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Abstract. Since the inception of the first generation of mobile communications, wireless 
communication technology has evolved at an unprecedented pace over the past four decades. The 
emergence of 5G technology promises transmission rates reaching thousands of megabits per 
second, millisecond latency, and robust support for high-density traffic. To address these demands, 
novel radio frequency (RF) technologies are essential, particularly in leveraging millimeter wave 
bands. This paper investigates the significance of four innovative RF technologies that are crucial 
for meeting 5G requirements. These technologies include beamforming technology, millimeter wave 
communication, full-duplex communication, and massive MIMO. These advancements not only 
enhance spectrum utilization and network capacity but also optimize resource allocation through 
intelligent algorithms. This paper elucidates the principles underlying these technologies and their 
practical implementations within 5G systems. By doing so, it demonstrates how recently developed 
optimized RF technologies can propel the future of wireless communications and facilitate next-
generation connectivity. Ultimately, this study underscores the pivotal role of RF innovation in 
actualizing the vision for 5G while providing insights into future research directions and deployment 
strategies. 
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1. Introduction 

The evolution of wireless communication towards the 5G paradigm represents a significant 

milestone in the pursuit of enhanced, reliable connectivity. For example, it is anticipated that 5G 

would revolutionize this paper digital experience by providing speeds up to 100 times faster than 4G. 

As the demand for high-speed data transmission continues to escalate, the limitations of current 4G 

infrastructure become increasingly evident. In addition to trying to meet these needs, 5G technology 

may open up new avenues for application in a number of industries, such as Internet of Things (IoT), 

driverless cars, and smart cities. 

5G is anticipated to facilitate data rates reaching several gigabits per second (Gb/s) and achieve 

millisecond latency. Additionally, it will accommodate high traffic density. These advancements will 

significantly enhance spectrum utilization, energy efficiency, and cost-effectiveness. Numerous 

supporting networking and hardware technologies, such as massive MIMO technology, ultra-dense 

networking, full spectrum access, and full duplex communication, have been created to meet these 

requirements. These technologies are engineered to optimize spectrum utilization and enhance the 

overall performance of communication systems. The advent of high-speed Internet technologies, such 

as millimeter-wave systems-commonly referred to as 5G wireless networks-is anticipated to serve as 

a significant catalyst for transformative changes in contemporary communication methods [1]. 

Several key RF advancements have been crucial in realizing the potential of 5G. Among these pivotal 

advancements are integrated circuits that facilitate higher frequency operations, advanced modulation 

techniques, and sophisticated signal processing algorithms. These innovations enable more efficient 

data transmission and reception, thereby accommodating the high-capacity requirements of 5G 

networks. Furthermore, 5G deployment requires a flexible and resilient infrastructure that can handle 

a wide range of use cases. This encompasses the development of advanced antenna systems, including 

small cells and beamforming antennas, which enhance coverage and capacity in urban environments. 

The ability to dynamically direct beams towards users ensures that even in densely populated areas, 

the quality of service remains consistently high. 
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Given the substantial annual increase in data traffic, wireless networks may require up to 1,000 

times more capacity in the forthcoming years than they currently possess [2]. Engineers and academic 

academics are investigating unused millimeter wave spectrum for 5G wireless communication 

networks due to the limitations of restricted bandwidth and channel capacity. Furthermore, antennas 

play a pivotal role in the effective deployment of communication networks. Consequently, antenna 

design holds significant importance for facilitating communication at millimeter wave frequencies. 

Likewise, arrays, MIMO (Multiple Input Multiple Output), and beamforming are recognized as 

essential enablers of 5G millimeter wave communications. In the field of 5G applications, new RF 

technologies are often used in a collaborative manner, complementing each other. For instance, 

beamforming technology can work in tandem with massive MIMO to significantly improve signal 

quality and network capacity. The second section of this article will provide a detailed introduction 

to four distinct new RF technologies, while the third section will discuss several enhanced models 

developed for these innovative RF technologies. 

2. New RF technology 

2.1. Beam forming 

Beamforming is an advanced signal processing technique that optimizes the signals transmitted by 

multiple antennas to create a focused beam in a designated direction, thereby enhancing signal 

strength and minimizing interference. This technique can be categorized into digital beamforming, 

analog beamforming, and hybrid beamforming. Beamforming is a new RF technique in 5G networks 

that improves signal quality and network performance overall. It also makes high-data-rate and low-

latency communication possible, strongly supporting the demands of modern communication. 

2.1.1 Digital beamforming 

During the Baseband processing phase, digital beamforming modifies the signal using advanced 

digital signal processing (DSP) techniques. This makes it possible to precisely control the beam's 

shape and direction. Signals are processed within the digital domain prior to transmission to the RF 

stage, facilitating the application of more sophisticated algorithms for tuning and optimizing the beam. 

This approach allows for enhanced precision in signal control, reduction of interference, and overall 

improvement in system performance. 

Digital beamforming offers significant advantages, including enhanced flexibility and precise 

control. It also has the capability to manage complex interference, resulting in improved signal quality 

and coverage. Conversely, it entails higher costs, increased power consumption, and potentially 

greater latency. Digital beamforming represents a pivotal technology in 5G networks, facilitating the 

deployment of large-scale antenna arrays that deliver elevated data rates and enhanced signal 

localization accuracy. It synergistically integrates with 5G's advanced modulation and coding 

techniques to augment network capacity and coverage. 

2.1.2 Analog beamforming 

Using a Phased Array system, analog beamforming adjusts the phase and gain of individual 

antenna elements to change the beam's direction. This technique employs radio frequency (RF) 

components such as phase shifters and amplifiers to process signals prior to transmission, thereby 

shaping the desired beam pattern. By processing signals in the RF domain, analog beamforming 

effectively minimizes power consumption and reduces system complexity [3]. 

Due to its low latency and cost-effectiveness, analog beamforming is a good choice for 

applications requiring precise real-time performance. However, its flexibility is constrained; it lacks 

the capability to provide precise beam control and struggles with complex multipath interference 

issues. In 5G base stations, while analog beamforming can enhance system coverage and throughput, 

its functionality remains relatively basic. It is possible to compare analog and digital beamforming in 

Table 1. 



Highlights in Science, Engineering and Technology CSIC 2024 

Volume 124 (2025)  

 

270 

Table 1. Comparison between analog and digital beamforming [1]. 

Parameters Analog beamforming Digital beamforming 

Degree of freedom Low High 

Implementation Phase shifters ADC/DAC, mixer 

Complexity Low High 

Power consumption Low High 

Cost Low High 

Interuser interference High Low 

Data streams Single Multiple 

2.1.3 Hybrid beamforming 

Hybrid beamforming combines both analog and digital RF beamformers, streamlining the RF 

chain. This approach offers a balance between the advantages of both analog and digital techniques. 

This approach enhances data rate optimization. Hybrid beamforming technology, which employs RF 

in the form of analog signals alongside multi-bank beamformers interfaced with ADCs and DACs, 

exhibits a structural configuration distinct from traditional microwave architectures and appears to be 

more adept for millimeter wave applications [3]. The architecture of hybrid beamforming technology 

is fundamentally reliant on the directivity of the antenna array, which refers to the transmitting 

antenna's capacity to focus the majority of its signals in a specified direction. 

Hybrid beamforming technology cleverly combines the strengths of both digital and analog 

techniques. It offers the precision of digital beamforming with the energy efficiency of analog 

beamforming, providing a versatile solution for various communication needs. Analog phase shifters 

are used, for example, in the realization of millimeter-wave wireless communication models and 

heterogeneous networks (HetNets). Additionally, hybrid beamforming technology offers substantial 

benefits for MIMO systems because to its low power consumption and cost-effectiveness [1]. 

The hybrid beamforming processing signal facilitates millimeter wave massive MIMO 

communication. In a massive MIMO wireless communication system, millimeter wave wideband 

beamforming technology demonstrates competitive performance against traditional narrowband 

beamforming techniques. This is achieved not only through the implementation of technologies that 

minimize bandwidth costs but also by utilizing an antenna array composed of low-power circuits. 

Hybrid beamforming technology integrates both analog and digital beamforming methodologies, 

thereby optimizing the efficiency of massive MIMO wireless communication systems. 

2.2. Millimeter-Wave technology 

Millimeter wave technology uses electromagnetic waves in a specific frequency range. The 

frequency range of these waves is 30 GHz to 300 GHz, or 1 mm to 10 mm in wavelengths. This 

millimeter wave spectrum offers significantly greater bandwidth compared to traditional frequency 

bands, resulting in markedly enhanced data transmission rates that are well-suited for high-data-rate 

applications. Furthermore, the short wavelength of millimeter waves facilitates higher spatial 

resolution, enabling smaller antennas and thereby supporting denser antenna arrays.  

The current advancements in 5G technology promise elevated data rates coupled with low latency. 

Specifically, the n261 band at 27.5-28.35 GHz presents numerous advantages including high 

resolution, rapid data transmission capabilities, cost-effectiveness, and improved security features-

rendering it an optimal choice for millimeter wave applications in 5G networks. Reports indicate that 

a majority of countries are actively considering the utilization of the 27/28 GHz band for millimeter 

wave-based 5G communications [4]. 

2.3. Full-Duplex 

In-band full duplex (IBFD) is a sophisticated communication technique. It is a major improvement 

over conventional systems as it enables devices to transmit and receive signals simultaneously using 

the same frequency and time slot. In contrast to traditional half-duplex systems, which require 
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alternating turns for data transmission and reception, full-duplex technology facilitates concurrent 

two-way communication, thereby enhancing communication efficiency and optimizing bandwidth 

utilization. Ideally, the implementation of IBFD can achieve frequency utilization efficiency that is 

double that of half-duplex systems. 

Full-duplex technology is pivotal in 5G networks, significantly enhancing network performance 

by improving operational efficiency and minimizing latency. The capability for simultaneous two-

way communication not only reduces data transmission latency but also enriches user experience-

particularly in real-time data exchange scenarios such as video conferencing and online gaming. 

Within 5G frameworks, full-duplex technology contributes to improved spectrum utilization, 

accommodating higher data rates and an increased number of connected devices, thus expanding both 

network capacity and coverage. For instance, the configuration of a dynamic-duplex cellular system 

is illustrated in Fig. 1. 

 

Fig. 1 Configuration of dynamic-duplex cellular system [5] 

2.4. Massive MIMO system 

Massive MIMO (Multiple Input Multiple Output) technology stands as a cornerstone of 5G 

networks. This advanced system significantly enhances network capacity and efficiency, playing a 

crucial role in meeting the growing demands of modern wireless communication. It involves the 

deployment of a substantial number of antennas-typically ranging from dozens to hundreds-on a 

single base station, enabling the simultaneous processing of multiple signal streams.  

The effective operation of massive MIMO systems has been demonstrated across various 

environments, showcasing low-complexity RF and baseband circuits that exhibit robustness. 

Hardware implementations of massive MIMO systems have been successfully tested. These tests 

revealed an exciting possibility: these advanced systems can be built using simple and cost-effective 

hardware for both digital baseband and analog RF chains. Furthermore, numerous pre-coding, 

detection, scheduling, and equalization algorithms have been developed to further minimize costs and 

power consumption [6]. 

This advanced approach significantly enhances the network capacity at each base station and 

facilitates the concurrent transmission of various data streams, thereby improving data transfer rates 

to accommodate high-bandwidth applications such as high-definition video and virtual reality. 

Consequently, more users can access high-speed network services even under conditions of elevated 

traffic demand. As an evolution of traditional MIMO technology, Massive MIMO employs hundreds 

or even thousands of antennas on base stations to optimize spectral efficiency and throughput. By 
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integrating antennas with radio frequency technologies and spectrum management, this innovation 

delivers superior capacity and speed for forthcoming 5G deployments. 

 

Fig. 2 The 8 Key enabling technologies for 5G and beyond networks [7] 

3. Applications of new RF technology in 5G communication 

In the realm of 5G applications, the aforementioned novel RF technologies are typically employed 

in a synergistic manner, complementing one another. For instance, numerous research initiatives have 

explored innovative antenna designs for millimeter wave bands. These studies have focused on areas 

such as high-gain arrays, compact designs for mobile devices, and novel materials to improve 

performance. To address the challenge of high attenuation in the millimeter wave spectrum, extensive 

studies have been conducted on high-gain antenna arrays. These arrays are equipped with beam 

steering capabilities, which enhance signal strength and provide substantial spatial coverage. 

Furthermore, MIMO technology enables multiple antennas to operate concurrently, thereby 

augmenting data rates, capacity, and reliability of communication links; thus, it is deemed highly 

significant. Some literature indicates that MIMO antennas function effectively within the millimeter 

wave band, showing improved data rates and capacity compared to traditional antenna systems. The 

antennas proposed in these studies exhibit commendable MIMO performance along with notable 

isolation characteristics. It is noteworthy that metamaterials have garnered considerable attention in 

recent years. These engineered materials exhibit unique electromagnetic properties not found in 

nature, such as negative refractive index or electromagnetic cloaking, opening up new possibilities 

for antenna design. Several investigations have reported that MMwave MIMO antennas incorporating 

metamaterial structures can significantly enhance antenna performance by reducing mutual coupling 

or increasing gain [2]. The subsequent discussion will elucidate the application of several recently 

enhanced RF technologies in 5G. 

A four-element MIMO antenna designed for millimeter-wave 5G communication systems is 

proposed, utilizing a metasurface to enhance both gain and isolation. To improve the overall gain, the 

configuration transitions from a single antenna to an array structure; consequently, each MIMO 

antenna comprises an array of 1×2 units fed by a parallel feeding network. Furthermore, to further 

augment the gain and mitigate coupling effects among the MIMO elements, a metasurface composed 

of 9×6 circular split-ring (CSR) shaped units is positioned above the MIMO antenna. The proposed 

design operates within the millimeter-wave frequency range of 24.55-26.5 GHz and supports various 

5G applications, such as high-speed mobile broadband, ultra-reliable low-latency communications, 
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and massive machine-type communications. The design achieves a remarkable gain improvement, 

with the peak value reaching up to 10.27 dBi. This represents a significant enhancement compared to 

traditional single-element antennas, which typically have gains in the range of 2-3 dBi. Additionally, 

isolation improves following the integration of the metasurface. Performance analysis indicates that 

this approach yields low correlation coefficients and minimal channel capacity loss while 

demonstrating commendable diversity performance. Thus, this MIMO antenna proves suitable for 

deployment in mmWave-based 5G communication systems [2]. 

There is also a 2:1 VSWR MIMO array beamforming antenna that operates within the 28.0 GHz 

band, specifically covering the frequency range of 27.04-28.35 GHz for mmWave n261 5G bands, 

which span from 27.5 to 28.35 GHz. This antenna comprises a configuration of 2×12 array elements 

and has been prototyped on a low-loss Rogers Duroid 5880 substrate with dimensions of 51.45×36.87 

mm². The beamforming MIMO antennas demonstrate impressive performance in two key areas. First, 

they can cover main lobe directions across a wide range of ±200 degrees, offering excellent spatial 

coverage. Second, they maintain low mutual coupling between MIMO array ports, with values less 

than -28 dB, which helps to minimize interference and improve overall system performance. The 

radiation efficiency and gain for this frequency band exceed 93% and reach up to 13.99 dBi, 

respectively.  Additionally, the envelope correlation coefficient (ECC) for the proposed frequency 

band is ≤10⁻⁴, highlighting one of the key advantages of this design approach.  This versatile design 

is suitable for both indoor and outdoor Gaussian applications, with an active bandwidth of TARC 

measuring approximately 1.31 GHz. The antenna's performance is further validated by its fractional 

bandwidth: simulations predict 4.65%, while actual measurements show 4.73%. These close values 

demonstrate the design's reliability and effectiveness in real-world applications [4]. 

The proposed design outlined herein represents a viable candidate for 5G millimeter wave 

communication systems: a multiple-input multiple-output (MIMO) antenna array configuration 

tailored specifically for such applications. This MIMO arrangement comprises two distinct antenna 

arrays, each consisting of four uniformly arranged elements, with the arrays oriented at a 90-degree 

angle relative to one another. The substrate utilized is Rogers RT5880, measuring 0.254 mm in 

thickness, featuring a dielectric constant of 2.2 and a loss tangent of 0.0009. The designed MIMO 

antenna array operates within the 37 GHz band and is dedicated to applications in 5G millimeter wave 

communications. The design shows impressive gain improvements. A single antenna unit achieves a 

gain of 6.84 dB, but when four of these units are combined into an array, the gain nearly doubles to 

12.8 dB. This significant boost in gain can greatly improve signal strength and coverage in 5G 

networks. Performance metrics for the proposed MIMO antenna arrays-including envelope 

correlation coefficient (ECC) and diversity gain (DG)-have been evaluated and found to remain below 

standard thresholds. The MIMO antenna array design achieves over 85% radiation efficiency within 

its operational frequency range. This high efficiency is crucial for 5G systems, as it means more of 

the input power is converted into useful radio waves, leading to better coverage and lower power 

consumption. All configurations were simulated using Computer Simulation Technology (CST) 

software, and subsequent measurements corroborate those experimental results align closely with 

simulation outcomes (Fig. 2) [7]. 

A dynamic duplex cellular (DDC) system is proposed which adaptively implements in-band full-

duplex (IBFD) exclusively on terminals exhibiting low inter-user interference (IUI) and minimal 

external cellular interference, particularly when utilizing uplink frequency division channelization 

(UP-FDC) within time-division duplexing (TDD) subframes [5]. 

Ultimately, it is also worth mentioning that dynamic spectrum sharing (DSS) represents a crucial 

strategy for addressing the limitations of spectrum availability in networks beyond 5G. In the United 

States, the Federal Communications Commission has implemented a three-tier Dynamic Spectrum 

Sharing (DSS) model for the Citizen Broadband Radio Service (CBRS) band, which is overseen by 

the Spectrum Access System (SAS) to facilitate spectrum sharing with commercial cellular 

broadband applications. To demonstrate performance enhancements for Priority Access License 

(PAL) and General Authorized Access (GAA) users in an Integrated Backward and Forward 
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Duplexing (IBFD)-assisted CBRS environment, researchers examined a CBRS mobile broadband 

network architecture comprising a MIMO radar system alongside an IBFD MIMO mobile broadband 

network that includes both PAL and GAA users. Specifically, researchers designed a joint 

beamforming mechanism within the mobile broadband network to regulate both the transmission 

power and detection probability of the radar system, as well as a joint beamforming mechanism at 

the radar system aimed at minimizing interference to cellular operations. The research reveals two 

major benefits of this IBFD-enabled CBRS network. First, it boosts performance for both PAL and 

GAA users. Second, it actually reduces radar interference compared to the best current half-duplex 

systems. These findings highlight the potential of this new architecture to significantly improve 

wireless communication [8]. 

4. Conclusion 

The integration of advanced RF technologies in 5G has significantly accelerated the advancement 

of wireless communication. For instance, the use of millimeter wave technology has enabled data 

rates up to 20 Gbps, which is 20 times faster than 4G networks. This paper discusses various RF 

innovations, including massive MIMO, millimeter wave technology, full duplex communication, and 

beamforming, analyzing their contributions to enhancing data transmission rates, increasing network 

capacity, and optimizing signal quality. These technologies not only fulfill the stringent demands for 

high speed and low latency inherent in 5G networks but also provide robust support for emerging 

applications such as the Internet of Things (IoT), smart cities, and autonomous driving. Through a 

comprehensive evaluation of existing technologies alongside practical case analyses, this paper 

underscores the critical importance and practical implications of novel RF technologies in 

augmenting 5G performance. 

Looking ahead, as 5G networks continue to evolve, new RF technologies will encounter 

heightened challenges and opportunities. For instance, the challenge of maintaining signal strength 

over long distances in millimeter wave bands, and the opportunity to develop more energy-efficient 

RF components. It is anticipated that more efficient RF components will emerge due to advancements 

in materials science and nanotechnology. Furthermore, with the advent of 6G technology on the 

horizon, RF development is expected to progress towards higher frequency bands-enhancing network 

flexibility and adaptability. When integrated with artificial intelligence (AI) and machine learning 

(ML), these innovations are poised to further optimize network performance and resource allocation. 

For instance, AI algorithms could dynamically adjust beamforming patterns to maximize signal 

strength and minimize interference in real-time. In summary, new RF technology holds significant 

promise for future applications within wireless communication fields-laying a solid foundation for 

digital transformation across diverse industries. 
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