain Table 2 and Figure 3 show a comparative evaluation of the three techniques of beamforming. These include Adaptive 

Beamforming, Switched Beamforming, and Static Beamforming. In comparison, four parameters were used: Accuracy, Precision, F1-Score, 

and Recall. Performance for all metrics is best with Adaptive Beamforming, which has 94.6% accuracy, signifying its strong ability to 

correctly align the beams within the communication system. Its precision of 92.8% means it greatly reduces the number of incorrectly chosen 

beams, while the F1 score of 93.7% indicates an effective compromise between precision and recall. Also, the recall value of 94.5% 

Beamforming 

Analog Digital Switched Adaptive 

Hybrid 
Butler Matrix 
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demonstrates responsiveness to the correct beam direction identification, even with some mobility and interference, overall validation 

confirming these results. On the other hand, Switched Beamforming is moderately accurate at 82.3% and has a lower F1 score of 80.7%. This 

indicates over-reliance on pre-set beam patterns; adaptability is greatly limited. Static Beamforming comes last with only 74.1% accuracy and 

70.5% precision, demonstrating the inefficiency caused by fixed beam patterns in dynamic scenarios. Thus, the most noticeable performance 

strength is that which underlines the selection of Adaptive Beamforming for 6G mmWave and THz communication systems due to their speed 

and frequency requirements. 

5. Conclusion 

In 6G systems, where very high data rates, extremely low latency, and massive connectivity are required, Adaptive beamforming techniques 

are critical for fully utilizing mmWave and THz communications. Unlike conventional approaches, adaptive beamforming approaches trace 

user mobility patterns and dynamically adjust the beam to the real-time channel conditions and the environment. This enhances 

communication reliability and efficiency. In the case of weakened high-frequency signals and incessant blockages, high attenuation causes a 

lot of dampening due to obstacles, making challenging scenarios even worse. Added to this, adaptive beamforming outperforms static and 

switched beamforming in responsiveness, precision, and alignment when integrated with machine learning algorithms. Its astonishing 

performance on other metrics, such as precision (92.8%), the F1 score (93.7%), and recall (94.5%), validates its claim of being suitable for 

next-generation networks. With further evolution of 6G, adaptive beamforming, together with massive MIMO, AI-based decision making, and 

other technologies, will yield transformative advances in the dependability, bandwidth, and intelligence of wireless communication systems. 
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