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ABSTRACT 

, portable antennas meeting demands for voice over IP, on-demand bandwidth, and 

multimedia define the wireless communication landscape. Fifth-generation (5G) spans 6 GHz to 

60 GHz, addressing spectrum shortages in various industries. Evolution from 4G to 5G signals a 

progression toward more advanced 6G capabilities. At the core of this evolution is beamforming, 

a key technology shaping network performance. This paper explores Beamforming techniques, 

tracing their evolution from 5G to potential 6G. It examines types, emphasizing practical benefits 

in wireless communication optimization. The paper systematically classifies Beamforming 

techniques, focusing on Hybrid Beamforming—an approach blending analog and digital 

strengths. It highlights the paramount importance of Hybrid Beamforming, addressing limitations 

in conventional techniques and offering insights into its unique advantages. In the context of 5G, 

beamforming addresses imperatives like higher data rates, increased device density, extended 

coverage, interference mitigation, and energy optimization. Looking to 6G, the discussion 

considers extreme data rates, terahertz frequencies, AI-driven beamforming, holographic 

techniques, and challenges in global coverage. This paper aims to provide a comprehensive 

overview of Beamforming techniques, serving as a valuable resource for researchers, 

practitioners, and enthusiasts in next-generation wireless networks. 

I. INTRODUCTION 

Wireless connectivity is integral to daily life, profoundly impacted by the emergence of 

5G. This advancement facilitates a myriad of IoT applications categorized under enhanced 

mobile broadband (eMBB), Ultra-Reliable Low Latency Communications (URLLC) and 

massive Machine Type Communications (mMTC) [1]. Objectives like Spectral Efficiency, 

Latency, Energy Efficiency, and Data rate become integral to Service-level Agreements. The Air 

Interface plays a vital role in achieving these objectives, with Beamforming standing out as a 

significant advancement in the 5G Air Interface domain. Notably, 5G extends beyond merely 

providing high spectrum availability via mmWave, building on the knowledge gained from 
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Long-Term Evaluation (LTE) studies but introducing several advancements tailored to New 

Radio (NR) requirements. 

In contrast to the era of 4G or older networks, where consumers manually searched for 

the strongest signal by waving their phones, 5G revolutionizes this process. Through automatic 

beamforming, the antenna adjusts itself, illustrating a fundamental difference between older-

generation mobile antennas and the sophisticated technology utilized in 5G networks. 

Beamforming, a critical 5G technique, leverages advanced antenna technologies on mobile 

devices and network base stations [2]. Its purpose is to concentrate a wireless signal in a specific 

direction, diverging from the conventional approach of broadcasting to a wide area. This 

nuanced technique enhances the efficiency and precision of wireless communication. 

 

 

 

 

 

 

 

 

Figure 1: 5G Beamforming scenario. 

The concept traces back to 1905, with recent applications in Wi-Fi and 5G networks. 

Illustrated by the 802.11 standard, Wi-Fi beamforming is implemented in routers. 

Electromagnetic waves naturally radiate in all directions from a single antenna, unless obstructed 

by a physical object. Multiple closely spaced antennas simultaneously transmit the same signal, 

creating a concentrated electromagnetic energy beam. Utilizing multiple antennas, 5G 

Beamforming directs a beam wave by adjusting the magnitude and phase of individual antenna 

signals within an array. This involves transmitting the same signal from several antennas spaced 

adequately apart. At the receiver's location, multiple copies of the signal are received, potentially 

canceling out or summing up constructively based on the varying phases of the signals relative to 

the receiver's position [3]. 

II. HOW DOES BEAMFORMING FUNCTION? 
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Imagine a world where sound waves can be precisely focused, just like light beams from 

a flashlight. In wireless communication, beamforming achieves this feat with radio waves, 

directing signals towards specific receivers instead of broadcasting them aimlessly. Think of 

multiple speakers working together to create a powerful, focused sound at a specific location. 

That's the essence of beamforming, where signals from multiple antennas are carefully adjusted 

to shape the radio beam like a sculptor molding clay. This precise control allows us to create 

zones of strong, clear signals for intended receivers, while simultaneously creating "silent zones" 

in unwanted directions. This magic trick, achieved by carefully adjusting the phase and 

amplitude of signals from each antenna, not only strengthens the signal for the intended receiver 

but also reduces interference for others, leading to faster data transfers, fewer errors, and a more 

efficient network overall. Beamforming is like the invisible conductor of the wireless orchestra, 

ensuring each instrument (antenna) plays its part in perfect harmony to deliver a clear and 

powerful signal, making it a cornerstone of modern communication technologies like 5G and 

Wi-Fi [4]. 

In the realm of Wi-Fi networking, beamforming is not a new concept, but its recent 

advancements have been significant. 5G networks heavily rely on beamforming as a crucial 

component. While a single antenna can transmit a wireless signal in various directions, the 

implementation of beamforming involves using multiple antennas positioned closely together. 

This technique facilitates the simultaneous transmission of multiple signal waves, which can 

either benefit or hinder depending on how effectively the signal waves are layered, leading to 

interference. Properly executed beamforming results in a robust signal precisely directed where 

intended, while incorrect implementation can lead to interference and signal loss. These 

represent some of the advantages and disadvantages associated with beamforming. 

Through beamforming, wireless access points can focus their signals in specific 

directions, offering substantial benefits when receiving devices are aligned accordingly: 

increased throughput, reduced interference, and enhanced signal strength. If your devices support 

beamforming technology, concerns about signal capture or ensuring alignment with the signal 

path become less relevant [5]. 

III. VARIOUS TYPES OF BEAMFORMING 

Beamforming is a signal processing technique applied prior to transmitting and receiving 

directional signals within a sensor array. Also referred to as spatial filtering, it involves utilizing 

angular arrangements to induce constructive or destructive interference at specific angles within 

the antenna array. This technique is employed at both transmission and reception terminals to 

achieve spatial directivity, ensuring accurate transmission and reception of radio or sound waves. 

Beamforming finds applications in various fields such as Sonar, radar, wireless communication, 

seismology, acoustics, radio astronomy, and biomedicine. Adaptive beamforming, a subtype, 
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involves rejecting interference and filtering spatially to receive and estimate the desired signal at 

the sensor. Beamforming is categorized into different types based on the configuration of 

antennas. 

Static Beamforming 

An effective arrangement of multiple directional antennas results in a consistent radiation 

output directed outward from a central point, a process known as static beamforming. This term 

is typically used in reference to indoor, sectorized antenna arrays. Unlike dynamic beamforming, 

where parameters are adjusted dynamically, in static beamforming, all parameters remain fixed. 

This enables the distribution of an optimal quality signal to each connected device, as the 

radiation pattern remains constant per frame. Each station can receive either a strong or weak 

signal depending on the optimal power allocation achieved through this technique. However, 

projecting a beam towards a targeted receiver using a fixed array can pose challenges, making it 

a less commonly used technique. For instance, to cover a 360-degree area using 8 antennas, the 

area must be divided into 8 equal parts, with each antenna covering a 45-degree wide angle. An 

additional overlap of 5 degrees on the upper and lower sidebands of the bandwidth facilitates 

smoother roaming, resulting in each antenna covering a wider angle of 55 degrees. Indoor 

sectorized array solutions with 8, 12, or 16 unidirectional antennas can provide comprehensive 

360-degree high-gain coverage. 

 

 

 

 

 

 

 

 

 

 

Figure 2: Static beamforming-indoor sectorized array 

Dynamic Beamforming 
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 Similar to static beamforming, dynamic beamforming differs in that it allows for the 

adaptive adjustment of radiation patterns and directivity capabilities. This enables the 

distribution of the highest quality signal to each connected device, as the radiation pattern 

changes with each frame. Through this technique, optimal power allocation ensures that each 

station receives a strong signal. Employing an adaptive array, this method efficiently handles 

signals projected towards a targeted receiver. This technology is also known as Beam steering or 

smart antenna technology, and it is a feature exclusive to the transmitting station. 

 

 

 

 

 

 

 

 

Figure 3: Visualization of dynamic signal steering with an Intelligent Antenna Network 
 

Transmit Beamforming 

Unlike dynamic beamforming, where antennas physically steer a focused signal beam, 

transmit beamforming utilizes digital signal processing to enhance transmission towards specific 

users. This versatile technique involves transmitting multiple copies of the signal from the 

antenna array, each with slightly adjusted phases. These adjusted phases work together to 

constructively interfere at the intended receiver location, resulting in a stronger signal compared 

to traditional omnidirectional transmission. This amplification occurs without physically 

changing the antenna pattern, making it a software-based solution embedded within the 

transmission device. The two main forms of transmit beamforming further refine this technique 

by employing different strategies to optimize signal strength and directionality. 
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Figure 4: Depiction of Dynamic Beamforming Signal Patterns in Adaptive Antenna Arrays 

 

 

Fixed Beamforming 

Unlike its dynamic counterpart, fixed beamforming plays it straight. It uses pre-

determined antenna weights, like aiming a fixed flashlight, to shape a signal pattern that 

amplifies towards a specific target. This simplicity makes it computationally efficient and cost-

effective, finding applications in cellular networks, Wi-Fi, radar, and even satellite 

communication. However, its rigidity holds it back in dynamic environments where targets move 

or interference pops up, as it lacks the adaptability to adjust its beam pattern on the fly. While not 

the most flexible option, fixed beamforming offers a reliable and efficient way to aim our radio 

signals when we know where they need to go. 

Switched Beamforming 

The functionality relies on a static beamforming network designed to generate predefined 

beams. In this network, which typically has more beams (P) than antenna elements (N), signals 

from N antenna elements are processed to produce P beams. A specific type of beamforming 

network known as the Butler matrix generates P beams when P equals N. 

For every user, the signal-to-noise ratio (SNR) is computed for each beam, enabling the 

selection of the beam with the highest SNR for further processing. All users within the coverage 

area of the array have access to all channels allocated to the cell it serves. Consequently, multiple 

users can utilize the same beam simultaneously [6]. 

Delay and Sum Beamforming 

 Delay and sum beamforming is a traditional spatial filtering method employing analog 

techniques, where delays are utilized instead of phase shifters [7]. While primarily applied in 

narrowband transmissions, this approach can also accommodate broadband signals. By 

introducing delays, the antenna array segregates signals corresponding to specific directions. 

However, due to the absence of amplitude weighting, interference mitigation is not effectively 

addressed in this technique. 

Adaptive Beamforming 
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An adaptive beamformer employs an array of transmitters or receivers to execute 

adaptive spatial signal processing. This technique operates under the assumption that the base 

station (BS) continuously updates the mobile station's location. However, in scenarios with 

numerous real-time mobile stations, this algorithm can face challenges, complicating accurate 

localization. 

In wireless communication systems, accurately determining the Direction-of-Arrival 

(DOA) of incoming signals on an antenna array poses a significant challenge. Implementing an 

adaptive beamforming system is notably more complex compared to a switched-beamforming 

system. The objective of perfect adaptive beams is to minimize user interference and 

significantly enhance available power resources. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Adaptive Beamforming System 

Narrowband Beamforming 

 Narrowband beamforming is achieved through instant linear combination of received 

array signals. However, wideband signals require additional processing dimensions to operate 

efficiently, such as tapped delay lines or sensor delay lines, as recently proposed, to create a 

wideband beamforming system. 
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 Despite advancements, narrowband beamforming remains prevalent in most wireless 

communication applications. The mapping matrix adjustments for narrowband signals exhibit a 

straightforward form, as temporal shifts closely resemble changes in signal phase. This 

characteristic enables high-resolution beamforming and accurate determination of direction-of-

arrival using the resulting equations. 

Wideband Beamforming 

 Wideband beamforming employs spatial filtering techniques to process wideband signals. 

Given the demands of 5G for high-frequency band transmissions to achieve remarkably high 

data rates, wideband beamforming has emerged as a critical aspect for future wireless 

communication applications. 

 mm-wave beamforming stands out as a prime example of wideband beamforming poised 

to enable ultra-fast speeds and vast capacity in 5G networks. The evolution of wideband 

beamforming has been facilitated by advancements in ultra-wideband (UWB) technology and the 

expansion of wireless communication bandwidth. Both fixed designs, such as frequency 

invariant beamformers, and adaptive designs are utilized in wideband beamforming techniques to 

handle the characteristics of wideband signals. 

IV. CLASSIFICATION OF BEAMFORMING 

 The terms massive MIMO and beamforming are sometimes used interchangeably. To 

clarify, beamforming can be considered a subset of massive MIMO or a technique used within it. 

Essentially, beamforming involves controlling the direction of a wave by appropriately adjusting 

the magnitude and phase of signals from an array of multiple antennas. This method enables the 

same signal to be transmitted from several antennas, with a guard wavelength between them. 

Consequently, the receiver will pick up the same signal from multiple sources in various 

directions. 

Analog Beamforming 

 Analog beamforming is a fundamental technology in 5G and will continue to influence 

6G networks. It focuses radio signals in a desired direction by adjusting their phase using phase 

shifters, which coordinate the timing of signals from each antenna element to create a 

concentrated beam. 

 This method is cost-effective due to its simpler hardware and requires minimal 

processing, allowing for faster beam steering. It is relatively straightforward to implement, 

facilitating deployment and management within mobile networks. However, analog 

beamforming offers less precise control over the beam's shape and direction compared to digital 
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techniques. Its performance can be affected by dynamic environments where user locations or 

signal conditions change rapidly. 

 In 5G networks, especially at millimeter wave frequencies, analog beamforming is often 

used for initial beam steering, providing a quick and efficient connection setup. It can work 

alongside digital beamforming, with analog methods providing initial coarse steering that digital 

processing can refine. 

Looking towards 6G, operating at higher frequencies will demand even more precise 

beamforming. While digital beamforming offers superior control, advancements in analog 

beamforming, such as improved phase shifters and advanced antenna designs, will ensure its 

continued relevance in future wireless communications. 

 

Figure 6: Architecture of Analog Beamforming 

Digital Beamforming 

 Digital beamforming significantly enhances the ability to focus radio waves in 5G and 

sets the stage for advanced control in 6G networks. Unlike analog beamforming, it uses digital 

signal processing (DSP). Each antenna element's signal is converted to digital form via an ADC, 

allowing the DSP to adjust both phase and amplitude. This precise control creates customized 

beams and can nullify unwanted signals, enabling multi-user beamforming where one base 

station can serve multiple users simultaneously. Despite its advantages, digital beamforming 

requires more complex and costly hardware, leading to higher power consumption. However, its 

benefits, such as high capacity and precise signal delivery, often outweigh these drawbacks. 
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Figure 7: Architecture of Digital Beamforming 

In 5G, digital beamforming is essential for millimeter wave (mmWave) communication, 

overcoming signal attenuation at high frequencies and supporting Multi-User MIMO, where a 

base station communicates with multiple users without interference. 

 For 6G, the expected higher frequencies, possibly in the Terahertz range, will make 

precise beamforming even more critical. Digital beamforming will likely evolve with AI and 

machine learning, leading to intelligent, adaptive beamforming that optimizes signal 

transmission based on real-time conditions, crucial for managing ultra-dense networks and 

dynamic 6G environments. 

V. HYBRID BEAMFORMING 

 Currently, wireless technologies operate within the frequency range of 300MHz to 3GHz, 

heavily reliant on spectral efficiency and bandwidth to meet the increasing demands for wireless 

communication services. However, as the system bandwidth approaches the Shannon capacity, 

further exploration is needed. One potential solution lies in utilizing the bandwidth between 

3GHz to 300GHz, known as the mmWave band. Employing multiple antennas at both 

transmitter and receiver ends can enhance spectral efficiency (SE) [8]. This enhancement can be 

achieved through MIMO technology, which involves either multiple antennas at the base station 

or utilizing multiple data streams between user equipment (UE) and base station (BS). 

 Massive MIMO offers significant advantages by leveraging thousands of antennas in a 

base station. Through beamforming gain, both transmission energy and small-scale fading can be 

minimized in a massive MIMO system. However, mitigating high path losses and optimizing 

beamforming gain are crucial to achieving a moderate Signal-to-Noise Ratio (SNR) for massive 

MIMO in mmWave bandwidths. Consequently, exploiting mmWave frequencies presents an 
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opportunity to boost SE, particularly in the 30-300 GHz bands, by integrating massive MIMO 

communications [9]. 

 mmWave massive MIMO and 5G networks find primary applications in device-to-device 

internet connectivity, machine-to-machine communication, and sector-wise vertical virtual 

division. These technologies face pressure to deliver high data rates while maximizing capacity, 

energy, and spectral efficiency [10]. However, mmWave frequencies suffer from increased path 

loss, which can be mitigated through proper line-of-sight selection and a multi-tier system to 

reduce multiple paths to the receiver [11]. Beamforming in massive MIMO compensates for path 

losses through directional transmission with large antenna arrays. Yet, hybrid beamforming, 

which combines analog and digital RF beamformers, aims to reduce power consumption and 

costs. This technique employs RF in analog form and multiple sets of beamformers connected to 

ADCs and DACs, optimizing data rates, particularly in mmWave architectures. 

 The effectiveness of beamforming hinges on the antenna arrays' directivity, ensuring that 

transmitting antennas concentrate signals toward the intended direction. In beamforming, 

transmitting antennas emit similar signals weighted by a scale factor, while the receiver adjusts 

received signals with another scaling factor before coherent combination. This process, 

enhancing the signal-to-noise ratio in the receiver setup, is known as beamforming gain, while 

the rate of change of error probability slope is termed diversity gain. The minimum number of 

RF chains corresponds to the quantity of antenna elements [12]. Beamforming employs a digital 

signal processor for flexibility in implementation and increased degrees of freedom for pure 

digital signal formation, albeit at the expense of architectural complexity and high power 

consumption due to each antenna requiring a unique RF chain. Analog beamforming can apply 

antenna weights either through phase shifting or time delay elements before or after RF signal 

up-conversion [13]. 
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Figure 8: Architecture of Hybrid Beamforming 

The Significance of Hybrid Beamforming 

Hybrid beamforming techniques leverage both digital and analog methods, such as implementing 

HetNets and mmWave communication models with analog phase shifters, offering cost-

effectiveness and low power consumption crucial for MIMO systems, where solely relying on 

mmWave MIMO can be both power-intensive and costly due to the combination of 

digital/analog signals for each antenna, hindering baseband signal processing [14]. This approach 

necessitates careful consideration of various impacted areas during design, including signal 

processing, channel estimation, precoding, and combining [15]. By employing fewer RF 

components, hybrid beamforming enables the processing of multiple baseband digital signal 

streams, contributing to antenna beamforming gain determination before analog processing takes 

place [16]. 

 When implementing 5G networks with a mix of different types of base stations, known as 

HetNets, various technical issues can be addressed, such as increasing capacity and saving 

energy. This aids in creating a smoother network experience for users. HetNets combine low-

power base stations like femtocells or picocells, which cover small areas, with high-power macro 

base stations (MBS). They are essential for boosting 5G networks by expanding coverage, 

improving capacity, and doing it all more affordably by reusing radio spectrum efficiently. 

To make 5G networks energy-efficient and able to handle more users, a lot of different 

types of base stations are needed, including pico, macro, micro, and femtocells, set up on a large 

scale. Multihop communication, where signals hop between devices before reaching their 

destination, will be crucial for extending coverage in 5G wireless networks. 
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Figure 9: Block diagrams of hybrid beamforming structures at the BS for downlink transmission 

include full-complexity (A), reduced-complexity (B), and virtual sectorization (C) structures. 

 For specific applications like indoor multimedia and outdoor peer-to-peer connections, 

mmWave technology with hybrid beamforming, a method for focusing radio signals, can be 

used. Although mmWave technology is already used in some Wi-Fi standards, it hasn't been 

fully utilized in cellular networks because of issues like signal loss and interference. By using a 

mix of microwave and mmWave frequencies and techniques like software-defined radio (SDR) 

and hybrid beamforming, optimization of 5G networks for different applications, meeting 

regulations, and reducing path losses can be achieved [17]. Testing these techniques in real-

world scenarios using SDR-based testbeds can help understand their effectiveness [18]. 

 In areas with fewer users, techniques like zero-forcing (ZF) or max ratio transmission 

(MRT) can increase the capacity of massive MIMO networks, where multiple antennas are used 

for transmitting and receiving signals [17]. Finally, hybrid beamforming and mmWave signals 

for backhaul connections, which are the links that connect base stations to the core network, can 

be used for efficient communication in massive MIMO networks. 

VI. ADVANTAGES OF HYBRID BEAMFORMING FOR 5G AND 6G 

Hybrid beamforming offers a compelling solution for achieving high performance in 5G 

and future 6G networks. It combines the strengths of digital and analog beamforming techniques 

to address the challenges of millimeter-wave (mmWave) frequencies, which are crucial for 

enabling ultra-fast data rates in these next-generation networks. Here's a breakdown of the key 

advantages: 

Facilitating mm-Wave Massive MIMO Communication: Hybrid beamforming plays a crucial 

role in enabling mm-Wave massive MIMO communication, which leads to a remarkable 1000x 

increase in the capacity of 5G and 6G wireless networks. This technology allows for more 

efficient use of the available spectrum and enables multiple antennas to transmit and receive 

signals simultaneously, significantly boosting network capacity. However, mm-Wave massive 

MIMO systems are susceptible to interference from users and can be quite complex to 

implement, especially in terms of digital beamforming. Digital beamforming involves adjusting 
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the phase and amplitude of signals at each antenna to focus the transmission in a particular 

direction. The complexity of this process can lead to challenges in accurately steering signals and 

maintaining optimal performance. Additionally, the intricacies involved in implementing mm-

Wave massive MIMO systems contribute to higher costs, both in terms of equipment and 

deployment. These systems require a large number of antennas and sophisticated signal 

processing algorithms, adding to the overall expense of building and operating the network [19]. 

Enhanced System Capacity: Dynamic Beam Steering: Hybrid beamforming allows for the 

creation of multiple, narrow beams that can be dynamically steered towards specific users. This 

spatial multiplexing enables serving multiple users simultaneously in the same frequency band, 

leading to increased network capacity and improved user experience [19]. 

Cost-Effectiveness and Power Efficiency: Reduced Hardware Complexity: Digital 

beamforming requires a dedicated radio frequency (RF) chain for each antenna element. This 

becomes expensive and power-hungry with the large antenna arrays used in 5G and 6G. Hybrid 

beamforming utilizes a combination of analog and digital processing. It employs a smaller 

number of RF chains for subarrays of antennas, significantly reducing cost and power 

consumption [20] [21] [22]. 

Improved Signal Quality and Coverage: Mitigating Path Loss: Millimeter waves suffer from 

high path loss, meaning the signal weakens significantly as it travels. Hybrid beamforming helps 

focus the signal energy towards the intended user, overcoming path loss and improving signal 

strength. This translates to better coverage and higher data rates at the user equipment [21]. 

Reduced Interference: Spatial Filtering: The ability to create focused beams allows hybrid 

beamforming to suppress unwanted signals from other users or interfering sources. This 

minimizes co-channel interference and improves the overall signal-to-interference ratio (SINR), 

leading to a more reliable and robust connection. 

Scalability for Future Networks: Adaptable to Large Antenna Arrays: 6G is expected to utilize 

even larger antenna arrays for even higher capacity. Hybrid beamforming's ability to handle 

complex antenna configurations efficiently makes it well-suited for future network demands. 

VII. CHALLENGES IN HYBRID BEAMFORMING FOR 5G AND 6G 

While hybrid beamforming offers significant advantages, it also presents certain 

challenges that need to be addressed for optimal performance in 5G and 6G networks. Here's a 

breakdown of the key challenges: 

Limited Degrees of Freedom: Balancing Analog and Digital Processing: The number of RF 

chains in a hybrid system limits the number of independent beams that can be formed. Finding 
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the optimal balance between analog and digital processing to achieve the desired spatial 

resolution remains a challenge. 

Channel Estimation and Feedback: Dynamic Channel Conditions - Millimeter wave channels 

are highly dynamic and prone to rapid changes due to blockage and user movement. Accurately 

estimating and feeding back channel state information (CSI) to the base station for beamforming 

adjustments is crucial yet challenging. 

Complexity of Algorithms: Balancing Performance and Efficiency - Hybrid beamforming 

algorithms require complex computations to optimize beam patterns and resource allocation. 

Finding the right balance between achieving high performance and maintaining computational 

efficiency for real-time implementation is a challenge. 

Hardware Calibration and Imperfections: Maintaining Accuracy - Imperfections in hardware 

components such as phase shifters and amplifiers can degrade the performance of hybrid 

beamforming. Developing robust calibration techniques and designing hardware with high 

accuracy remains an ongoing effort. 

Scalability and Energy Efficiency: Trade-off between Performance and Power Consumption -  

As antenna arrays become larger in 6G, the number of RF chains and processing complexity 

might increase. Finding ways to scale hybrid beamforming while maintaining energy efficiency 

is a challenge. 

Integration with Higher-Layer Protocols: Seamless Network Coordination - Hybrid 

beamforming needs to seamlessly integrate with higher-layer protocols like scheduling and 

resource allocation for optimal network performance. This requires efficient communication and 

coordination between different network layers. 

VIII. RESEARCH DIRECTIONS 

Centralized and Decentralized Learning: Cloud-RANs (C-RANs) enable centralized 

processing of data from distributed radios, offering significant advantages for AI-aided 

beamforming. Centralized learning leverages vast amounts of diverse data to train AI algorithms, 

improving latency, QoS, and spectral/energy efficiency [23, 24]. This approach overcomes 

limitations of storage and processing power faced by individual radios. Surprisingly, most 

research focuses on decentralized approaches, neglecting the potential of centralized training for 

tasks like codebook design and beam selection, which can be optimized for increased system 

capacity and power efficiency [25, 26]. Therefore, exploring centralized training and processing 

with C-RANs is a promising avenue for future research in AI-powered beamforming systems. 
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Reproducible Research: Lack of reproducibility hinders advancements in AI-aided 

beamforming research. While the field is rapidly growing, most studies rely on private, simulated 

datasets, making it difficult to compare and validate proposed solutions. A 2018 study found 

only around a third of research papers shared their data [27]. 

To address this, initiatives like the IEEE's MLC-ETI promote open-source code and 

datasets. This allows researchers to benchmark their models consistently and fosters 

collaboration within the scientific community. Openly available datasets and code are crucial not 

only for AI-based beamforming but for scientific progress as a whole. They accelerate 

innovation and ensure research builds upon a solid foundation. 

Semi-Supervised, Active and Reinforcement Learning: While supervised learning offers high 

performance, it often relies on labeled data that can be scarce, expensive, or unrealistic in 

wireless communication scenarios. This presents a challenge for training beamforming models. 

Here, alternative learning techniques emerge as promising solutions: 

Unsupervised learning: When labeled data is unavailable, unsupervised learning can be 

effective, and research suggests it can even outperform supervised methods in some cases [28]. 

Semi-supervised learning: If a limited amount of labeled data exists, semi-supervised learning 

leverages both labeled and unlabelled data, offering advantages over purely supervised or 

unsupervised approaches. 

Active learning: This technique focuses on efficiently labelling data by manually labelling a 

small portion and using a model to automatically label the rest. This iterative process 

progressively improves the model's accuracy with minimal human effort [29]. 

Reinforcement learning: This approach eliminates the need for labeled data altogether. The 

model learns through trial and error, receiving rewards for successful actions (selecting optimal 

beams) and refining its strategy over time [30]. 

Future research should prioritize exploring and advancing these alternative learning techniques 

to address data limitations and achieve robust beamforming models for real-world wireless 

communication systems. 

Prototypes and Practical Demonstrations: While simulations offer valuable insights, real-

world prototyping is crucial for developing commercially viable AI-aided beamforming for 5G 

and 6G. Simulations often fail to capture the complexities that can hinder real-world 

performance, such as hardware limitations. Understanding these complexities is essential for 

effective beamforming. For example, researchers need to account for impairments caused by 

hardware imperfections and synchronization issues [31]. Unfortunately, most research focuses on 
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simulations, neglecting the prototyping stage. This gap presents a significant opportunity for 

future research. By building prototypes that address real-world channel and hardware limitations, 

researchers can validate the effectiveness of proposed solutions and pave the way for practical 

AI-powered beamforming systems. 

Secrecy and Safety: User privacy is paramount for telecom providers, yet ML offers immense 

potential for network optimization using vast user data sets. The challenge lies in training these 

models without compromising user data. Federated learning offers a solution by training models 

on user devices using gradient information instead of raw data, mitigating privacy risks. 

Additionally, ML models, especially neural networks, are vulnerable to adversarial attacks where 

malicious data corrupts the training process. Autoencoders, a type of neural network, have shown 

promise in anomaly detection for network security. However, the impact of adversarial attacks 

on ML-assisted beamforming systems is a nascent research area with significant risks [32]. 

Consequently, there's a growing interest in developing privacy-preserving systems and ML 

models robust against such attacks. 

Computer Vision: Millimeter wave (mmWave) and terahertz (THz) communication rely on 

line-of-sight (LoS) links due to their high directivity and susceptibility to blockages. 

Beamforming is crucial in these bands, but traditional methods require extensive beam training 

overhead, reducing efficiency. Here's where optical sensor-aided beamforming emerges. 

By leveraging computer vision techniques and sensors like LiDAR cameras, this 

approach gathers information on device location and surrounding environment. This eliminates 

the need for complex CSI measurements and allows simultaneous beam selection for both 

transmitter and receiver. Additionally, incorporating GPS data or fusing it with optical and CSI 

data can further enhance accuracy [33]. 

As a new and exciting research area, optical sensor-aided beamforming presents 

numerous opportunities. From handover prediction to beam and base station selection, this 

technology holds immense potential. Machine learning algorithms can analyse optical data and 

address challenges like blockage mitigation and handover prediction. Studies like those using 

LiDAR data for pre-emptive handovers demonstrate the promising future of this field. The 

marriage of computer vision, machine learning, and optical data can revolutionize beamforming 

for mmWave and THz communication [34]. 

Beamforming at Low-SNR Conditions and Joint Optimization: Beamforming faces 

significant challenges in low-SNR environments, particularly in beam selection, tracking, and 

blockage prediction. Traditional methods like eigen-decomposition and MUSIC struggle at low 

signal strength, highlighting the need for new approaches. Initial research suggests that Machine 

Learning (ML) offers promise in low-SNR scenarios with limited data samples [35]. 
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Additionally, computer vision and sensor-driven ML algorithms show potential for tackling these 

challenges. 

However, two key areas remain largely unexplored: 

Joint Parameter Optimization: Optimizing beams, power allocation, and interference 

management simultaneously to maximize spectral and energy efficiency. 

Joint Beam Selection and Blockage Prediction: Combining beam selection with blockage 

prediction for proactive handover management. 

While some studies explore these areas, like online learning for beam training and 

handover they often lack consideration for high-mobility scenarios. Existing models struggle 

with joint optimization problems, leaving significant room for advancement in these critical 

areas. 

Channel Estimation: Accurate channel estimation in mmWave and THz beamforming systems 

is difficult due to complex channels, limited coherence time, high susceptibility to impairments, 

sparse multipath components, hardware constraints, and beam misalignment. New techniques are 

needed to address these challenges and achieve accurate, efficient, and scalable channel 

estimation [36, 37]. 

Identifying the Best Machine Learning Algorithm for a Specific Beamforming Use Case:  

Selecting the best Machine Learning (ML) algorithm for beamforming in 5G/6G is complex due 

to several factors. A major hurdle is the lack of standardized datasets for benchmarking and 

comparing algorithm performance. This makes it difficult to identify the clear winner for a 

specific application [38]. 

Beyond datasets, several factors influence algorithm choice: 

Limited Labelled Data: Supervised learning often requires labelled data, which can be scarce for 

beamforming tasks. This restricts the pool of usable algorithms. 

Data Quality and Generalization: Poor quality or unrepresentative training data can lead to 

models that underperform in real-world scenarios. Research on robust algorithms requiring less 

data is crucial. 

Scenario-Specific Performance: Algorithm performance varies depending on factors like user 

mobility and antenna count. There's no one-size-fits-all solution. 

Computational Efficiency: Resource-constrained devices might not be able to handle 

computationally expensive algorithms. Lightweight and efficient algorithms are necessary. 
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Real-Time Decisions: Beamforming often requires real-time decisions based on channel 

conditions. This eliminates some ML techniques that are too slow. 

Balancing Performance Metrics: Different algorithms optimize different metrics. Finding the 

right balance for a specific application requires careful consideration. 

Ultimately, there's no single best ML algorithm for all beamforming applications. Future 

research should focus on standardized datasets, improved training data quality, and developing 

efficient algorithms suitable for resource-constrained devices. Exploring novel ML techniques 

that can handle the complexities of 5G/6G beamforming is also crucial for future advancements 

[39]. 

IX. CONCLUSION 

This paper provides a thorough examination of various classes of massive MIMO 

beamforming techniques. It offers valuable insights into how different hardware, software, and 

advanced methodologies can be effectively combined to create an efficient, cost-effective, and 

energy-efficient wireless communication system. Compared to conventional narrowband 

beamforming, the mm-Wave broadband beamforming technique demonstrates significant 

advantages for massive MIMO wireless communication systems. This is primarily due to the 

utilization of antenna arrays comprising low-power circuitry and the implementation of 

bandwidth-reducing techniques, which help lower costs. 

Furthermore, the hybrid beamforming technique, which integrates analog and digital 

beamforming methods, greatly enhances the efficiency of massive MIMO wireless 

communication systems. The performance of this system is currently constrained by the level of 

cellular technology, such as 5G, or any subsequent generations of wireless communication 

systems. In essence, as cellular technology advances and becomes integrated into this system, its 

performance can be further elevated. 
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