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Abstract

:

In this paper, we dive into the exciting world of wireless communication, focusing on how millimeter-wave technology and Multiple-Input Multiple-Output phased array antennas are shaping the future of 5G and the upcoming 6G technologies. We cover the latest advancements in millimeter-wave and beamforming technologies, emphasizing their role in enhancing network security and efficiency in automotive vehicles through dual radar communication. Our discussion spans the benefits, applications, challenges, and solutions of these technologies individually from millimeter-wave to beamforming technologies and joint radar communications, alongside a look at their theoretical and practical implementations. We emphasize the integration of beamforming technology in joint radar communications for future automotive vehicles and its impact on automotive systems, smart cities, and the Internet of Things (IoT). Looking ahead, we discuss the potential of these technologies to transform future technology landscapes while also addressing the security implications of merging communication and radar capabilities. This paper aims to provide a clear view of the advancements and prospects of millimeter-wave, beamforming, and dual radar communication technologies.
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1. Introduction


The advancement of future cellular and automotive communication relies significantly on improving millimeter-wave and Multiple-Input Multiple-Output (MIMO) systems, highlighting the need for high gain, data rate, and precision in beam direction for secure vehicle communication. Precoding techniques in multi-antenna systems, both linear methods, like Zero-Forcing (ZF) and Maximum Ratio Transmission (MRT), and nonlinear methods, such as Dirty-Paper Coding, play a vital role in enhancing wireless communication by improving signal quality without the need for channel state information. Linear methods are simpler, whereas nonlinear methods offer greater capacity [1]. Antenna arrays, including Antenna in Package, are crucial for modern wireless systems, reducing multipath fading and interference and supporting high data rates through beamforming and precoding techniques. These methods, which adjust signal amplitudes and phases, ensure that signals converge on the intended targets, utilizing interference to enhance signal clarity and reach [2,3,4]. Millimeter-wave technology’s broad application, from medical imaging to smart automotive radars, demonstrates its versatility. It is instrumental in object detection, radar imaging, and dynamic target simulation in vehicles [2,3,4], and contributes to pedestrian collision avoidance by forecasting pedestrian paths and driver reactions [5]. Furthermore, research into millimeter-wave technology’s polarization [6], its application in glucose sensing [7], and its role in preprocessing for AI-based imaging [8], alongside its potential in breast cancer detection [9], underscores its expansive utility across various fields.



The use of millimeter-wave technology is challenged by high attenuation, but beamforming emerges as an effective countermeasure, enhancing performance across various applications. Research highlights beamforming’s versatility at millimeter-wave frequencies, particularly in the joint communication and sensing (JCAS) paradigm, where it addresses the complexities of full-duplex operations and the use of multiple beams for dual purposes in mobile communication networks [10]. Studies by Capone et al. [11] and Ning et al. [12] further underscore the significance of millimeter-wave and beamforming approaches in improving cell detection for obstacle avoidance in 5G networks and in advancing ultra-massive MIMO in terahertz communications, respectively. These technologies, including their application in Unmanned Aerial Vehicle (UAV) communications, present a symbiotic relationship that offers both potential and challenges [13]. Further investigations into beamforming techniques explore interference mitigation, precoding strategies [14,15,16], and the broader implications for wireless communication systems. Notably, comprehensive reviews by Chittimoju et al. [17] and Kutty et al. [18] on millimeter-wave technologies and beamforming advancements provide in-depth insights into their applications, challenges, and evolution. Rao et al. [14] contribute a detailed analysis of beamforming components, including hybrid and broadband couplers, emphasizing the diversity of the methods and designs critical to the field. Furthermore, [14,15] explore diverse beamforming methods. They delve into analog, digital, and hybrid techniques and switched and adaptive forms of beamforming, presenting a broad spectrum of approaches in this field.



Our research aims to merge radar and communication systems in automotive vehicles, leveraging millimeter-wave and beamforming technologies. This endeavor is underpinned by the pioneering work of Lazaro et al. [19], who explore car-to-car communication through modulated backscatter and frequency-modulated continuous-wave radar. Rybin et al. [20] highlight the development of a prototype communication system founded on symmetry and chaos theories, utilizing a microcontroller for operation. Further, Hieu et al. [21] demonstrate the significance of integrating radar and communication systems in autonomous vehicles through a transferable deep reinforcement learning framework, enhancing driving decision-making and safety. Butt and colleagues [22] investigate data collection via RADAR, LiDAR, and cameras, focusing on signal processing of multi-modal sensory inputs. Bilik et al. [23] and Luong et al. [24] discussed radar system advancements and resource management in JRC systems, respectively, emphasizing their importance in automotive technology. Hieu et al. [25] showcase smart dual-function radar communication systems for autonomous vehicles, stressing the necessity for simultaneous detection and communication. Our study will provide a detailed examination of millimeter-wave and beamforming technology, including the critical role of joint radar communication (JRC) and its components. This work emphasizes the integration of JRC in automotive vehicles, specifically in Section 4, highlighting its crucial role in enhancing physical security and supporting advanced driver assistance systems. It examines key technologies such as antenna design, phase shifters, variable gain amplifiers (VGAs), mixers, power combiners/dividers, power amplifiers, and buffer amplifiers essential for effective beamforming. The discussion extends to the innovative potential of these technologies, particularly focusing on the synergy between radar and communication systems and their growing importance. The narrative is supported by various designs from reputable sources, emphasizing the criticality of narrow beam technology in ensuring superior physical security through advanced beamforming systems in vehicles. The paper is structured to cover the background of millimeter-wave technology, beamforming techniques, our idea of duality radar and communication in automotive security, and prospects, culminating in a conclusive overview.




2. Background of Millimeter Wave, Applications, Problems, and Solutions


In the last decade, MIMO communication evolved from theory to practice in telecommunication, marking a significant advancement [26,27]. Millimeter-wave technology, with its 30–300 GHz frequency and 250 GHz bandwidth [28], is gaining traction for its potential in 5G/6G networks. O’Reilly et al. [29] highlight its suitability for video delivery, while Matiae, Dusan et al. [30] and Barneto et al. [31] explore its application in Orthogonal Frequency Division Multiplex (OFDM) modulation and JCAS optimization, respectively. This underlines millimeter wave’s broad applicability across sectors, including wireless communication and healthcare.



2.1. Millimeter-Wave Applications


Millimeter-wave technology plays a pivotal role across diverse applications including wireless communications, radar, imaging, and the IoT, among others. It is instrumental in advancing 5G/6G networks, as highlighted by Chakraborty et al. [32], who underscore its significance in wireless communication evolution. Brandão et al. [33] focus on millimeter-wave antennas designed for MIMO applications, emphasizing their contribution to enhancing wireless connectivity. Similarly, Ghaddar et al. [34] investigate how millimeter-wave technology performs in unique environments like subterranean mines, offering insights into its propagation characteristics when paired with directional antennas. Beyond its numerous benefits, there are challenges to consider in terms of using millimeter-wave technology. Notably, Serov et al. [35] present groundbreaking findings on using millimeter wave for measuring water-related continuums, marking significant advancements in scientific research. Despite its vast applications, the limitations of millimeter-wave technology warrant careful consideration.




2.2. Problems and Solutions


Millimeter-wave frequencies offer significant bandwidth but face challenges like higher path loss, sensitivity to weather, and complex beamforming, making urban deployment difficult [28]. Atmospheric conditions, including rain and foliage, significantly impact signal quality, with principles grounded in Friis’s equation [28,36]. Directive beamforming at higher frequencies, such as 80 GHz, can achieve greater gains, improving signal strength compared to lower frequencies [28,37]. However, applications like autonomous vehicles encounter obstacles due to high path loss and atmospheric attenuation, necessitating advanced detection and communication strategies [38,39,40]. Human blockage and atmospheric absorption, particularly by oxygen, also affect signal performance, highlighting the need for effective deployment and technology integration [28,41,42,43]. Despite these challenges, millimeter-wave radar communication, with integrated beamforming, shows potential for vehicular networks and other applications. Advancements in beamforming and antenna design are crucial for enhancing MIMO technologies, including hybrid beamforming and massive MIMO systems. Adaptive modulation, relay nodes, and mesh networks play pivotal roles in optimizing frequency and channel selection. Additionally, weather monitoring and prediction are integral for network reliability, supported by hybrid network architectures and sophisticated signal processing techniques. Furthermore, regulatory support remains essential for the deployment and innovation of these technologies.




2.3. Millimeter Wave Importance in Automotive Vehicles


Wane et al. [44] introduce a groundbreaking integration of cognitive millimeter-wave MIMO phased array systems with optical sensing, opening new avenues for environmental perception and interaction. Giordani et al. [38] delve into millimeter-wave communication’s challenges and prospects within vehicular networks, showcasing its potential for high data rates, enhanced capacity, and improved coverage, alongside its resilience to interference and capabilities in sensing and imaging.



Table 1 lists various papers that discuss JRC within the millimeter-wave spectrum. All target a common objective of using JRC at this frequency. However, none of the cited articles incorporate the beamforming concept.





3. Beamforming


Beamforming in millimeter-wave communication systems can be achieved through analog or digital means. Analog beamforming uses equipment like amplifiers, power adders, advanced antennas, and phase shifters to direct beams at specific targets, enhancing security by preventing unauthorized access and eavesdropping. This method relies on multiple antennas to produce pencil beams, offering superior security by reducing interception risks, as evidenced in several studies [15,53,54].The use of multiple antennas, particularly in MIMO systems, not only bolsters energy efficiency but also minimizes interference, thereby improving network performance [15,55,56,57]. Millimeter-wave technology is lauded for its high efficiency, data rates, and security, with significant contributions to energy efficiency being pivotal for future wireless networks [58,59,60,61,62,63]. Despite its advantages, millimeter wave faces propagation challenges, which are mitigated by employing smaller antennas that leverage high carrier frequencies to ensure effective signal transmission [15]. This approach enhances millimeter-wave systems’ capacity and supports advanced applications, including 5G/6G. Furthermore, beamforming technologies like linear and nonlinear precoding adaptively enhance mobile system connectivity [15,64,65]. Precoding techniques, crucial for multi-antenna systems, are thoroughly explored alongside decoding in [65], underscoring their importance in modern wireless communication. Leveraging multi-antenna technology enhances wireless communication by improving privacy, spectrum efficiency, and signal strength, as detailed by researchers [66,67,68,69,70]. Pencil beam benefits, including targeted communication and reduced interference, underscore its importance [66,67,68,69,70]. Dahrouj et al. [71] further explore the efficiency gains through coordinated base station optimization in multi-antenna setups.



3.1. Linear and Nonlinear Precoding


Precoder matrix F and the role of its singular value decomposition (SVD) in stream separation and power allocation are detailed in [72], with [65] further analyzing precoding algorithms for wireless communications. Fatema et al. [73] survey linear precoding in single-cell and multicell contexts, comparing classical techniques. Equipped with full CSI, transmitters leverage NLP methods like DPC to optimally pre-subtract interference, enhancing system efficiency [74,75]. THP [75] emerges as a computationally simpler yet effective alternative to DPC, outperforming linear methods like BD in overlapping UE subspaces [75,76]. Albreem et al.’s study [65] offers a comprehensive view on NLP in massive MIMO systems, marking a significant contribution to wireless communication research.



The p matrix in Figure 1 helps to send signals correctly, the B matrix helps to improve, the K matrix helps to receive signals, and the C matrix adds extra improvement. Together, they decide how signals are sent and received, providing flexible options for better communication in different situations. In the scenario where B = 0, the generalized precoding method seamlessly transitions to the linear precoding approach as indicated in [65]. It is through the Modulo arithmetic that we finetune the average power, also elaborated upon in [65].




3.2. Technologies


3.2.1. Phase Shifter


Park et al. [77] explore the development of a 60 GHz low-power active phase shifter using 65 nm CMOS technology, highlighting its efficiency in beam steering and phased array applications. Their work demonstrates the advantages of impedance-invariant vector modulation in enhancing stability and isolation, employing novel vector modulator structures for precise phase adjustment. The simplified components and structures, including the vector-sum phase shifter and variable gain amplifier, are detailed with emphasis on their improved performance [77]. This streamlined approach offers significant insights into optimizing phased array and beamforming technologies.



The gain of the CS and Impedance Invariant variable gain amplifier (IIVGA) is provided in Equations (1) and (2).


   A  v , Cs   = −         g m  − s  C gd    ︷    complex  G m      s  C gd  + s  C ds  +  g ds  +  1  s  L L       



(1)






   A  v , I I   =   −   g  m , N 1   −  g  m , N 2   + s  C  gd , N 2   − s  C  gd , N 1      s  C  gd , N 1   + s  C  gd , N 2   +  Y  ds , N 1   +  Y  ds , N 2   +  1  s  L L        −   N 1  −  N 2    g  m 0    D   



(2)




where D is


  D =   N 1  +  N 2    s  C  gd , ON   + s  C  gd , OFF   + s  C  ds , ON   + s  C  ds , OFF     +  g  ds , ON   +  g  ds , OFF    +  1  s  L L     



(3)




The phase variation and admittance of CS and IIVGA are expressed below.


  Δ φ ≈  tan  − 1    −   ω  C gd    Δ  g m      



(4)






  Δ  Y  in    ≈ s  Δ  C gs   + Δ  A  v , CS   s  C gd   



(5)






   Y  in , II   ≈   N 1  +  N 2    s  C  gs , ON   + s  C  gs , OFF   + s  C  gd , ON   + s  C  gd , OFF    +  1  s  L I    .  



(6)







In the 51–66.3 GHz range, a vector sum phase shifter (VSPS) exhibited a −3.8 dB average gain with minimal RMS gain and phase errors, consuming only 5 mW, underscoring its efficacy in automotive beamforming applications [71]. Kim et al. [78] focus on VSPS for 5G, noting performance within 30.9–41.7 GHz and a 45 mW power consumption, providing insights into millimeter-wave applications. Additionally, Singh et al. [79] enhance the Reflection-Type Phase Shifter (RTPS) for better electronic tunability at 10 GHz, demonstrating improvements over traditional models. Jing-Lin et al. [80] explore a 4-bit switched LC phase shifter, detailing its design and operational efficiency with specific characteristics like 400 mW power consumption in transmission and achieving 25 dB gain in reception [80]. These studies collectively advance our understanding of phase shifters’ roles in next-generation communication technologies, highlighting significant developments in beam steering, electronic scanning, and millimeter-wave applications.




3.2.2. Variable Gain Amplifier


Park et al. [81], along with contributions from [78,79,80,82] and Siao et al. [83], focus on VGAs and their integration with phase shifters for enhanced signal quality and control in beamforming and phased array systems. Their studies highlight the design, implementation, and performance of VGAs using different topologies, such as Cascode and Current Steering Cascode (CSCC), with detailed comparative analysis. These VGAs, characterized by their power efficiency, gain control, and minimal phase variation, are crucial for applications requiring precise amplitude and phase manipulation. Notably, [82,83] showcase VGA’s effectiveness in reducing power consumption and achieving significant gain control and phase stability. A schematic of the two-stage phase-compensated VGA is shown in [84] in which VGA1 is used for phase shifter and VGA2 for beam tapering. The power consumption is 16.8 mW, the peak gain is 9.3, and the gain controls  Δ Gain is 7 dB while using the CSCC topology in 65 nm technology [84]. Additionally, Lin et al. [85] address the impact of resistance–capacitance (RC) parasitics on millimeter-wave systems, offering solutions through the comparison of conventional and dual-gate (DG) MOSFET topologies, demonstrating DG MOSFET’s superior performance in mitigating RC parasitics [85]. This collective research provides invaluable insights into optimizing signal amplification and conditioning for advanced communication systems. Ratnam et al. [86] pioneered the Joint Phase Time Array (JPTA) for 6G, a novel hybrid beamforming technique enhancing wireless technology and signaling future research directions. Table 2 illustrates the crucial role of beamforming significance. While the referenced papers delve into detailed explanations.





3.3. Components in Beamforming Circuit


Table 3 illustrates the crucial role of various components in beamforming circuits and their significance. While the referenced papers delve into detailed explanations, our emphasis is to provide insight as we prepare to employ beamforming technology in JRC, highlighting its importance for our specific application. Our beam-former device leverages essential components like antennas, power amplifier (PA), low-noise amplifier (LNA), VGA, PS, signal processing, and filters, as detailed in [64,65,66,67,68,69,70,71,72,73,74,75,81,82], with the novel integration of JRC technology.




3.4. Narrow-Band and Wide-Band Beamforming


Narrow-band beamforming enhances wireless communication through simple signal combination and adaptability to temporal changes, as explored by [111,112] in smart antennas and real-time models, respectively. Spatial filtering is essential for 5G’s speed, utilizing millimeter waves and evolving into fixed and adaptive wide-band beamforming designs. [113] explore its basics, [114] focus on its use in terahertz frequency for massive MIMO, and [115] study its application in 3D single-wall imaging.



Table 4 illustrates the crucial role of various techniques of beamforming and their significance. The table explains some important beamforming techniques. Which plays a very important role in understanding the beamforming technology in different criteria.





 





Table 4. Beamforming techniques.
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	S.NO
	Beamforming Techniques
	Descriptions
	Ref.





	1
	Analog Beamforming
	Analog beamforming enhances communication system performance by directing signals using components like VGAs and phase shifters, proving advantageous for cost-sensitive applications over digital methods. Innovations include a switch-based architecture for MIMO systems by Zhang et al., Beam Index Modulation by Ding et al., and statistical radiation pattern analysis by Lee et al, which are discussed in detail. Further advancements in 5G by Mujammami et al., energy-efficient beamforming by Wang et al., and RF fan filters using CMOS time delay approximations by Mujammami demonstrate significant contributions to wireless communication technology.
	[15,80,116,117,118,119,120,121]



	2
	Digital Beamforming
	Digital beamforming is pivotal for advancing wireless communications and spaceborne SAR systems, as explored by Steyskal et al., Huber et al., and Barb et al., offering insights into eigenbased and grid of beams techniques for 5G enhancement. Despite its benefits in adaptability and signal handling, the high implementation cost and challenges in its application in 5G networks are being highlighted.
	[122,123,124]



	3
	Hybrid Beamforming
	Hybrid beamforming, blending analog and digital techniques, optimizes 5G/6G networks by enhancing connection speeds and reducing latency, as investigated by Ahmed et al. and Dilli et al. This method utilizes massive MIMO for improved signal quality, leveraging affordable phase shifters for cost-effective analog beamforming [14,15], and then employing digital signal processing (DSP) for precise beam control and interference management. The approach significantly reduces hardware costs and power consumption while boosting energy efficiency and supporting massive MIMO deployments, a critical advancement detailed by [125] and further explored in [126]. Hybrid beamforming stands out for its dual advantages of performance efficiency and economic viability in 5G/6G technology. For the hybrid beamforming technique, spectral efficiency can be obtained by the below equation [126].


   R  hybrid    =  max  c ∈ C     1 N   ∑  m = 0   N − 1    log 2   1 +     c H   H m   w  m , o p t    2   σ 2      



(7)




	[14,15,125,126,127,128,129]



	4
	Advance Hybrid Beamforming
	Shim et al. elucidated a hybrid beamforming technique, showing its enhanced performance and efficiency in simulations over traditional methods. Detailed schematics and user sum rate equations in the paper highlight the system’s advanced capabilities and optimizations for beamforming technology. For the PCS hybrid beamforming system, the sum rate for the kth and all users is calculated by the below equations discussed in [130]


   R k  =  log 2   1 +     H k   V  R F    V  D k    2    σ 2  +  ∑  l ≠ k      H k   V  R F    V  D l    2      



(8)






  R =  ∑  l = 1  k   log 2   1 +     H l   V  R F    V  D l    2   σ 2     



(9)




	[130]



	5
	Adaptive Beamforming
	Adaptive beamforming, crucial for optimizing antenna array signals, employs dynamic weight adjustment to enhance signal quality and suppress interference, fundamental in 5G systems. Chen et al. investigate its application in spatial multiplexing and network enhancement, utilizing strategies like the Tchebyscheff distribution and algorithms such as least mean square (LMS) and constrained stability least mean square (CSLMS) to improve directional signal focus.
	[14,15,131,132]



	6
	Switch Beamforming
	Switched beamforming uses fixed beams for simpler antenna management, detailed in [14]. Zhang et al. advance wireless communication with photonic true-time delay beamforming, highlighting precise signal control. Ali et al. and Guan et al. explore diverse beamforming strategies and innovative Wi-Fi-based antenna switching for enhanced multi-person monitoring, respectively, emphasizing smart antennas’ efficiency through direction of arrival (DOA) and adaptive algorithms.
	[14,15,133,134]








Table 5 outlines beamforming technology’s applications, showcasing its impact on telecommunications, automotive, JRC, mobile, healthcare, physical security, and various applications by enhancing signal precision and system efficiency.




3.5. Beamforming Problems and Solutions


Ref. [128] Terahertz (THz) communications, pivotal for 6G, leverage ultra-massive MIMO and innovative hybrid beam-forming to navigate its unique challenges, promising unparalleled bandwidth and efficiency. This exploration unveils novel architectures and future directions for optimizing THz systems. THz communications face key challenges: spatial constraints, signal blockage, complex antenna arrays, and beam squint losses. Modern wireless systems face challenges in interference, adaptive beamforming, computational complexity, massive MIMO complexities, and AI application intricacies for optimal performance [150]. The paper discusses the problem of nearing capacity limits in sub-10 GHz frequency bands due to the growing demand for wireless communication services [151]. As a solution, it suggests exploring E-band frequencies to increase capacity despite facing challenges like propagation issues. The study proposes E-band systems for both fixed and mobile applications, detailing potential designs to overcome these challenges for next-generation networks. To harness E-band frequencies for future wireless communications, the paper proposes solutions like developing specific propagation models, optimizing E-band Mobile Broadband (EMB) systems with advanced structures, and employing beamforming and MIMO technologies to enhance signal strength and capacity in both fixed and mobile networks. It addresses challenges in JRC systems including spectrum congestion, dual-function system design, optimization of weighting coefficients, non-convex optimization problems, interference management, and maintaining radar performance with communication constraints [152]. It addresses mutual interference in integrated sensing and communication (ISAC) systems by proposing a double-RIS setup to enhance signal quality and suppress interference, using a penalty dual decomposition algorithm and a low-complexity approach for different radar power scenarios, improving both communication and radar detection performance [153]. It addresses the challenge of optimizing a JRC system for simultaneous target detection and user service, proposing a solution that jointly designs the radar and communication beamforming to enhance performance and reduce complexity through an iterative algorithm, demonstrating effectiveness with simulations [154].





4. Dual Radar Communication and Network Security


In the realm of vehicular communication systems, the integration of radar and communication functionalities emerges as a pivotal advancement. Indeed, ref. [19] explores the dual utility in car-to-car interactions through modulated backscatter and FMCW radar applications. Rybin et al. [20] and Hieu et al. [21,22,23,24,25] further underscore the benefits of incorporating microcontrollers and deep reinforcement learning to enhance these systems, respectively, for better performance and vehicle autonomy. Butt et al. [22] and Bilik et al. [23] highlight the importance of sophisticated data acquisition and signal processing in automotive radar systems. Luong et al. [24] delve into resource management within JRC systems, evaluating performance and practical applications. Hieu et al. [25] highlight intelligent real-time dual-functional radar communication systems designed for autonomous vehicles (AVs); these innovative systems integrate both radar and communication functions, promoting efficient real-time operations crucial for the safe and effective functioning of AVs. Oh et al. [155] and Tian et al. [156] discuss innovations in antenna design and radar performance analysis, offering insights into the future of autonomous vehicle communications. Collectively, these studies illustrate the dynamic evolution of vehicle communication technologies, emphasizing the need for high-resolution detection and efficient real-time operations in advancing automotive safety and functionality. Shi et al. [157] discuss how to choose frequencies and power levels for better radar and communication in one system. The secret behind network security is the pencil beam.



4.1. Radar


FMCW radar enhances automotive safety by detecting objects and velocity, using techniques like frequency hopping to reduce interference. It is effectively used in car-to-car communication through a harmonized backscatter method, as shown in [19]. The fundamental equations of JRC focusing radar are Radar Range Equation, Target Velocity Estimation, Radar Range Equation for Received Power, Range Resolution, Range Resolution with Pulse Compression, Velocity Resolution, Ambiguity Function, and Frequency-Modulated Continuous-Wave (FMCW) Radar Signal [24]:


  R =   c Δ T  2   



(10)




This equation calculates the distance R between a radar system and a target object using the round-trip travel time   Δ T   of the radar signal. c represents the speed of light, and the factor of 2 accounts for the signal’s outbound and return journey. This principle is fundamental to most radar systems for measuring object distances.


  v =     R 1 2  +  R 2 2  − 2  R 1   R 2  cos α     t 1  −  t 2     



(11)




This equation estimates the velocity v of a target object by using the distances   R 1   and   R 2   from the radar to the target at two different times,   t 1   and   t 2  .  α  is the angle between the radar’s line of sight and the direction of the target’s motion. This equation provides a way to calculate the speed of moving objects.


   P r  =    P t   G t   G r   λ 2  σ  F 4      ( 4 π )  3   R 4     



(12)




This radar range equation calculates the received power   P r   at the radar system, which is reflected from a target object.   P t   is the transmitted power,   G t   and   G r   are the transmit and receive antenna gains,  λ  is the wavelength of the transmitted signal,  σ  is the radar cross-section of the target, F is the pattern propagation factor, and R is the distance to the target. This equation helps in understanding how different factors affect the received signal strength, which in turn influences radar system performance.


  Δ R =   c T  2   



(13)




This equation calculates the radar’s range resolution   Δ R  , which is the minimum distance between two objects at which they can still be distinguished as separate targets.


  Δ R =  c  2  B p     



(14)




This variation in the range resolution equation considers the bandwidth   B p   of the pulse for systems using pulse compression techniques. A wider bandwidth results in a finer range resolution.


  Δ V =  c  2  f c   T c     



(15)




The velocity resolution   Δ V   is determined for a given time duration   T c   of the chirp (a type of radar signal modulation).   f c   is the carrier frequency. This equation indicates how well a radar system can distinguish between two objects moving at slightly different velocities.


  X  β ,  f D   =  ∫  − ∞  ∞  s  ( t )   s *   ( t − β )   e  i 2 π  f D  t   d t  



(16)




The ambiguity function   χ ( β ,  f D  )   measures the distortion in received signals caused by the Doppler effect as a function of time delay  β  and Doppler frequency   f D  .   s ( t )   is the transmitted signal, and    s *   ( t )    is its complex conjugate. This function is crucial for understanding how signal properties change with motion and propagation delays.


   s m   ( t )  =  e  j 2 π  f c  t + j π γ  t 2    , ∀ t ∈  m  T  P R I   , m  T  P R I   +  T p    



(17)







This represents a signal for an FMCW radar, where   f c   is the carrier frequency,  γ  is the frequency modulation rate,   T PRI   is the pulse repetition interval, and   T p   is the pulse duration. FMCW radars are widely used in various applications due to their ability to determine both the range and velocity of targets.



Figure 2 explains the importance of the FMCW radar which will have many advantages when use in the beamforming technology like calculating the exact location of the target, velocity and having good resolution which will have good performance in cloudy weather to use in automotive vehicles (AV).




4.2. Communications and Beamforming


Rybin et al. [20] highlight the use of chaos-based systems for secure automotive communications, employing adaptive beamforming and signal analysis to enhance vehicle safety. Their work details a microcontroller-based chaotic communication setup, crucial for V2V and V2I interactions. Li et al. [158] introduce Oppermann sequences for vehicular radar and communication integration, enhancing efficiency. Rajkumar et al. [159] detail advancements in radar altimeters for aerial weaponry, focusing on precision and adaptability. Dhouioui et al. [160] describe a novel obstacle classification system that combines radar and camera data with machine learning for accuracy. Beamforming enhances communication systems by directing antenna signals, improving safety and driving experience in automotive applications. The key features include tracking vehicles, detecting obstacles, identifying pedestrians, aiding parking, enhancing visibility, enabling vehicles to everything (V2X), and ensuring security in a radar system. The general beam-former concept is discussed in [155], in which the author discussed a dual polarization 3D beamforming Antenna in Package (AIP) used in smart automotive vehicles. In the integration of radar and communication systems, three main approaches stand out: frequency division, time division, and code division. Frequency division employs separate frequencies and antennas for radar and communication, ensuring independence but at the cost of increased resources and spectrum usage. Time division alternates between radar and communication functionalities using a switch, offering simplicity and ease of implementation but limiting simultaneous operation and facing challenges in dynamic demand scenarios. Each approach presents a unique blend of advantages, such as simplicity and ease of integration, against disadvantages, like resource intensiveness and operational limitations, pointing to the importance of choosing the correct strategy based on specific system requirements and application contexts; the author explores cutting-edge techniques in JRC, focusing on spread spectrum, OFDM, and the novel Orthogonal Time Frequency Space OTFS waveform. It highlights their use in enhancing target detection and communication efficiency, addressing specific challenges like velocity estimation and signal distortion. Innovations aim to improve accuracy and reduce drawbacks, such as high side lobes and power issues, with OTFS showing promise for high-rate and stable communication in dynamic environments [24].




4.3. JRC and Beamforming Integration


Two main strategies for integrating communication functions within radar systems in JRC systems focus on optimizing cost and spectrum usage. The radar waveform-based solution modifies the radar’s signal to carry digitally modulated data, exemplified by embedding information into FMCW radar pulses through phase modulation or frequency modulation techniques. On the other hand, the communication waveform-based solution incorporates radar functionalities into conventional communication waveforms like OFDM, where data symbols replace or modify the signal’s complex weights. This method enables dual functionality but can introduce challenges such as increased sidelobes, which necessitate specific mitigation strategies like subcarrier separation or symbol-based processing algorithms [24].



Our vehicle radar system uses special techniques to improve safety features in cars (a simple diagram is shown in Figure 3, helping them to communicate and avoid accidents. We focus on controlling the radar beams to avoid signal interference, making our method unique. The radar’s design allows it to switch quickly between detecting objects and sending communication signals, important for advanced driver-assistance systems. This approach is specially designed for use in cars with combined radar and communication technology. JRC systems combine radar and communication on a single platform, navigating resource-sharing challenges like spectrum congestion. Approaches to address these include using communication or radar signals, time division, and spatial beamforming to ensure efficient operation. These strategies highlight the balance between performance and integration in the evolving landscape of JRC systems [24]. Communication signal-based approaches use OFDM signals for dual radar and data transmission with challenges like signal randomness and high peak-to-average power ratio (PAPR), and radar signal-based approaches use conventional radar signals for communication but potentially compromise radar performance, necessitating advanced waveform designs [24].



A joint radar and communication system combines radar sensing and communication in one efficient package as shown in Figure 4, ideal for space-constrained applications like cars and planes. It starts with generating a radar waveform and then processes this signal digitally to ensure that it meets radar requirements. A special screen handles the communication aspect, coordinating data sharing. The system’s core includes components for signal preparation, transmission, and reception, such as converters for digital to analog and vice versa, amplifiers for adjusting signal strength, and phase shifters for signal direction. These elements work together to accurately transmit and receive radar signals, supported by low-noise amplifiers and switches to maintain signal quality. The setup is crucial for advanced automotive technologies, aiding in safety and navigation features like collision avoidance and adaptive cruise control, demonstrating a significant advancement in integrating radar and communication technology. Our unique research improves this process by using beamforming, which focuses signals like a flashlight beam. This enhances security, making it hard for others to eavesdrop, and improves communication quality by reducing interference. In radar, beamforming allows us to precisely locate objects, boosting reliability and efficiency. So, in short, our work makes radar communication more secure and efficient. The research delves into spatial beamforming and spectrum-sharing strategies within radar and communication systems, highlighting the importance of minimizing interference through advanced techniques such as projecting radar signals into the communication receiver’s null space based on the channel state information (CSI) matrix. The CSI matrix, crucial for identifying the null space where radar signals can be safely projected without affecting communication channels, is estimated using a sophisticated channel-selection algorithm. This algorithm leverages singular value decomposition (SVD) to minimize the interference between military radar systems and LTE base stations sharing specific frequency bands, as discussed in detail in the reference. Moreover, the antenna allocation methods for enhancing spectral efficiency and channel capacity in dual-function radar communication (DFRC) systems emphasize the tradeoffs and decisionmaking processes involved in designing effective spectrum-sharing mechanisms. These approaches aim to balance the optimal performance of both radar and communication functions, highlighting the nuanced considerations, such as the complexity and cost implications of different spectrum-sharing strategies, necessary to achieve coexistence with minimal performance degradation [24]. The evaluation of the diagram as shown in Figure 4 is a complex system crucial for both radar and communication, featuring components like DACs, ADCs, and amplifiers, all vital for transmitting and receiving signals. It uses beamforming, employing multiple antennas and phase shifters to direct beams accurately, essential for hitting radar targets and achieving clear communication with minimal interference. Performance is gauged through various measures: beam steering precision affects radar and communication quality; the resolution and sampling rates of DACs and ADCs influence signal integrity; component linearity is key to reducing distortion; the system’s ability to handle varying signal strengths indicates its dynamic range; and managing interference and sharing resources without performance loss and adapting to environmental changes are crucial for its dual function. Additionally, power consumption, thermal management, and the system’s ability to fit into different platforms and scales are important for its efficiency, reliability, and application versatility. Power can be reduced with better performance, as discussed in the Section 3.2 and Section 3.3 of the beamforming section, while using components with high performance, like PA, PS, LNA, VGA, and smart antenna. CSI plays a vital role in beamforming technology, especially within JRC systems. CSI provides detailed insights into the communication link, such as signal path and obstacles, enabling the optimization of beamforming. This signal processing technique, pivotal in antenna arrays, allows for directed signal transmission to enhance signal quality and strength at the receiver. In JRC systems, beamforming and CSI work together to improve both radar and communication functions. These systems leverage shared resources, like hardware and signal processing algorithms, to efficiently achieve high-performance radar sensing and wireless communications. Understanding CSI’s contribution to beamforming within JRC systems is key to advancing in fields like wireless communication and radar technology, offering a blend of improved efficiency and performance.



Table 6 outlines various papers on JRC using different technologies. Many articles in this table discuss diverse methods for achieving JRC, while our unique approach involves using beamforming technology in JRC.





5. Problems and Solutions


The deployment of JRC systems in 5G and upcoming 6G networks encounters hurdles, notably in millimeter-wave bands, due to severe path loss and atmospheric attenuation, which are exacerbated by obstacles and weather conditions, leading to signal degradation [37]. Additionally, the unique propagation characteristics of millimeter waves, such as higher attenuation through rain and foliage and challenges in indoor signal penetration, pose significant challenges for JRC systems [28,37]. These issues necessitate advanced algorithms and strategies for maintaining connectivity and ensuring the safety and reliability of automotive applications that rely on seamless JRC integration. Several approaches are used to overcome 5G and 6G challenges and enhance JRC. Beamforming and MIMO techniques tackle signal loss, improving network quality. Smaller cell sizes and smart frequency use boost coverage. Combining the millimeter-wave approach with sub-6 GHz frequencies in hybrid networks offers faster, more reliable connections. Advanced antennas and signal processing enhance performance. Regulatory changes and making devices compatible are important for adoption. For JRC, reducing interference through techniques like time division multiplexing ensures that radar and communication systems in vehicles can work together smoothly, leading to safer roads. These strategies help to solve major issues in wireless communication and automotive technologies. The JRC design, enabling radar and communication system coexistence, faces challenges like interference, which compromises performance, and complex transmitter design, especially in dense deployments like autonomous vehicles. The proposed solutions include advanced resource management and design strategies to address these issues. For beamforming in JRC, the primary problem is interference between radar and communication systems sharing the same spectrum. The solution is spatial beamforming, specifically projecting radar signals into the null space of the radar system’s channel to communication receivers, thereby minimizing interference [24]. In JRC systems, beamforming faces challenges such as interference management between radar and communication signals, spectrum sharing in crowded frequency bands, hardware limitations that restrict beamforming capabilities, and increased signal processing complexity. Solutions to these challenges include employing adaptive beamforming techniques to dynamically optimize performance, leveraging cognitive radio approaches for efficient spectrum utilization, implementing advanced signal processing algorithms to manage complex signal environments, and investing in hardware innovations like metamaterials to enhance beamforming effectiveness. These approaches aim to address the unique set of problems in integrating radar and communications systems, paving the way for more efficient and capable joint operations. In simpler terms, to improve beamforming in JRC systems, a new method focuses on using the sparse (or not densely packed) nature of millimeter-wave signals. This method compresses the signal information and then recovers it efficiently using a specific type of algorithm based on graphs. This approach helps in creating more focused beams with less effort and shows better results than older methods, making it a smarter way to handle beamforming in JRC systems [167].




6. Future Importance


When integrated with JRC for 6G networks, beamforming stands at the forefront of revolutionizing wireless communication. This technique enhances signal quality and reduces interference, crucial for the next generation of IoT applications, autonomous driving, and smart cities, by focusing signals directly toward receivers. Specifically, it propels advancements in V2X communications, offering a safer and more efficient transportation future. The innovation extends to improving network capacity and coverage, especially in densely populated areas and higher frequency bands. The works of Huang et al. [3], Pirzada et al. [168], and Zhang et al. [5] provide foundational insights into this domain. Huang et al. [3] showcase a system for targeting and beam focusing using image recognition, Pirzada et al. [168] introduce an efficient indoor wireless power system, and Zhang et al. [5] explore the potential of large antenna arrays in 6G for near-field communications. These studies highlight the significant potential beamforming holds for enhancing communication and power transfer efficiency, marking a critical step toward realizing the full promise of 6G technologies. Integrating beamforming in JRC enhances 6G by providing precise, efficient connectivity and radar sensing, paving the way for advanced autonomous systems and improved network capabilities. The key potential beamforming and MIMO in the upcoming 6G network will play a significant role as Zhang et al. [169] introduce a compact 8 × 8 MIMO antenna design for 5G terminals, featuring two sets of quad-element antennas with T-shaped monopoles and edge-coupled fed dipoles, achieving effective decoupling and over 50% radiation efficiency in the 3.4–3.6 GHz band.




7. Conclusions


As we conclude, we have journeyed through the advanced landscapes of millimeter-wave technology, MIMO phased array antennas, and their pivotal contributions to shaping the future of 5G and 6G technologies. This exploration has taken us deep into the mechanics of beamforming, the innovation behind dual radar communication systems, and their transformative effects on automotive vehicles and secure communication networks. Highlighting the seamless integration of these technologies in radar and communication systems, we have delved into their applications, challenges, and the security considerations they bring to the forefront. Simplifying complex concepts, this review has spotlighted the significance of millimeter-wave and beamforming technologies, emphasizing their roles in enhancing automotive communication and ensuring network security. As we look forward, the potential of these technologies to revolutionize JRC systems in vehicles and to fortify the physical security of networks is undeniable. This narrative not only captures the current state of these technological advancements but also paints a vision of their future impact. In wrapping up, this paper serves as a bridge connecting the present with a future where these sophisticated technologies redefine wireless communication. It is a call to recognize their crucial role in the ongoing evolution of communication systems, urging us to envision a future where connectivity and security are significantly enhanced by these groundbreaking developments.







Author Contributions


All the authors have contributed equally. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a Korea Evaluation Institute of Industrial Technology (KEIT) grant funded by the Korean government (MOTIE) (No. 20022473, Development of 5KWh High-Safety Expandable Battery Module for Electric Vans and Electric Utility Cart) and the IC Design Education Center (IDEC) Korea.




Data Availability Statement


All the data you need is already included in the research article.




Acknowledgments


The author is pleased to acknowledge the valuable cooperation of Inn-Yeal Oh and lab colleagues.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kebede, T.; Wondie, Y.; Steinbrunn, J.; Kassa, H.B.; Kornegay, K.T. Precoding and beamforming techniques in mmwave-massive mimo: Performance assessment. IEEE Access 2022, 10, 16365–16387. [Google Scholar] [CrossRef]

	



Li, T.; Deng, B.; Yi, J.; Wang, H. A Millimeter-Wave MIMO Radar Moving Target Detection Method Based on The Vehicle Platform. In Proceedings of the 2023 International Conference on Microwave and Millimeter Wave Technology (ICMMT), Qingdao, China, 14–17 May 2023. [Google Scholar]

	



Huang, Y.; Lan, L.; Yang, Y.; Liu, J.; Deng, K.; Liu, Y.; Zheng, K. Automotive Millimeter Wave Radar Imaging Techniques. In Proceedings of the 2023 International Conference on Microwave and Millimeter Wave Technology (ICMMT), Qingdao, China, 14–17 May 2023. [Google Scholar]

	



Shi, W.; Liu, L.; Shen, Y.; Chen, H.; Yu, Z. Dynamic Target Simulation System for Automotive Millimeter Wave Radar. In Proceedings of the 2021 Photonics & Electromagnetics Research Symposium (PIERS), Hangzhou, China, 21–25 November 2021. [Google Scholar]

	



Zhang, Y.; Wang, X.; Zhuo, K.; Jiao, W.; Yang, W. Research on pedestrian-vehicle collision warning based on path prediction. In Proceedings of the 2023 7th International Conference on Transportation Information and Safety (ICTIS), Xi’an, China, 4–6 August 2023. [Google Scholar]

	



Dupleich, D.; Müller, R.; Han, N.; Häfner, S.; Schneider, C.; Luo, J.; Del Galdo, G.; Thomä, R.S. Polarization in Spatial Channel Models at mm-Waves: A Correlation Based Approach. In Proceedings of the 2019 13th European Conference on Antennas and Propagation (EuCAP), Krakow, Poland, 31 March–5 April 2019. [Google Scholar]

	



Omer, A.E.; Gigoyan, S.; Shaker, G.; Safavi-Naeini, S. WGM-based sensing of characterized glucose-aqueous solutions at mm-waves. IEEE Access 2020, 8, 38809–38825. [Google Scholar] [CrossRef]

	



Zidane, F.; Lanteri, J.; Marot, J.; Migliaccio, C. Impact of the Pre-Processing in AI-Based Classification at Mm-Waves. In Proceedings of the 2022 IEEE International Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting (AP-S/URSI), Denver, CO, USA, 10–15 July 2022. [Google Scholar]

	



Espin-Lopez, P.F.; Martellosio, A.; Pasian, M.; Bozzi, M.; Perregrini, L.; Mazzanti, A.; Svelto, F.; Bellomi, M.; Renne, G.; Summers, P.E. Breast cancer imaging at mm-Waves: Feasibility study on the safety exposure limits. In Proceedings of the 2016 46th European Microwave Conference (EuMC), London, UK, 4–6 October 2016. [Google Scholar]

	



Barneto, C.B.; Riihonen, T.; Liyanaarachchi, S.D.; Heino, M.; González-Prelcic, N.; Valkama, M. Beamformer design and optimization for joint communication and full-duplex sensing at mm-Waves. IEEE Trans. Commun. 2022, 70, 8298–8312. [Google Scholar] [CrossRef]

	



Capone, A.; Filippini, I.; Sciancalepore, V.; Tremolada, D. Obstacle avoidance cell discovery using mm-waves directive antennas in 5G networks. In Proceedings of the 2015 IEEE 26th annual international symposium on personal, indoor, and mobile radio communications (PIMRC), Hong Kong, 30 August 2015. [Google Scholar]

	



Ning, B.; Tian, Z.; Mei, W.; Chen, Z.; Han, C.; Li, S.; Yuan, J.; Zhang, R. Beamforming technologies for ultra-massive MIMO in terahertz communications. IEEE Open J. Commun. Soc. 2023, 4, 614–658. [Google Scholar] [CrossRef]

	



Xiao, Z.; Zhu, L.; Liu, Y.; Yi, P.; Zhang, R.; Xia, X.G. A survey on millimeter-wave beamforming enabled UAV communications and networking. IEEE Commun. Surv. Tutorials 2021, 24, 557–610. [Google Scholar] [CrossRef]

	



Rao, L.; Pant, M.; Malviya, L.; Parmar, A.; Charhate, S.V. 5G beamforming techniques for the coverage of intended directions in modern wireless communication: In-depth review. Int. J. Microw. Wirel. Technol. 2021, 13, 1039–1062. [Google Scholar] [CrossRef]

	



Ali, E.; Ismail, M.; Nordin, R.; Abdulah, N.F. Beamforming techniques for massive MIMO systems in 5G: Overview, classification, and trends for future research. Front. Inf. Technol. Electron. Eng. 2017, 18, 753–772. [Google Scholar] [CrossRef]

	



Vouyioukas, D. A Survey on Beamforming Techniques for Wireless MIMO Relay Networks. Int. J. Antennas Propag. 2013, 2013, 1–21. [Google Scholar] [CrossRef]

	



Chittimoju, G.; Yalavarthi, U.D. A comprehensive review on millimeter waves applications and antennas. In Journal of Physics: Conference Series; IOP Publishing: Bristol, UK, 2021; Volume 1804. [Google Scholar]

	



Kutty, S.; Sen, D. Beamforming for millimeter wave communications: An inclusive survey. IEEE Commun. Surv. Tutorials 2015, 18, 949–973. [Google Scholar] [CrossRef]

	



Lazaro, A.; Lazaro, M.; Villarino, R.; Girbau, D.; de Paco, P. Car2car communication using a modulated backscatter and automotive fmcw radar. Sensors 2021, 21, 3656. [Google Scholar] [CrossRef]

	



Rybin, V.; Karimov, T.; Bayazitov, O.; Kvitko, D.; Babkin, I.; Shirnin, K.; Kolev, G.; Butusov, D. Prototyping the Symmetry-Based Chaotic Communication System Using Microcontroller Unit. Appl. Sci. 2023, 13, 936. [Google Scholar] [CrossRef]

	



Hieu, N.Q.; Hoang, D.T.; Niyato, D.; Wang, P.; Kim, D.I.; Yuen, C. Transferable deep reinforcement learning framework for autonomous vehicles with joint radar-data communications. IEEE Trans. Commun. 2022, 70, 5164–5180. [Google Scholar] [CrossRef]

	



Butt, F.A.; Chattha, J.N.; Ahmad, J.; Zia, M.U.; Rizwan, M.; Naqvi, I.H. On the integration of enabling wireless technologies and sensor fusion for next-generation connected and autonomous vehicles. IEEE Access 2022, 10, 14643–14668. [Google Scholar] [CrossRef]

	



Bilik, I.; Longman, O.; Villeval, S.; Tabrikian, J. The rise of radar for autonomous vehicles: Signal processing solutions and future research directions. IEEE Signal Process. Mag. 2019, 36, 20–31. [Google Scholar] [CrossRef]

	



Luong, N.C.; Lu, X.; Hoang, D.T.; Niyato, D.; Kim, D.I. Radio resource management in joint radar and communication: A comprehensive survey. IEEE Commun. Surv. Tutorials 2021, 23, 780–814. [Google Scholar] [CrossRef]

	



Hieu, N.Q.; Hoang, D.T.; Luong, N.C.; Niyato, D. irdrc: An intelligent real-time dual-functional radar-communication system for automotive vehicles. IEEE Wirel. Commun. Lett. 2020, 9, 2140–2143. [Google Scholar] [CrossRef]

	



Bölcskei, H.; Gesbert, D.; Papadias, C.B.; Van der Veen, A.J. (Eds.) Space-Time Wireless Systems: From Array Processing to MIMO Communications; Cambridge University Press: Cambridge, UK, 2006. [Google Scholar]

	



Gesbert, D.; Kountouris, M.; Heath, R.W.; Chae, C.B.; Salzer, T. Shifting the MIMO paradigm. IEEE Signal Process. Mag. 2007, 24, 36–46. [Google Scholar] [CrossRef]

	



Bogale, T.E.; Wang, X.; Le, L.B. MmWave communication enabling techniques for 5G wireless systems: A link level perspective. In MmWave Massive MIMO; Academic Press: Cambridge, MA, USA, 2017; pp. 195–225. [Google Scholar]

	



O’Reilly, J.; Lane, P. Remote delivery of video services using mm-waves and optics. J. Light. Technol. 1994, 12, 369–375. [Google Scholar] [CrossRef]

	



Matiae, D. OFDM as a possible modulation technique for multimedia applications in the range of mm waves. Introd. Ofdm 1998, 1, 10–30. [Google Scholar]

	



Barneto, C.B.; Liyanaarachchi, S.D.; Riihonen, T.; Heino, M.; Anttila, L.; Valkama, M. Beamforming and Waveform Optimization for OFDM-based Joint Communications and Sensing at mm-Waves. In Proceedings of the 2020 54th Asilomar Conference on Signals, Systems, and Computers, Pacific Grove, CA, USA, 1–4 November 2020. [Google Scholar]

	



Chakraborty, R.; Kumari, N.; Mousam, M.; Mukherjee, A. The future of 5G and millimeter waves. In Proceedings of the 2018 Second International Conference on Electronics, Communication and Aerospace Technology (ICECA), Coimbatore, India, 29–31 March 2018. [Google Scholar]

	



Brão, T.H.; Filgueiras, H.R.D.; Cerqueira, A. Development of a 96-element mm-waves Antenna Array for mMIMO Applications. In Proceedings of the 2023 17th European Conference on Antennas and Propagation (EuCAP), Florence, Italy, 26–31 March 2023. [Google Scholar]

	



Ghaddar, M.; Talbi, L.; Nedil, M.; Ben Mabrouk, I.; Denidni, T.A. Mm-waves propagation measurements in underground mine using directional MIMO antennas. IET Microwaves Antennas Propag. 2016, 10, 517–524. [Google Scholar] [CrossRef]

	



Serov, E.A.; Koshelev, M.A.; Parshin, V.V.; Tretyakov, M.Y. Atmosphere continuum absorption investigation at MM waves. In Proceedings of the 2010 International Kharkov Symposium on Physics and Engineering of Microwaves, Millimeter And Submillimeter Waves, Kharkov, Ukraine, 21–26 June 2010. [Google Scholar]

	



Al-Samman, A.M.; Azmi, M.H.; Al-Gumaei, Y.A.; Al-Hadhrami, T.; Abd Rahman, T.; Fazea, Y.; Al-Mqdashi, A. Millimeter wave propagation measurements and characteristics for 5G system. Appl. Sci. 2020, 10, 335. [Google Scholar] [CrossRef]

	



Farooq Khan, Z.P. mmWave mobile broadband (MMB): Unleashing the 3–300GHz spectrum. In Proceedings of the 34th IEEE Sarnoff Symposium, Princeton, NJ, USA, 3–4 May 2011. [Google Scholar]

	



Giordani, M.; Zanella, A.; Zorzi, M. Millimeter wave communication in vehicular networks: Challenges and opportunities. In Proceedings of the 2017 6th International Conference on Modern Circuits and Systems Technologies (MOCAST), Thessaloniki, Greece, 4–6 May 2017. [Google Scholar]

	



Rappaport, T.S.; Murdock, J.N.; Gutierrez, F. State of the art in 60-GHz integrated circuits and systems for wireless communications. Proc. IEEE 2011, 99, 1390–1436. [Google Scholar] [CrossRef]

	



Batagelj, B.; Capmany, J.; Udvary, E.G. 5th-generation mobile access networks assisted by integrated microwave photonics. In Proceedings of the 2019 International Workshop on Fiber Optics in Access Networks (FOAN), Sarajevo, Bosnia and Herzegovina, 2–4 September 2019. [Google Scholar]

	



MacCartney, G.R.; Rappaport, T.S.; Rangan, S. Rapid fading due to human blockage in pedestrian crowds at 5G millimeter-wave frequencies. In Proceedings of the GLOBECOM 2017—2017 IEEE Global Communications Conference, Singapore, 4–8 December 2017. [Google Scholar]

	



Qingling, Z.; Li, J. Rain attenuation in millimeter wave ranges. In Proceedings of the 2006 7th International Symposium on Antennas, Propagation & EM Theory, Guilin, China, 26–29 October 2006. [Google Scholar]

	



Joshi, S.; Sancheti, S. Foliage loss measurements of tropical trees at 35 GHz. In Proceedings of the 2008 International Conference on Recent Advances in Microwave Theory and Applications, Jaipur, India, 21–24 November 2008. [Google Scholar]

	



Descamps, P.; Wane, S. Combined Hybrid mm-Waves and Optics Sensing with Smart Data Fusion for Autonomous Vehicles. In Proceedings of the 2019 IEEE 19th Mediterranean Microwave Symposium (MMS), Hammamet, Tunisia, 31 October–2 November 2019. [Google Scholar]

	



Mishra, K.V.; Shankar, M.B.; Koivunen, V.; Ottersten, B.; Vorobyov, S.A. Toward millimeter-wave joint radar communications: A signal processing perspective. IEEE Signal Process. Mag. 2019, 36, 100–114. [Google Scholar] [CrossRef]

	



Bai, W.; Zou, X.; Li, P.; Ye, J.; Yang, Y.; Yan, L.; Pan, W.; Yan, L. Photonic millimeter-wave joint radar communication system using spectrum-spreading phase-coding. IEEE Trans. Microw. Theory Tech. 2022, 70, 1552–1561. [Google Scholar] [CrossRef]

	



Kumari, P.; Vorobyov, S.A.; Heath, R.W. Adaptive virtual waveform design for millimeter-wave joint communication–radar. IEEE Trans. Signal Process. 2019, 68, 715–730. [Google Scholar] [CrossRef]

	



Kumari, P.; Mezghani, A.; Heath, R.W. JCR70: A low-complexity millimeter-wave proof-of-concept platform for a fully-digital SIMO joint communication-radar. IEEE Open J. Veh. Technol. 2021, 2, 218–234. [Google Scholar] [CrossRef]

	



Alloulah, M.; Huang, H. Future millimeter-wave indoor systems: A blueprint for joint communication and sensing. Computer 2019, 52, 16–24. [Google Scholar] [CrossRef]

	



Kwon, G.; Conti, A.; Park, H.; Win, M.Z. Joint communication and localization in millimeter wave networks. IEEE J. Sel. Top. Signal Process. 2021, 15, 1439–1454. [Google Scholar] [CrossRef]

	



Petrov, V.; Fodor, G.; Kokkoniemi, J.; Moltchanov, D.; Lehtomaki, J.; Andreev, S.; Koucheryavy, Y.; Juntti, M.; Valkama, M. On unified vehicular communications and radar sensing in millimeter-wave and low terahertz bands. IEEE Wirel. Commun. 2019, 26, 146–153. [Google Scholar] [CrossRef]

	



Choi, J.; Va, V.; Gonzalez-Prelcic, N.; Daniels, R.; Bhat, C.R.; Heath, R.W. Millimeter-wave vehicular communication to support massive automotive sensing. IEEE Commun. Mag. 2016, 54, 160–167. [Google Scholar] [CrossRef]

	



Liao, B.; Chan, S.C. DOA estimation of coherent signals for uniform linear arrays with mutual coupling. In Proceedings of the 2011 IEEE International Symposium of Circuits and Systems (ISCAS), Rio de Janeiro, Brazil, 15–18 May 2011. [Google Scholar]

	



Guo, K.; Guo, Y.; Ascheid, G. Distributed antennas aided secure communication in MU-massive-MIMO with QoS guarantee. In Proceedings of the 2015 IEEE 82nd Vehicular Technology Conference (VTC2015-Fall), Boston, FL, USA, 6–9 September 2015. [Google Scholar]

	



Rusek, F.; Persson, D.; Lau, B.K.; Larsson, E.G.; Marzetta, T.L.; Edfors, O.; Tufvesson, F. Scaling up MIMO: Opportunities and challenges with very large arrays. IEEE Signal Process. Mag. 2012, 30, 40–60. [Google Scholar] [CrossRef]

	



Larsson, E.G.; Edfors, O.; Tufvesson, F.; Marzetta, T.L. Massive MIMO for next generation wireless systems. IEEE Commun. Mag. 2014, 52, 186–195. [Google Scholar] [CrossRef]

	



Lu, L.; Li, G.Y.; Swindlehurst, A.L.; Ashikhmin, A.; Zhang, R. An overview of massive MIMO: Benefits and challenges. IEEE J. Sel. Top. Signal Process. 2014, 8, 742–758. [Google Scholar] [CrossRef]

	



Gozalvez, J. Fifth-generation technologies trials [Mobile Radio]. IEEE Veh. Technol. Mag. 2016, 11, 5–13. [Google Scholar] [CrossRef]

	



He, S.; Huang, Y.; Yang, L.; Ottersten, B.; Hong, W. Energy efficient coordinated beamforming for multicell system: Duality-based algorithm design and massive MIMO transition. IEEE Trans. Commun. 2015, 63, 4920–4935. [Google Scholar] [CrossRef]

	



Chen, X.; Zhang, Z.; Chen, H.H.; Zhang, H. Enhancing wireless information and power transfer by exploiting multi-antenna techniques. IEEE Commun. Mag. 2015, 53, 133–141. [Google Scholar] [CrossRef]

	



Björnson, E.; Sanguinetti, L.; Hoydis, J.; Debbah, M. Designing multi-user MIMO for energy efficiency: When is massive MIMO the answer? In Proceedings of the 2014 IEEE wireless communications and networking conference (WCNC), Istanbul, Turkey, 6–9 April 2014. [Google Scholar]

	



Yang, H.; Marzetta, T.L. Energy efficient design of massive MIMO: How many antennas? In Proceedings of the 2015 IEEE 81st Vehicular Technology Conference (VTC Spring), Glasgow, UK, 11–14 May 2015. [Google Scholar]

	



Yang, H.; Marzetta, T.L. Total energy efficiency of cellular large scale antenna system multiple access mobile networks. In Proceedings of the 2013 IEEE online conference on green communications (OnlineGreenComm), Piscataway, NJ, USA, 29–31 October 2013. [Google Scholar]

	



Andrews, J.G.; Buzzi, S.; Choi, W.; Hanly, S.V.; Lozano, A.; Soong, A.C.; Zhang, J.C. What will 5G be? IEEE J. Sel. Areas Commun. 2014, 32, 1065–1082. [Google Scholar] [CrossRef]

	



Albreem, M.A.; Al Habbash, A.H.; Abu-Hudrouss, A.M.; Ikki, S.S. Overview of precoding techniques for massive MIMO. IEEE Access 2021, 9, 60764–60801. [Google Scholar] [CrossRef]

	



Liu, L.; Zhang, R.; Chua, K. Multi-antenna wireless powered communication with energy beamforming. IEEE Trans. Commun. 2014, 62, 4349–4361. [Google Scholar] [CrossRef]

	



Zhang, R.; Liang, Y.C.; Chai, C.C.; Cui, S. Optimal beamforming for two-way multi-antenna relay channel with analogue network coding. IEEE J. Sel. Areas Commun. 2009, 27, 699–712. [Google Scholar] [CrossRef]

	



Jafar, S.A.; Goldsmith, A. Transmitter optimization and optimality of beamforming for multiple antenna systems. IEEE Trans. Wirel. Commun. 2004, 3, 1165–1175. [Google Scholar] [CrossRef]

	



Yang, N.; Yeoh, P.L.; Elkashlan, M.; Collings, I.B.; Chen, Z. Two-way relaying with multi-antenna sources: Beamforming and antenna selection. IEEE Trans. Veh. Technol. 2012, 61, 3996–4008. [Google Scholar] [CrossRef]

	



Huang, W.; Chen, H.; Li, Y.; Vucetic, B. On the performance of multi-antenna wireless-powered communications with energy beamforming. IEEE Trans. Veh. Technol. 2015, 65, 1801–1808. [Google Scholar] [CrossRef]

	



Dahrouj, H.; Yu, W. Coordinated beamforming for the multicell multi-antenna wireless system. IEEE Trans. Wirel. Commun. 2010, 9, 1748–1759. [Google Scholar] [CrossRef]

	



Abu-Rgheff, M.A. 5G Physical Layer Technologies; Elsevier: Amsterdam, The Netherlands, 2019. [Google Scholar] [CrossRef]

	



Fatema, N.; Hua, G.; Xiang, Y.; Peng, D.; Natgunanathan, I. Massive MIMO linear precoding: A survey. IEEE Syst. J. 2017, 12, 3920–3931. [Google Scholar] [CrossRef]

	



Costa, M. Writing on dirty paper (Corresp.). Inf. Theory IEEE Trans. 1983, 29, 439–441. [Google Scholar] [CrossRef]

	



Hasegawa, F.; Nishimoto, H.; Song, N.; Enescu, M.; Taira, A.; Okazaki, A.; Okamura, A. Non-linear precoding for 5G NR. In Proceedings of the 2018 IEEE Conference on Standards for Communications and Networking (CSCN), Paris, France, 29–31 October 2018. [Google Scholar]

	



Spencer, Q.H.; Swindlehurst, A.L.; Haardt, M. Zero-forcing methods for downlink spatial multiplexing in multiuser MIMO channels. IEEE Trans. Signal Process. 2004, 52, 461–471. [Google Scholar] [CrossRef]

	



Park, G.H.; Byeon, C.W.; Park, C.S. A 60-GHz low-power active phase shifter with impedance-invariant vector modulation in 65-nm CMOS. IEEE Trans. Microw. Theory Tech. 2020, 68, 5395–5407. [Google Scholar] [CrossRef]

	



Kim, E.; Kim, Y.; Jeon, S. A CMOS vector-sum phase shifter for 5G mm-wave application. J. Electromagn. Eng. Sci. 2022, 22, 8–11. [Google Scholar] [CrossRef]

	



Singh, A.; Mandal, M.K. Electronically tunable reflection-type phase shifters. IEEE Trans. Circuits Syst. II Express Briefs 2019, 67, 425–429. [Google Scholar] [CrossRef]

	



Kuo, J.L.; Lu, Y.F.; Huang, T.Y.; Chang, Y.L.; Hsieh, Y.K.; Peng, P.J.; Chang, I.C.; Tsai, T.C.; Kao, K.Y.; Hsiung, W.Y.; et al. 60-GHz four-element phased-array transmit/receive system-in-package using phase compensation techniques in 65-nm flip-chip CMOS process. IEEE Trans. Microw. Theory Tech. 2012, 60, 743–756. [Google Scholar] [CrossRef]

	



Park, G.H.; Kwon, J.K.; Kang, D.M.; Park, C.S. A 60-GHz Variable Gain Amplifier with Phase-compensated Variable Attenuator. In Proceedings of the 2021 IEEE 20th Topical Meeting on Silicon Monolithic Integrated Circuits in RF Systems (SiRF), San Diego, CA, USA, 17–20 January 2021. [Google Scholar]

	



Li, W.T.; Chiang, Y.C.; Tsai, J.H.; Yang, H.Y.; Cheng, J.H.; Huang, T.W. 60-GHz 5-bit phase shifter with integrated VGA phase-error compensation. IEEE Trans. Microw. Theory Tech. 2013, 61, 1224–1235. [Google Scholar] [CrossRef]

	



Siao, D.S.; Kao, J.C.; Wang, H. A 60 GHz low phase variation variable gain amplifier in 65 nm CMOS. IEEE Microw. Wirel. Components Lett. 2014, 24, 457–459. [Google Scholar] [CrossRef]

	



Lee, J.G.; Jang, T.H.; Park, G.H.; Lee, H.S.; Byeon, C.W.; Park, C.S. A 60-GHz four-element beam-tapering phased-array transmitter with a phase-compensated VGA in 65-nm CMOS. IEEE Trans. Microw. Theory Tech. 2019, 67, 2998–3009. [Google Scholar] [CrossRef]

	



Lin, J.M.; Wijaya, A.C.; Guo, J.C. A New Cascode Design with Enhanced Power gain and Bandwidth for Application in mm-Wave Amplifier. In Proceedings of the 2022 International Symposium on VLSI Technology, Systems and Applications (VLSI-TSA), Hsinchu, Taiwan, 18–21 April 2022. [Google Scholar]

	



Ratnam, V.V.; Mo, J.; Alammouri, A.; Ng, B.L.; Zhang, J.; Molisch, A.F. Joint phase-time arrays: A paradigm for frequency-dependent analog beamforming in 6G. IEEE Access 2022, 10, 73364–73377. [Google Scholar] [CrossRef]

	



Pei, X.; Yin, H.; Tan, L.; Cao, L.; Li, Z.; Wang, K.; Björnson, E. RIS-aided wireless communications: Prototyping, adaptive beamforming, and indoor/outdoor field trials. IEEE Trans. Commun. 2021, 69, 8627–8640. [Google Scholar] [CrossRef]

	



Liang, S.; Chen, W.; Liem, R.P.; Huang, X. Experimental analysis of cooling fan noise by wavelet-based beamforming and proper orthogonal decomposition. IEEE Access 2020, 8, 121197–121203. [Google Scholar] [CrossRef]

	



Shen, H.; Xu, W.; Gong, S.; Zhao, C.; Ng, D.W.K. Beamforming optimization for IRS-aided communications with transceiver hardware impairments. IEEE Trans. Commun. 2020, 69, 1214–1227. [Google Scholar] [CrossRef]

	



Fokin, G. Channel Model for Location-Aware Beamforming in 5G Ultra-Dense mmWave Radio Access Network. In Proceedings of the 2022 International Conference on Electrical Engineering and Photonics (EExPolytech), St. Petersburg, Russia, 20–21 October 2022. [Google Scholar]

	



Gong, S.; Yang, Z.; Xing, C.; An, J.; Hanzo, L. Beamforming optimization for intelligent reflecting surface-aided SWIPT IoT networks relying on discrete phase shifts. IEEE Internet Things J. 2020, 8, 8585–8602. [Google Scholar] [CrossRef]

	



Shakir, M.Z.; Durrani, T.S. Narrowband beamforming algorithm for smart antennas. In Proceedings of the 2007 International Bhurban Conference on Applied Sciences & Technology, Islamabad, Pakistan, 14–18 January 2007. [Google Scholar]

	



Zhang, Y.W.; Ma, Y.L. An efficient architecture for real-time narrowband beamforming. IEEE J. Ocean. Eng. 1994, 19, 635–638. [Google Scholar] [CrossRef]

	



Zhang, Y.; Du, J.; Chen, Y.; Li, X.; Rabie, K.M.; Khkrel, R. Dual-iterative hybrid beamforming design for millimeter-wave massive multi-user MIMO systems with sub-connected structure. IEEE Trans. Veh. Technol. 2020, 69, 13482–13496. [Google Scholar] [CrossRef]

	



Elhefnawy, M. Design and simulation of an analog beamforming phased array antenna. Int. J. Electr. Comput. Eng. 2020, 10, 1398–1405. [Google Scholar] [CrossRef]

	



Behera, B.R.; Mishra, S.K. Investigation of a high-gain and broadband circularly polarized monopole antenna for RF energyharvesting application. Int. J. Microw. Wirel. Technol. 2023, 15, 781–792. [Google Scholar] [CrossRef]

	



Oh, I.; Kang, M.S.; Kim, K.S.; Choi, C.H.; Kim, H.Y. Vertically beamforming end-fired array antenna. In Proceedings of the 2021 IEEE Region 10 Symposium (TENSYMP), Jeju, Republic of Korea, 23–25 August 2021. [Google Scholar]

	



Ullah, H.; Abutarboush, H.F.; Rashid, A.; Tahir, F.A. A Compact Low-Profile Antenna for Millimeter-Wave 5G Mobile Phones. Electronics 2022, 11, 3256. [Google Scholar] [CrossRef]

	



Tutkur, E. Wideband Directional Couplers and Power Splitters. Master’s Thesis, Chalmers University of Technology, Gothenburg, Sweden, 2014. [Google Scholar]

	



Chen, W.; Yu, Z.; Zhou, J.; Hong, W. Design of Coupler-Switch Network and Interference Cancellation Scheme for Highly Scalable Self-Calibration Beamforming Systems. IEEE Trans. Microw. Theory Tech. 2023, 72, 1392–1404. [Google Scholar] [CrossRef]

	



El Ansari, A.; Das, S.; El-Arrouch, T.; El Idrissi, N.E.A. A Hybrid Coupler Integrated 1 × 4 Printed Array Antenna with Broadband and High Performance For Beamforming RFID Reader. In Proceedings of the 2022 9th International Conference on Wireless Networks and Mobile Communications (WINCOM), Rabat, Morocco, 26–29 October 2022. [Google Scholar]

	



Jeong, H.; Lee, H.D.; Park, B.; Jang, S.; Kong, S.; Park, C. Three-Stacked CMOS Power Amplifier to Increase Output Power with Stability Enhancement for mm-Wave Beamforming Systems. IEEE Trans. Microw. Theory Tech. 2022, 71, 2450–2464. [Google Scholar] [CrossRef]

	



Lee, S.; Park, J.; Hong, S. A Ka-band phase-compensated variable-gain CMOS low-noise amplifier. IEEE Microw. Wirel. Components Lett. 2019, 29, 131–133. [Google Scholar] [CrossRef]

	



Radpour, M. Low-Noise Amplifier and Noise/Distortion Shaping Beamformer. Ph.D. Thesis, University of Calgary, Calgary, AB, Canada, 2023. [Google Scholar]

	



Wang, L.; De Lamare, R.C.; Yukawa, M. Adaptive reduced-rank constrained constant modulus algorithms based on joint iterative optimization of filters for beamforming. IEEE Trans. Signal Process. 2010, 58, 2983–2997. [Google Scholar] [CrossRef]

	



Nouri, M.; Jafarieh, A.; Behroozi, H.; Mallat, N.K.; Iqbal, A.; Piran, M.J.; Lee, D. A Compact Filter and Dipole Antenna with Its Phased Array Filtenna and ADMM-BO Learning for Use-Case Analog/Hybrid Beamforming in 5G mmWave Communications. IEEE Access 2023, 11, 55990–56007. [Google Scholar] [CrossRef]

	



Martins, R.M.; Lourenço, N.C. Analog Integrated Circuit Routing Techniques: An Extensive Review. IEEE Access 2023, 11, 35965–35983. [Google Scholar] [CrossRef]

	



Yoon, H.; Kim, J.; Lee, K.; Song, T.K. Design and Implementation of Analog-Digital Hybrid Beamformers for Low-Complexity Ultrasound Systems: A Feasibility Study. Bioengineering 2023, 11, 8. [Google Scholar] [CrossRef]

	



Xu, T.; Yu, D.; Du, L. A Bi-Objective Simulation Facility for Speed and Range Calibration of 24 GHz and 77 GHz Automotive Millimeter-Wave Radars for Environmental Perception. Electronics 2023, 12, 2947. [Google Scholar] [CrossRef]

	



Petrović, N.; Petrović, M.; Milovanović, V. Radar Signal Processing Architecture for Early Detection of Automotive Obstacles. Electronics 2023, 12, 1826. [Google Scholar] [CrossRef]

	



Wu, T.; Jiang, M.; Zhang, Q.; Li, Q.; Qin, J. Beamforming design in multiple-input-multiple-output symbiotic radio backscatter systems. IEEE Commun. Lett. 2021, 25, 1949–1953. [Google Scholar] [CrossRef]

	



Reddy, L.R.; Mathews, B.D. A Systematic Review on Beamforming Aided Channel Estimation Techniques for MIMO System. In Proceedings of the 2023 Third International Conference on Artificial Intelligence and Smart Energy (ICAIS), Coimbatore, India, 2–4 February 2023. [Google Scholar]

	



Liu, W.; Weiss, S. Wideband Beamforming: Concepts And Techniques; John Wiley & Sons: Hoboken, NJ, USA, 2010. [Google Scholar]

	



Gao, F.; Wang, B.; Xing, C.; An, J.; Li, G.Y. Wideband beamforming for hybrid massive MIMO terahertz communications. IEEE J. Sel. Areas Commun. 2021, 39, 1725–1740. [Google Scholar] [CrossRef]

	



Ahmad, F.; Zhang, Y.; Amin, M.G. Three-dimensional wideband beamforming for imaging through a single wall. IEEE Geosci. Remote Sens. Lett. 2008, 5, 176–179. [Google Scholar] [CrossRef]

	



Zhang, S.; Guo, C.; Wang, T.; Zhang, W. ON–OFF analog beamforming for massive MIMO. IEEE Trans. Veh. Technol. 2018, 67, 4113–4123. [Google Scholar] [CrossRef]

	



Ding, Y.; Fusco, V.; Shitvov, A.; Xiao, Y.; Li, H. Beam index modulation wireless communication with analog beamforming. IEEE Trans. Veh. Technol. 2018, 67, 6340–6354. [Google Scholar] [CrossRef]

	



Lee, S.; Song, H.J. Accurate statistical model of radiation patterns in analog beamforming including random error, quantization error, and mutual coupling. IEEE Trans. Antennas Propag. 2021, 69, 3886–3898. [Google Scholar] [CrossRef]

	



Mujammami, E.H.; Afifi, I.; Sebak, A.B. Optimum wideband high gain analog beamforming network for 5G applications. IEEE Access 2019, 7, 52226–52237. [Google Scholar] [CrossRef]

	



Wang, Z.; Liu, Q.; Li, M.; Kellerer, W. Energy efficient analog beamformer design for mmWave multicast transmission. IEEE Trans. Green Commun. Netw. 2019, 3, 552–564. [Google Scholar] [CrossRef]

	



Wijenayake, C.; Xu, Y.; Madanayake, A.; Belostotski, L.; Bruton, L.T. RF analog beamforming fan filters using CMOS all-pass time delay approximations. IEEE Trans. Circuits Syst. I Regul. Pap. 2012, 59, 1061–1073. [Google Scholar] [CrossRef]

	



Hans, S. Digital beamforming. In Proceedings of the 1988 18th European Microwave Conference, Stockholm, Sweden, 12–15 September 1988. [Google Scholar]

	



Huber, S.; Younis, M.; Patyuchenko, A.; Krieger, G.; Moreira, A. Spaceborne reflector SAR systems with digital beamforming. IEEE Trans. Aerosp. Electron. Syst. 2012, 48, 3473–3493. [Google Scholar] [CrossRef]

	



Barb, G.; Otesteanu, M.; Alexa, F.; Ghiulai, A. Digital beamforming techniques for future communications systems. In Proceedings of the 2020 12th International Symposium on Communication Systems, Networks and Digital Signal Processing (CSNDSP), Porto, Portugal, 20–22 July 2020. [Google Scholar]

	



Islam, M.S.; Jessy, T.; Hassan, M.S.; Mondal, K.; Rahman, T. Suitable beamforming technique for 5G wireless communications. In Proceedings of the 2016 International Conference on Computing, Communication and Automation (ICCCA), Greater Noida, India, 29–30 April 2016. [Google Scholar]

	



Nwalozie, G.; Okorogu, V.; Maduadichie, S.; Adenola, A. A simple comparative evaluation of adaptive beam forming algorithms. Int. J. Eng. Innov. Technol. 2013, 2. Available online: https://www.academia.edu/download/36156795/IJEIT1412201301_73.pdf (accessed on 9 April 2024 ).

	



Ahmed, I.; Khammari, H.; Shahid, A.; Musa, A.; Kim, K.S.; De Poorter, E.; Moerman, I. A survey on hybrid beamforming techniques in 5G: Architecture and system model perspectives. IEEE Commun. Surv. Tutorials 2018, 20, 3060–3097. [Google Scholar] [CrossRef]

	



Han, C.; Yan, L.; Yuan, J. Hybrid beamforming for terahertz wireless communications: Challenges, architectures, and open problems. IEEE Wirel. Commun. 2021, 28, 198–204. [Google Scholar] [CrossRef]

	



Dilli, R. Hybrid beamforming in 5G nr networks using multi user massive MIMO at FR2 frequency bands. Wirel. Pers. Commun. 2022, 127, 3677–3709. [Google Scholar] [CrossRef]

	



Shim, S.J.; Lee, S.; Lee, W.S.; Ro, J.H.; Baik, J.I.; Song, H.K. Advanced Hybrid beamforming technique in MU-MIMO systems. Appl. Sci. 2020, 10, 5961. [Google Scholar] [CrossRef]

	



Chryssomallis, M. Smart antennas. IEEE Antennas Propag. Mag. 2000, 42, 129–136. [Google Scholar] [CrossRef]

	



Chen, S.; Sun, S.; Gao, Q.; Su, X. Adaptive beamforming in TDD-based mobile communication systems: State of the art and 5G research directions. IEEE Wirel. Commun. 2016, 23, 81–87. [Google Scholar] [CrossRef]

	



Zhang, J.; Yao, J. Photonic true-time delay beamforming using a switch-controlled wavelength-dependent recirculating loop. J. Light. Technol. 2016, 34, 3923–3929. [Google Scholar] [CrossRef]

	



Guan, L.; Zhang, Z.; Yang, X.; Zhao, N.; Fan, D.; Imran, M.A.; Abbasi, Q.H. Multi-person breathing detection with switching antenna array based on WiFi signal. IEEE J. Transl. Eng. Health Med. 2022, 11, 23–31. [Google Scholar] [CrossRef] [PubMed]

	



Carrera, E.; Augello, R.; Pagani, A.; Scano, D. Refined multilayered beam, plate and shell elements based on Jacobi polynomials. Compos. Struct. 2023, 304, 116275. [Google Scholar] [CrossRef]

	



Yadav, R.; Tripathi, A. A survey on hybrid, 3D, interference mitigation and secure data beamforming techniques for 5G system. Wirel. Pers. Commun. 2020, 114, 883–900. [Google Scholar] [CrossRef]

	



Peng, D.; He, D.; Li, Y.; Wang, Z. Integrating terrestrial and satellite multibeam systems toward 6G: Techniques and challenges for interference mitigation. IEEE Wirel. Commun. 2022, 29, 24–31. [Google Scholar] [CrossRef]

	



Yadav, R.; Tripathi, A. Enhanced optimization assisted interference mitigation with vertical beamforming in 3D MIMO-OFDMA for 5G wireless communication network. Int. J. Pervasive Comput. Commun. 2023, 19, 191–210. [Google Scholar] [CrossRef]

	



Shi, Z.; Chen, W.; Huang, Y.; Tian, J.; Fang, Y.; You, X.; Guo, L. Multiple-input multiple-output enhancement and beam management. In 5G NR and Enhancements; Elsevier: Amsterdam, The Netherlands, 2022; pp. 413–506. [Google Scholar]

	



Xu, Z.; Petropulu, A. A bandwidth efficient dual-function radar communication system based on a MIMO radar using OFDM waveforms. IEEE Trans. Signal Process. 2023, 71, 401–416. [Google Scholar] [CrossRef]

	



Pirkani, A.A.; Pooni, S.; Cherniakov, M. Implementation of mimo beamforming on an ots fmcw automotive radar. In Proceedings of the 2019 20th International Radar Symposium (IRS), Ulm, Germany, 26–28 June 2019. [Google Scholar]

	



Guo, Y.J.; Ansari, M.; Fonseca, N.J. Circuit type multiple beamforming networks for antenna arrays in 5G and 6G terrestrial and non-terrestrial networks. IEEE J. Microwaves 2021, 1, 704–722. [Google Scholar] [CrossRef]

	



Alimi, I.A.; Patel, R.K.; Muga, N.J.; Pinto, A.N.; Teixeira, A.L.; Monteiro, P.P. Towards enhanced mobile broadband communications: A tutorial on enabling technologies, design considerations, and prospects of 5G and beyond fixed wireless access networks. Appl. Sci. 2021, 11, 10427. [Google Scholar] [CrossRef]

	



Hamid, S.; Chopra, S.R.; Gupta, A.; Tanwar, S.; Florea, B.C.; Taralunga, D.D.; Alfarraj, O.; Shehata, A.M. Hybrid Beamforming in Massive MIMO for Next-Generation Communication Technology. Sensors 2023, 23, 7294. [Google Scholar] [CrossRef]

	



Gürbüz, A.; Mielke, D.M.; Bellido-Manganell, M.A. On the Application of Beamforming in LDACS. In Proceedings of the 2022 Integrated Communication, Navigation and Surveillance Conference (ICNS), Dulles, VA, USA, 5–7 April 2022. [Google Scholar]

	



Peng, J.; Cao, H.; Ali, Z.; Wu, X.; Fan, J. Intelligent Reflecting Surface-Assisted Interference Mitigation with Deep Reinforcement Learning for Radio Astronomy. IEEE Antennas Wirel. Propag. Lett. 2022, 21, 1757–1761. [Google Scholar] [CrossRef]

	



Karimi, M.; Maxit, L. Acoustic source localisation using vibroacoustic beamforming. Mech. Syst. Signal Process. 2023, 199, 110454. [Google Scholar] [CrossRef]

	



Bakulin, A.; Silvestrov, I.; Dmitriev, M.; Neklyudov, D.; Protasov, M.; Gadylshin, K.; Dolgov, V. Nonlinear beamforming for enhancement of 3D prestack land seismic data. Geophysics 2020, 85, V283–V296. [Google Scholar] [CrossRef]

	



Chen, K.; Yang, S.; Chen, Y.; Qu, S.W.; Hu, J. Hybrid directional modulation and beamforming for physical layer security improvement through 4-D antenna arrays. IEEE Trans. Antennas Propag. 2021, 69, 5903–5912. [Google Scholar] [CrossRef]

	



Al Kassir, H.; Zaharis, Z.D.; Lazaridis, P.I.; Kantartzis, N.V.; Yioultsis, T.V.; Xenos, T.D. A review of the state of the art and future challenges of deep learning-based beamforming. IEEE Access 2022, 10, 80869–80882. [Google Scholar] [CrossRef]

	



Jeong, C.; Park, J.; Yu, H. Random access in millimeter-wave beamforming cellular networks: Issues and approaches. IEEE Commun. Mag. 2015, 53, 180–185. [Google Scholar] [CrossRef]

	



Liu, X.; Huang, T.; Shlezinger, N.; Liu, Y.; Zhou, J.; Eldar, Y.C. Joint transmit beamforming for multiuser MIMO communications and MIMO radar. IEEE Trans. Signal Process. 2020, 68, 3929–3944. [Google Scholar] [CrossRef]

	



He, Y.; Cai, Y.; Mao, H.; Yu, G. RIS-assisted communication radar coexistence: Joint beamforming design and analysis. IEEE J. Sel. Areas Commun. 2022, 40, 2131–2145. [Google Scholar] [CrossRef]

	



Dong, F.; Wang, W.; Hu, Z.; Hui, T. Low-complexity beamformer design for joint radar and communications systems. IEEE Commun. Lett. 2020, 25, 259–263. [Google Scholar] [CrossRef]

	



Oh, I.Y. A Dual Polarization 3-D Beamforming AiP. Electronics 2022, 11, 3132. [Google Scholar] [CrossRef]

	



Tian, T.; Zhang, T.; Kong, L.; Cui, G.; Wang, Y. Mutual information based partial band coexistence for joint radar and communication system. In Proceedings of the 2019 IEEE Radar Conference (RadarConf), Boston, MA, USA, 22–26 April 2019. [Google Scholar]

	



Shi, C.; Wang, Y.; Wang, F.; Salous, S.; Zhou, J. Joint optimization scheme for subcarrier selection and power allocation in multicarrier dual-function radar-communication system. IEEE Syst. J. 2020, 15, 947–958. [Google Scholar] [CrossRef]

	



Li, W.; Jagannath, R.; Guan, Y.L.; González, D.; Ren, P.; Xiang, Z. A novel design of multi-user sequence set for joint vehicular radar-communication based on oppermann family. Digit. Signal Process. 2023, 141, 104119. [Google Scholar] [CrossRef]

	



Rajkumar, C.; Raj, A.B. Design and Development of DSP Interfaces and Algorithm for FMCW Radar Altimeter. In Proceedings of the 2019 4th International Conference on Recent Trends on Electronics, Information, Communication & Technology (RTEICT), Bangalore, India, 17–18 May 2019. [Google Scholar]

	



Dhouioui, M.; Frikha, T. Design and implementation of a radar and camera-based obstacle classification system using machine-learning techniques. J. -Real-Time Image Process. 2021, 18, 2403–2415. [Google Scholar] [CrossRef]

	



Feng, Z.; Fang, Z.; Wei, Z.; Chen, X.; Quan, Z.; Ji, D. Joint radar and communication: A survey. China Commun. 2020, 17, 1–27. [Google Scholar] [CrossRef]

	



Liu, F.; Masouros, C.; Petropulu, A.P.; Griffiths, H.; Hanzo, L. Joint radar and communication design: Applications, state-of-the-art, and the road ahead. IEEE Trans. Commun. 2020, 68, 3834–3862. [Google Scholar] [CrossRef]

	



De Oliveira, L.G.; Nuss, B.; Alabd, M.B.; Diewald, A.; Pauli, M.; Zwick, T. Joint radar-communication systems: Modulation schemes and system design. IEEE Trans. Microw. Theory Tech. 2021, 70, 1521–1551. [Google Scholar] [CrossRef]

	



Ma, D.; Shlezinger, N.; Huang, T.; Liu, Y.; Eldar, Y.C. Joint radar-communication strategies for autonomous vehicles: Combining two key automotive technologies. IEEE Signal Process. Mag. 2020, 37, 85–97. [Google Scholar] [CrossRef]

	



Gameiro, A.; Castanheira, D.; Sanson, J.; Monteiro, P.P. Research challenges, trends and applications for future joint radar communications systems. Wirel. Pers. Commun. 2018, 100, 81–96. [Google Scholar] [CrossRef]

	



Dokhanchi, S.H.; Mysore, B.S.; Mishra, K.V.; Ottersten, B. A mmWave automotive joint radar-communications system. IEEE Trans. Aerosp. Electron. Syst. 2019, 55, 1241–1260. [Google Scholar] [CrossRef]

	



Wang, H.; Fang, J.; Wang, P.; Yue, G.; Li, H. Efficient beamforming training and channel estimation for millimeter wave OFDM systems. IEEE Trans. Wirel. Commun. 2020, 20, 2805–2819. [Google Scholar] [CrossRef]

	



Pirzada, B.S.; Shafique, K.; Jawed, S.A.; Muqim, I.; Amin, S.U.; Abubaker, F.; Khan, F.; Shahbaz, M.A.; Jabbar, M.J.; Abbas, M.F. A mid-range wireless power transfer system for portable electronic devices using beam forming. Analog. Integr. Circuits Signal Process. 2023, 115, 195–209. [Google Scholar] [CrossRef]

	



Zhang, H.; Guo, L.X.; Wang, P.; Lu, H. Compact 8 × 8 MIMO Antenna Design for 5G Terminals. Electronics 2022, 11, 3245. [Google Scholar] [CrossRef]








[image: Electronics 13 01531 g001] 





Figure 1. A modified generalized block diagram of communication systems with precoding and decoding techniques [65]. 
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Figure 2. A modified FMCW diagram. 
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Figure 3. Radar structure with beam former. 
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Figure 4. Joint radar communication system with beamforming. 
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Table 1. Millimeter wave and JRC.






Table 1. Millimeter wave and JRC.





	S.NO
	Research
	Differences





	[45]
	Toward millimeter-wave joint radar communications: A signal processing perspective.
	No Beamforming



	[46]
	Photonic Millimeter-Wave Joint Radar Communication System Using Spectrum Spreading Phase-Coding
	No Beamforming



	[47]
	Adaptive Virtual Waveform Design for Millimeter-Wave Joint Communication Radar
	No Beamforming



	[48]
	JCR70: A Low Complexity Millimeter-Wave Proof-of Concept Platform for a Fully-Digital SIMO Joint Communication Radar
	No Beamforming



	[49]
	Future Millimeter-Wave Indoor Systems: A Blueprint for Joint Communication and Sensing
	No Beamforming



	[50]
	Joint Communication and Localization in Millimeter-Wave Networks
	No Beamforming



	[51]
	On Unified Vehicular Communications and Radar Sensing in Millimeter-Wave and Low Terahertz Bands
	No Beamforming



	[52]
	Millimeter-Wave Vehicular Communication to Support Massive Automotive Sensing
	No Beamforming



	Our Work
	Review of Joint Radar, Communication, and Integration of Beamforming Technology
	Beamforming Integration










 





Table 2. Beamforming technology.
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	Ref.
	Research
	Differences





	[87]
	Dual-Iterative Hybrid Beam-forming Design for Millimeter- Wave Massive Multi-User MIMO Systems With Sub-Connected Structure
	No JRC



	[88]
	Beam-forming Design in MIMO Symbiotic Radio Backscatter Systems
	No JRC



	[89]
	A Systematic Review on Beam-forming Aided Channel Estimation Techniques for MIMO System
	No JRC



	[90]
	RIS-Aided Wireless Communications: Prototyping, Adaptive Beam-forming, and Indoor/Outdoor Field Trials
	No JRC



	[91]
	Experimental Analysis of Cooling Fan Noise by Wavelet-Based Beam-forming and Proper Orthogonal Decomposition
	No JRC



	[92]
	Beam-forming Optimization for IRS-Aided Communications With Transceiver Hardware Impairments
	No JRC



	[93]
	Channel Model for Location-Aware Beam-forming in 5G Ultra-Dense mm-wave Radio Access Network
	No JRC



	[94]
	Beam-forming Optimization for Intelligent Reflecting Surface-Aided, simultaneous wireless information and power transfer (SWIPT) IoT Networks Relying on Discrete Phase Shifts
	No JRC



	Our Work
	Review of Joint Radar, Communications, and Integration of Beamforming Technology
	JRC










 





Table 3. Components in beamforming circuit.
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	Components
	Descriptions
	Ref.





	Antenna Array
	Elhefnawy: Analog beamforming phased array antenna. Behera: Meta surface-loaded circularly polarized monopole antenna for RF energy harvesting at 5 GHz, and Oh highlights the vertically beamforming array antenna. Ullah et al. details a compact dual-beam, dual-band antenna for future 5G millimeter-wave mobile phones.
	[95,96,97,98]



	Phase Shifters
	Phase shifters are crucial in beamforming systems, allowing precise adjustment of signal phases for effective beam steering.
	[77,78,79]



	Attenuators and VGAs
	Attenuators allow control over signal power at each antenna element for precise adjustments, enhancing beamforming accuracy, as highlighted.
	[81,82,83]



	Hybrid Couplers/Dividers
	Key components manipulate signals’ phase relationships, facilitating signal distribution across antennas and effective beam steering; study explores quadrature hybrid designs based on a Branch Line Coupler for a 180-degree power splitter effect Tutkur.
	[99,100,101]



	Power Amplifiers
	A two-stage millimeter-wave PA with a three-stacked structure, utilizing a 65-nm RF CMOS process, achieving stable performance, high gain, and an output power of 24.7 dBm at 22.0 GHz: Jeong.
	[102]



	Low-Noise Amplifiers
	A high-performance wireless system component that utilizes a 65 nm CMOS process to implement a variable-gain low-noise amplifier with a constant phase feature, offering impressive characteristics including a gain of 20.8 dB at 31 GHz, a low noise figure of 3.71 dB, and stability over a gain control range of 10.6 dB from 30 to 34.5 GHz, highlighting its reliability and adaptability in real-world applications Lee.
	[103,104]



	Filters
	Wang: Beamforming filters are enhanced through adaptive reduced-rank constrained constant modulus algorithms, optimizing joint iterative filters for improved performance in focusing on important information and blocking unwanted signals Wang.
	[105,106]



	Analog Signal Processing Circuitry
	Analog signal processing involves utilizing various circuit components like operational amplifiers, mixers, analog multipliers, and voltage-controlled oscillators to manipulate phases. Further details are available in the references.
	[107,108]



	Radar
	A calibration method for automotive millimeter-wave radars, demonstrating the 77 GHz radar’s enhanced measurement accuracy for vehicle perception through experiments, is discussed in detail, which is crucial for JRC, and millimeter-wave radar enhances automotive safety by enabling early obstacle detection with rapid low-latency hardware processing (FPGA prototype).
	[109,110]










 





Table 5. Applications of beamforming technology.
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	S.NO
	Technique
	Descriptions
	Ref.





	1
	Beam Refinement
	Beamforming algorithms adjust beam direction based on user device feedback, enhancing adaptation to changing conditions, user movements, and interference levels.
	[135]



	2
	Interference Mitigation
	In crowded signal-dense areas, beamforming techniques are crucial for improving communication quality and overcoming interference challenges to enhance network performance.
	[15,136,137,138]



	3
	Beam Management
	5G networks use dynamic beam management and beamforming techniques to maintain connectivity and signal quality for fast-moving users and changing channel conditions.
	[139]



	1
	Beamforming in JRC
	Beamforming algorithms adjust beam direction based on user device feedback, enhancing adaptation to changing conditions, user movements, and interference levels.
	



	2
	Automotive Communications
	Beamforming technology enhances automotive communication by improving V2V and V2I communication, ensuring reliable in-car services, optimizing antenna array design, mitigating interference, and enabling precise vehicle localization for autonomous driving.
	[140]



	3
	Automotive Radar
	A real-time signal processing algorithm is developed for the Texas Instruments AWR1642 chipset, presenting it as a W-band MIMO-FMCW imaging radar for automotive applications with a range resolution of 4.1 cm and an angular resolution of 14.2°, aligning with theoretical and simulation predictions in MATLAB.
	[141]



	1
	Beamforming in 5G and 6G
	Beamforming plays a significant role in 5G and 6G wireless systems, analyzing circuits and antennas, addressing technological challenges, and providing a comprehensive understanding of the field.
	[142]



	2
	Enhanced Mobile Broadband (eMBB)
	Beamforming in 5G improves signal strength, enhancing communication quality and enabling faster data trans