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The Millimeter-Wave Joint Communication and Radar System (JCRS) is an innovative technology that combines communication and radar functionalities in the millimeter-wave frequency bands. This paper provides an in-depth overview of the JCRS, exploring its fundamental principles, capabilities, and potential applications.

We begin by examining the unique characteristics of millimeter-wave frequencies and their suitability for both communication and radar sensing. We discuss the advantages of utilizing millimeter waves, such as larger available bandwidth, higher data rates, and improved spatial resolution for radar sensing.

Next, we delve into the integration of communication and radar functionalities in the JCRS. We explore the synergies between these two domains, enabling shared resources, spectrum efficiency, and enhanced situational awareness. We discuss the challenges and opportunities associated with joint system design, including waveform design, resource allocation, interference management, and synchronization. Furthermore, we provide a comprehensive overview of the key components and subsystems of the JCRS. This includes the transmitter and receiver architectures, antenna designs, signal processing algorithms, and data fusion techniques. We highlight the importance of advanced signal processing techniques, such as beamforming, adaptive modulation, and waveform optimization, in achieving optimal system performance.

We then showcase various applications where the JCRS can be employed effectively. These applications span a wide range of domains, including autonomous vehicles, surveillance systems, security applications, and wireless communication networks. We discuss the specific requirements and challenges in each application and demonstrate how the JCRS can address them.

Moreover, we review the state-of-the-art research and recent advancements in the field of JCRS.

We highlight emerging technologies, such as millimeter-wave phased arrays, advanced radar sensing techniques, and cognitive radio capabilities, that are pushing the boundaries of JCRS performance.

Finally, we present future directions and potential research opportunities in the JCRS domain.

We discuss the need for continued advancements in hardware technologies, system optimization, standardization efforts, and regulatory frameworks to facilitate widespread adoption of JCRS in various applications.

Introduction:

A mm-wave joint sensing and communication system is a system that combines sensing and communication capabilities using mm-wave technology. Mm-wave technology involves the use of electromagnetic waves with wavelengths ranging from 1 to 10 millimeters, which correspond to frequencies in the 30 to 300 GHz range [1][START_REF] Lipton | Moving target classification and tracking from real-time video[END_REF][START_REF] Comaniciu | Robust detection and tracking of human faces with an active camera[END_REF]. These waves are shorter than microwaves, but longer than infrared waves, and have a number of unique characteristics that make them well-suited for certain applications. One potential benefit of using mm-wave technology for joint sensing and communication is that it can support high data rates over relatively short distances . This makes it well-suited for applications that require fast, reliable communication and sensing over a limited area, such as in industrial environments or in the construction of smart cities, as shown in Figure .1. Mm-wave technology can also be used to support the operation of autonomous vehicles, as it can provide high-resolution imaging and other types of sensing data that can be used to navigate and avoid obstacles .

In addition, mm-wave technology is relatively resistant to interference from other sources, making it well-suited for use in environments where the electromagnetic spectrum is congested [START_REF] Lipton | Moving target classification and tracking from real-time video[END_REF][START_REF] Comaniciu | Robust detection and tracking of human faces with an active camera[END_REF][START_REF] Hussein | Real-Time Human Detection, Tracking, and Verification in Uncontrolled Camera Motion Environments[END_REF][START_REF] Liu | Real-time human detection and tracking in complex environments using single RGBD camera[END_REF][START_REF] Khan | mm-wave mobile broadband (MMB): Unleashing the 3-300 GHz spectrum[END_REF][START_REF] Roh | Millimeter-wave beamforming as an enabling technology for 5G cellular communications: Theoretical feasibility and prototype results[END_REF][START_REF] Tataria | Standardization of propagation models for terrestrial cellular systems: A historical perspective[END_REF][START_REF] Kumari | Adaptive and Fast Combined Waveform-Beamforming Design for Mm-wave Automotive Joint Communication-Radar[END_REF][START_REF] Cai | Tracking human motion in structured environments using a distributed-camera system[END_REF][START_REF] Carullo | An ultrasonic sensor for distance measurement in automotive applications[END_REF][START_REF] Raghavendra | Object tracking and detection for short range surveillance using 2D ultrasonic sensor array[END_REF]. This can be particularly useful in urban environments [1][START_REF] Lipton | Moving target classification and tracking from real-time video[END_REF][START_REF] Comaniciu | Robust detection and tracking of human faces with an active camera[END_REF][START_REF] Hussein | Real-Time Human Detection, Tracking, and Verification in Uncontrolled Camera Motion Environments[END_REF][START_REF] Liu | Real-time human detection and tracking in complex environments using single RGBD camera[END_REF][START_REF] Khan | mm-wave mobile broadband (MMB): Unleashing the 3-300 GHz spectrum[END_REF][START_REF] Roh | Millimeter-wave beamforming as an enabling technology for 5G cellular communications: Theoretical feasibility and prototype results[END_REF][START_REF] Tataria | Standardization of propagation models for terrestrial cellular systems: A historical perspective[END_REF][START_REF] Kumari | Adaptive and Fast Combined Waveform-Beamforming Design for Mm-wave Automotive Joint Communication-Radar[END_REF][START_REF] Cai | Tracking human motion in structured environments using a distributed-camera system[END_REF][START_REF] Carullo | An ultrasonic sensor for distance measurement in automotive applications[END_REF][START_REF] Raghavendra | Object tracking and detection for short range surveillance using 2D ultrasonic sensor array[END_REF][START_REF] Chang | An algorithm for UWB radar-based human detection[END_REF][START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF][START_REF] Ralston | Real-time through-wall imaging using an ultrawideband multiple-input multiple-output (MIMO) phased array radar system[END_REF][START_REF] Santra | Short-Range Millimetric-Wave Radar System for Occupancy Sensing Application[END_REF][START_REF] Fishler | MIMO radar: an idea whose time has come[END_REF][START_REF] Peng | A portable 24-GHz FMCW radar based on six-port for short-range human tracking[END_REF]. This is because the presence of a large number of wireless devices can make it difficult to reliably transmit and receive data using other types of technology [START_REF] Tataria | Standardization of propagation models for terrestrial cellular systems: A historical perspective[END_REF]. Overall, the use of mm-wave technology in a joint sensing and communication system can offer a number of benefits, including high data rates, reliable performance, and resistance to interference [START_REF] Peng | A portable 24-GHz FMCW radar based on six-port for short-range human tracking[END_REF]. The precise advantages of each given mm-wave joint sensing and communication system will depend on the application, and by basing the system's design on these advantages, a variety of future ITS application scenarios may be realized as shown in Figure .2 . 

. The future ITS application scenario

There are a number of different types of mm-wave joint sensing and communication systems that can be used for detection, sensing and communication in joint approach. Here are a few examples :

1. Radar systems: Mm-wave radar systems can be used for a wide range of detection applications, including detecting the presence and movement of objects, measuring distance and velocity, and imaging surfaces. These systems can be used in a variety of settings, including in transportation (e.g., for collision avoidance in vehicles), in manufacturing (e.g., for quality control and inspection), and in the military (e.g., for surveillance and target identification) [1][START_REF] Lipton | Moving target classification and tracking from real-time video[END_REF][START_REF] Comaniciu | Robust detection and tracking of human faces with an active camera[END_REF][START_REF] Hussein | Real-Time Human Detection, Tracking, and Verification in Uncontrolled Camera Motion Environments[END_REF][START_REF] Liu | Real-time human detection and tracking in complex environments using single RGBD camera[END_REF][START_REF] Khan | mm-wave mobile broadband (MMB): Unleashing the 3-300 GHz spectrum[END_REF][START_REF] Roh | Millimeter-wave beamforming as an enabling technology for 5G cellular communications: Theoretical feasibility and prototype results[END_REF][START_REF] Tataria | Standardization of propagation models for terrestrial cellular systems: A historical perspective[END_REF][START_REF] Kumari | Adaptive and Fast Combined Waveform-Beamforming Design for Mm-wave Automotive Joint Communication-Radar[END_REF][START_REF] Cai | Tracking human motion in structured environments using a distributed-camera system[END_REF][START_REF] Carullo | An ultrasonic sensor for distance measurement in automotive applications[END_REF][START_REF] Raghavendra | Object tracking and detection for short range surveillance using 2D ultrasonic sensor array[END_REF][START_REF] Chang | An algorithm for UWB radar-based human detection[END_REF][START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF].

2. Wireless communication systems: Mm-wave wireless communication systems can be used to detect the presence and location of other communication devices within a certain range. This can be useful for applications such as asset tracking, location-based services, and network coverage mapping [START_REF] Comaniciu | Robust detection and tracking of human faces with an active camera[END_REF][START_REF] Hussein | Real-Time Human Detection, Tracking, and Verification in Uncontrolled Camera Motion Environments[END_REF][START_REF] Liu | Real-time human detection and tracking in complex environments using single RGBD camera[END_REF][START_REF] Khan | mm-wave mobile broadband (MMB): Unleashing the 3-300 GHz spectrum[END_REF].

3. Sensing systems: Mm-wave sensing systems can be used to detect a variety of physical and chemical properties, such as temperature, humidity, pressure, and gas concentrations.

These systems can be used in a variety of settings, including in environmental monitoring, industrial process control, and healthcare .

4. Imaging systems: Mm-wave imaging systems can be used to create high-resolution images of objects and surfaces. These systems can be used in a variety of settings, including in security (e.g., for detecting hidden weapons or contraband), in transportation (e.g., for vehicle inspection), and in manufacturing (e.g., for quality control and inspection) .

Figure 3. Definitions and terminology related to radar coexistence. Depending on the user status and the design strategy, radar coexistence encompasses a wide range of applications. [1] Therefore, a Mm-wave (mm-wave) joint sensing and communication systems combine mm-wave radar and mm-wave wireless communication in a single system, enabling both sensing and communication capabilities, as shown in Figure .3 [1]. These systems can be used in a variety of applications, including self-driving cars, industrial automation, and smart cities. One of the main advantages of mm-wave joint sensing and communication systems is their ability to provide highresolution sensing and high-capacity communication simultaneously [1][START_REF] Lipton | Moving target classification and tracking from real-time video[END_REF][START_REF] Comaniciu | Robust detection and tracking of human faces with an active camera[END_REF][START_REF] Hussein | Real-Time Human Detection, Tracking, and Verification in Uncontrolled Camera Motion Environments[END_REF][START_REF] Liu | Real-time human detection and tracking in complex environments using single RGBD camera[END_REF][START_REF] Khan | mm-wave mobile broadband (MMB): Unleashing the 3-300 GHz spectrum[END_REF][START_REF] Roh | Millimeter-wave beamforming as an enabling technology for 5G cellular communications: Theoretical feasibility and prototype results[END_REF][START_REF] Tataria | Standardization of propagation models for terrestrial cellular systems: A historical perspective[END_REF][START_REF] Kumari | Adaptive and Fast Combined Waveform-Beamforming Design for Mm-wave Automotive Joint Communication-Radar[END_REF][START_REF] Cai | Tracking human motion in structured environments using a distributed-camera system[END_REF][START_REF] Carullo | An ultrasonic sensor for distance measurement in automotive applications[END_REF][START_REF] Raghavendra | Object tracking and detection for short range surveillance using 2D ultrasonic sensor array[END_REF][START_REF] Chang | An algorithm for UWB radar-based human detection[END_REF][START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF][START_REF] Ralston | Real-time through-wall imaging using an ultrawideband multiple-input multiple-output (MIMO) phased array radar system[END_REF]. Mm-wave radar can provide detailed information about the environment, including the location, velocity, and shape of objects. Mm-wave wireless communication can provide high data rates and low latency, enabling real-time communication and control. Mm-wave radar works by emitting a beam of mm-wave electromagnetic radiation and measuring the reflected signal. The radar system can then calculate the range, velocity, and angle of the objects in the environment based on the time delay and phase shift of the reflected signal. Mm-wave radar has a high resolution, as the wavelength of the emitted radiation is on the order of millimeters, allowing it to detect small objects and details in the environment. Mm-wave wireless communication, on the other hand, uses mm-waves in the frequency range of 30-300 GHz to transmit data wirelessly. Mm-wave frequencies have a large bandwidth, allowing them to support high data rates and low latency communication. Mm-wave communication systems can use beamforming techniques to focus the transmitted signal towards the receiver, increasing the range and throughput of the system.

One of the main challenges in implementing mm-wave joint sensing and communication systems is the limited range and penetration of mm-wave signals. Use of advanced modulation schemes is one of advanced solutions for this challenge. Higher-order modulation schemes such as 64QAM and 256QAM can increase the data rate of the system, but they may also be more sensitive to noise and interference. By carefully selecting the modulation scheme and adapting it to the channel conditions, it may be possible to improve the range and coverage of the system [START_REF] Zhang | Design and performance evaluation of joint sensing and communication integrated system for 5G mm-wave enabled CAVs[END_REF]. In second solution using of repeaters or amplify-and-forward relays is another advanced approach. Repeaters or amplify-and-forward relays can be used to extend the range of the system by relaying the transmitted signal over a longer distance. At the end, use of non-line-of-sight (NLOS) communication techniques is the most advanced technique for this issue. NLOS techniques such as diffuse scattering and reflection can be used to transmit the signal around obstacles, which can improve the range and coverage of the system in challenging environments [60][START_REF] Schmidt | THz measurement technologies and applications[END_REF][START_REF] Hilt | Fiber-dispersion compensation techniques in optical/wireless systems[END_REF][START_REF] Schmidt Von Behren | 77 GHz harmonic mixer with flip-chip Si-Schottky diode[END_REF][START_REF] Lyubchenko | 60 GHz radio channel in the research experiment network[END_REF][START_REF] Solovyev | Peculiarities of electromagnetic wave propagation in dielectric waveguides in the region of weak retardings[END_REF][START_REF] Jastrzebski | Waveguide packaging at mm-wave frequencies[END_REF][START_REF] Lewandowski | Verification of CAD models for microstrip components using FD-TD method[END_REF][START_REF] Hendrantoro | Study of millimetre-wave cell area coverage using weather radar data[END_REF][START_REF] Dokhanchi | A mm-wave automotive joint radar-communications system[END_REF][START_REF] Zhang | Design and performance evaluation of joint sensing and communication integrated system for 5G mm-wave enabled CAVs[END_REF]. As a result of utilizing the reflected signals of other cars, the bi-static radar expands its sensing area away from the receiver's line of sight, which enhances its detection accuracy by bringing spatial diversity to the target scene (see Figure .4) [START_REF] Zhang | Design and performance evaluation of joint sensing and communication integrated system for 5G mm-wave enabled CAVs[END_REF]. Another advantage of mm-wave joint sensing and communication systems is their ability to operate in challenging environments [START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF][START_REF] Ralston | Real-time through-wall imaging using an ultrawideband multiple-input multiple-output (MIMO) phased array radar system[END_REF][START_REF] Santra | Short-Range Millimetric-Wave Radar System for Occupancy Sensing Application[END_REF][START_REF] Fishler | MIMO radar: an idea whose time has come[END_REF][START_REF] Peng | A portable 24-GHz FMCW radar based on six-port for short-range human tracking[END_REF][START_REF] Peng | A $K$ -Band Portable FMCW Radar With Beamforming Array for Short-Range Localization and Vital-Doppler Targets Discrimination[END_REF][START_REF] Peng | Portable coherent frequency-modulated continuous-wave radar for indoor human tracking[END_REF][START_REF] Lee | Multi-target tracking scheme using a track management table for automotive radar systems[END_REF][START_REF] Fu | Moving target detection based on motion filter and tracking point cohesion for through wall radar[END_REF][START_REF] Zhang | Foliage-penetration human tracking by multistatic radar[END_REF][START_REF] Zhang | Human tracking using range and velocity measurements by multistatic radar[END_REF]. Mm-wave frequencies can penetrate through nonmetallic objects and smoke, making them well-suited for applications in urban environments or industrial settings where visibility may be limited. Mm-wave radar can also operate in the presence of interfering signals, such as those produced by other radar systems or electronic devices, making it suitable for use in crowded environments [START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF][START_REF] Ralston | Real-time through-wall imaging using an ultrawideband multiple-input multiple-output (MIMO) phased array radar system[END_REF][START_REF] Santra | Short-Range Millimetric-Wave Radar System for Occupancy Sensing Application[END_REF][START_REF] Fishler | MIMO radar: an idea whose time has come[END_REF][START_REF] Peng | A portable 24-GHz FMCW radar based on six-port for short-range human tracking[END_REF][START_REF] Peng | A $K$ -Band Portable FMCW Radar With Beamforming Array for Short-Range Localization and Vital-Doppler Targets Discrimination[END_REF][START_REF] Peng | Portable coherent frequency-modulated continuous-wave radar for indoor human tracking[END_REF][START_REF] Lee | Multi-target tracking scheme using a track management table for automotive radar systems[END_REF][START_REF] Fu | Moving target detection based on motion filter and tracking point cohesion for through wall radar[END_REF][START_REF] Zhang | Foliage-penetration human tracking by multistatic radar[END_REF][START_REF] Zhang | Human tracking using range and velocity measurements by multistatic radar[END_REF]. One of the main applications of mm-wave joint sensing and communication systems is in self-driving cars. Mm-wave radar can provide highresolution sensing of the environment, including the location, velocity, and shape of objects, allowing the car to navigate and avoid obstacles [START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF][START_REF] Ralston | Real-time through-wall imaging using an ultrawideband multiple-input multiple-output (MIMO) phased array radar system[END_REF][START_REF] Santra | Short-Range Millimetric-Wave Radar System for Occupancy Sensing Application[END_REF][START_REF] Fishler | MIMO radar: an idea whose time has come[END_REF][START_REF] Peng | A portable 24-GHz FMCW radar based on six-port for short-range human tracking[END_REF][START_REF] Peng | A $K$ -Band Portable FMCW Radar With Beamforming Array for Short-Range Localization and Vital-Doppler Targets Discrimination[END_REF][START_REF] Peng | Portable coherent frequency-modulated continuous-wave radar for indoor human tracking[END_REF][START_REF] Lee | Multi-target tracking scheme using a track management table for automotive radar systems[END_REF][START_REF] Fu | Moving target detection based on motion filter and tracking point cohesion for through wall radar[END_REF][START_REF] Zhang | Foliage-penetration human tracking by multistatic radar[END_REF][START_REF] Zhang | Human tracking using range and velocity measurements by multistatic radar[END_REF]. Mm-wave wireless communication can provide high data rates and low latency, enabling real-time communication and control between the car and its surroundings. Mm-wave joint sensing and communication systems can also be used in industrial automation applications, such as factory automation and logistics [START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF][START_REF] Ralston | Real-time through-wall imaging using an ultrawideband multiple-input multiple-output (MIMO) phased array radar system[END_REF][START_REF] Santra | Short-Range Millimetric-Wave Radar System for Occupancy Sensing Application[END_REF][START_REF] Fishler | MIMO radar: an idea whose time has come[END_REF][START_REF] Peng | A portable 24-GHz FMCW radar based on six-port for short-range human tracking[END_REF][START_REF] Peng | A $K$ -Band Portable FMCW Radar With Beamforming Array for Short-Range Localization and Vital-Doppler Targets Discrimination[END_REF][START_REF] Peng | Portable coherent frequency-modulated continuous-wave radar for indoor human tracking[END_REF][START_REF] Lee | Multi-target tracking scheme using a track management table for automotive radar systems[END_REF][START_REF] Fu | Moving target detection based on motion filter and tracking point cohesion for through wall radar[END_REF][START_REF] Zhang | Foliage-penetration human tracking by multistatic radar[END_REF][START_REF] Zhang | Human tracking using range and velocity measurements by multistatic radar[END_REF]. Mm-wave radar can provide detailed information about the location and movement of objects, allowing robots and other automated systems to navigate and manipulate objects with precision. Mm-wave wireless communication can provide high-capacity communication between the automated systems and their controllers, enabling real-time control and monitoring [START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF][START_REF] Shackleton | Tracking People with a 360-Degree Lidar[END_REF][START_REF] Ralston | Real-time through-wall imaging using an ultrawideband multiple-input multiple-output (MIMO) phased array radar system[END_REF][START_REF] Santra | Short-Range Millimetric-Wave Radar System for Occupancy Sensing Application[END_REF][START_REF] Fishler | MIMO radar: an idea whose time has come[END_REF][START_REF] Peng | A portable 24-GHz FMCW radar based on six-port for short-range human tracking[END_REF][START_REF] Peng | A $K$ -Band Portable FMCW Radar With Beamforming Array for Short-Range Localization and Vital-Doppler Targets Discrimination[END_REF][START_REF] Peng | Portable coherent frequency-modulated continuous-wave radar for indoor human tracking[END_REF][START_REF] Lee | Multi-target tracking scheme using a track management table for automotive radar systems[END_REF][START_REF] Fu | Moving target detection based on motion filter and tracking point cohesion for through wall radar[END_REF][START_REF] Zhang | Foliage-penetration human tracking by multistatic radar[END_REF][START_REF] Zhang | Human tracking using range and velocity measurements by multistatic radar[END_REF], [START_REF] Zhang | Design and performance evaluation of joint sensing and communication integrated system for 5G mm-wave enabled CAVs[END_REF]. Mm-wave joint sensing and communication systems can also be used in smart cities applications, such as traffic management and public safety .

Principle of Joint Radar and Communication System

The principle of mm-wave joint sensing and communication systems is to combine the functions of communication and sensing into a single system, allowing the communication system to use the information gathered by the sensing system to adapt the transmission and reception of signals in real-time. This approach can be used to overcome challenges such as blockage and interference, and to improve the efficiency and reliability of the communication system.

A block diagram of a mm-wave joint sensing and communication system may include the following components :

1. Antennas: These are responsible for transmitting and receiving the signals. In mm-wave systems, small, highly directional antennas are often used to focus the transmitted signal on the intended receiver and to reduce interference from other sources. These antennas can be arrayed in various configurations, such as in a linear, circular, or planar array, to achieve the desired beamforming and coverage patterns . 3. Signal processing unit: This is the device that is responsible for processing the signals transmitted and received by the system. It includes a variety of circuits and algorithms that are used to encode and decode the signals, as well as to perform beamforming and other signal processing tasks .

4. Sensors: These are the devices that are used to gather information about the environment.

In a mm-wave joint sensing and communication system, the sensors may be used to detect the presence and location of objects, as well as to measure various physical quantities such as temperature, humidity, and pressure .

5. Processor: This is the device that is responsible for controlling the operation of the system.

It receives input from the sensors and the signal processing unit, and it uses this information to adapt the transmission and reception of signals in real-time . 

Position and Location

Tracking: Sensors in mm-wave communication systems can be used to track the position and location of devices and users in the network. This can be done using GPS, inertial measurement units (IMUs), and visual odometry.

3. Obstacle Detection: Sensors in mm-wave communication systems can be used to detect obstacles in the environment. This can be done using radar, lidar, and ultrasonic sensors.

4. Environmental Sensing: Sensors in mm-wave communication systems can be used to sense the environment and provide information to the communication system for better signal quality. This can be done using temperature, pressure, and humidity sensors. The choice of sensor depends on the specific application and the trade-offs that are acceptable.

For example, in industrial control applications, passive sensors are often used to detect temperature, pressure, and vibration, while in remote and mobile settings, active sensors such as radar and lidar are often used for sensing and communication. In summary, sensors in joint mmwave communication systems are devices that are used to detect, measure, and transmit information about the environment [START_REF] Lee | Wireless communications systems and networks[END_REF]. They can be classified into passive and active sensors, and have several capabilities and types such as range and distance measurement, position and location tracking, obstacle detection, environmental sensing, human detection, and Quality of Service (QoS) monitoring [START_REF] Lee | Wireless communications systems and networks[END_REF], [147][148][149][150].

Scenario description

The scenario of JCRS for 5G mm-wave enabled connected automated vehicles (CAVs) is shown in Figure. 

Advantages of using mm-wave joint sensing and communication systems [147-150]:

There are several advantages to using mm-wave joint sensing and communication systems , see .:

1.4.1. High data rates:

The use of mm-wave frequencies enables the transmission of large amounts of data at high speeds, making them suitable for applications such as high-definition video streaming, virtual reality, and 5G mobile communication . In summary, to achieve high data rates in mm-wave sensing and communication, one can use a large bandwidth, beamforming, MIMO technology, advanced modulation schemes, and higher carrier frequencies [131]. These techniques can be used individually or in combination to increase the data rate of a mm-wave communication system . It is important to carefully consider the trade-offs associated with each approach, as some may be more suitable for certain applications or environments than others [147][148][149][150]. 1.4.1.1. Access to high data rates in mm-wave sensing and communication :

There are several ways to achieve high data rates in mm-wave sensing and communication:

1. Using a large bandwidth: The mm-wave frequency band is much wider than the frequency band used for traditional wireless communication, which means it can support higher data rates .

2. Using beamforming: In mm-wave communication, beamforming can be used to focus the transmitted signal in the direction of the receiver, which can increase the signal strength and improve the data rate .

3. Using MIMO (multiple-input, multiple-output) technology: MIMO involves the use of multiple antennas at both the transmitter and receiver, which can increase the data rate by enabling the transmission of multiple data streams simultaneously .

4. Using advanced modulation schemes: Higher-order modulation schemes such as 64QAM and 256QAM can increase the data rate by allowing more bits to be transmitted per symbol , .

Using higher carrier frequencies:

The data rate of a wireless communication system is directly proportional to the carrier frequency, so using higher carrier frequencies can increase the data rate. However, this also increases the path loss and the sensitivity to blockage, so it must be carefully balanced against other factors. 1.4.2. Connection of higher carrier frequency and higher data rate in mm-wave JCRS's :

The data rate of a wireless communication system is directly proportional to the carrier frequency, so using higher carrier frequencies can increase the data rate [START_REF] Fu | Moving target detection based on motion filter and tracking point cohesion for through wall radar[END_REF], [START_REF] Hersey | Radar processing architecture for simultaneous SAR, GMTI, ATR, and tracking[END_REF]. However, this also increases path loss and the sensitivity to blockages, so it must be carefully balanced against other factors.

How is this high data rate possible? The data rate of a wireless communication system is directly proportional to the carrier frequency because as the carrier frequency increases, the available bandwidth also increases, allowing for more data to be transmitted in a given period of time [START_REF] Kumari | A Combined Waveform-Beamforming Design for Millimeter-Wave Joint Communication-Radar[END_REF]. This relationship is known as the Shannon-Hartley theorem, which states that the maximum data rate (R) of a communication channel is given by: R = B * log2(1 + S/N) where B is the bandwidth and S/N is the signal-to-noise ratio [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF]. However, as the carrier frequency increases, the path loss also increases [START_REF] Fu | Moving target detection based on motion filter and tracking point cohesion for through wall radar[END_REF], [START_REF] Bilik | Radar target classification using doppler signatures of human locomotion models[END_REF], [START_REF] Kumari | A Combined Waveform-Beamforming Design for Millimeter-Wave Joint Communication-Radar[END_REF], and [START_REF] Kim | A Quadrature Radar Topology With Tx Leakage Canceller for 24-GHz Radar Applications[END_REF]. Path loss is the decrease in power density (attenuation) of a radio wave as it propagates through space [START_REF] Rangan | Millimeter-wave cellular wireless networks: potentials and challenges[END_REF]. At higher frequencies, the wave encounters more obstacles, such as buildings and trees, which can cause it to scatter and absorb more energy.

This results in a decrease in the signal strength at the receiver and an increase in the signal-tonoise ratio, which can decrease the overall data rate [START_REF] Sasakawa | Evaluation of fast human localization and tracking using MIMO radar in multi-path environment[END_REF][START_REF] Yanovsky | Moving target detection and tracking using passive acoustic radar[END_REF][START_REF] Kumari | A Combined Waveform-Beamforming Design for Millimeter-Wave Joint Communication-Radar[END_REF][START_REF] Ling | Two-dimensional human tracking using a three-element Doppler and directionof-arrival (DDOA) radar[END_REF][START_REF] Kim | Human Activity Classification Based on Micro-Doppler Signatures Using a Support Vector Machine[END_REF][START_REF] Hazra | Robust Gesture Recognition Using Millimetric-Wave Radar System[END_REF][START_REF] Björklund | Target Detection and Classification of Small Drones by Boosting on Radar Micro-Doppler[END_REF]. Additionally, high carrier frequencies are more susceptible to blockages, such as buildings and trees, which can completely block the signal. This can result in poor connectivity and dropped connections in urban environments [START_REF] Comaniciu | Robust detection and tracking of human faces with an active camera[END_REF], [START_REF] Roh | Millimeter-wave beamforming as an enabling technology for 5G cellular communications: Theoretical feasibility and prototype results[END_REF][START_REF] Tataria | Standardization of propagation models for terrestrial cellular systems: A historical perspective[END_REF][START_REF] Kumari | Adaptive and Fast Combined Waveform-Beamforming Design for Mm-wave Automotive Joint Communication-Radar[END_REF][START_REF] Cai | Tracking human motion in structured environments using a distributed-camera system[END_REF][START_REF] Carullo | An ultrasonic sensor for distance measurement in automotive applications[END_REF][START_REF] Raghavendra | Object tracking and detection for short range surveillance using 2D ultrasonic sensor array[END_REF][START_REF] Chang | An algorithm for UWB radar-based human detection[END_REF][START_REF] Yang | Distributed Multi-Human Location Algorithm Using Naive Bayes Classifier for a Binary Pyroelectric Infrared Sensor Tracking System[END_REF].

To counter these challenges, wireless communication systems use a variety of techniques to increase the data rate while maintaining a balance between path loss and blockage. These techniques include see Figure 7 [131]:

1. Multiple Input, Multiple Output (MIMO) -MIMO is a technique that uses multiple antennas at both the transmitter and receiver to increase the data rate. By using multiple antennas, MIMO can increase the signal-to-noise ratio and improve the overall data rate see Figure 7 [131].

2. Beamforming -Beamforming is a technique that uses multiple antennas to focus the transmission in a specific direction. By focusing the transmission, beamforming can increase the signal strength and decrease the signal-to-noise ratio, resulting in a higher data rate see Figure 7 [131].

Orthogonal Frequency Division Multiplexing (OFDM) -OFDM is a modulation technique

that splits a wideband signal into multiple narrowband subcarriers see Figure 7 [131]. By using multiple subcarriers, OFDM can increase the data rate and decrease the susceptibility to multipath fading.

Error Correction Codes (ECC) -Error correction codes can be used to detect and correct

errors in the transmission see Figure 7 [131]. By detecting and correcting errors, ECC can increase the data rate and improve the overall quality of the transmission. 5. Adaptive modulation -Adaptive modulation is a technique that adjusts the modulation scheme based on the channel conditions see Figure 7 [131]. By adjusting the modulation scheme, adaptive modulation can increase the data rate and improve the overall quality of the transmission.

Higher carrier frequencies in mm-wave (mm-wave) communication systems allow for higher data rates due to the increased available bandwidth at these frequencies. The mm-wave frequency band, which ranges from 30 GHz to 300 GHz, provides a much wider bandwidth compared to the traditional microwave frequency band (below 6 GHz). This increased bandwidth allows for more data to be transmitted in a given period of time, resulting in higher data rates [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF]. To achieve high data rates in mm-wave communication systems, several key technologies are used [131].

To implement mm-wave communication systems, specialized hardware is required. For example, mm-wave communication systems typically use large antenna arrays to overcome the high path loss that occurs at these frequencies [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF]. Additionally, mm-wave communication systems often use high-speed digital signal processors (DSPs) to perform the complex signal processing required to achieve high data rates [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF]. The mm-wave communication systems achieve high data rates by using advanced signal processing techniques, such as MIMO, beamforming, and OFDM, in conjunction with specialized hardware, such as high-speed DSPs and large antenna arrays, to overcome the high path loss and blockages that occur at these frequencies [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF].

In joint millimeter-wave (mm-wave) communication systems, where multiple communication systems operate at the same frequency band, maintaining synchronization is critical for achieving high data rates [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF], and [120][121][122][123][124][125][126][127][128][129][130][131]. Synchronization refers to the alignment of time and frequency between the different communication systems, so that they can transmit and receive data without interference. There are several synchronization techniques that can be used in mmwave communication systems to achieve high data rates, including [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF], and [120][121][122][123][124][125][126][127][128][129][130][131].: In mm-wave communication systems, it is important to consider the synchronization techniques that are used in order to achieve high data rates. The choice of synchronization technique depends on the specific application and the trade-offs that are acceptable. Maintaining synchronization in joint mm-wave communication systems is crucial to avoiding interference and achieving high data rates. By aligning the time and frequency of different communication systems, the different communication systems can transmit and receive data without interference [START_REF] Bock | SiGe bipolar technology for automotive radar applications[END_REF]- [START_REF] Lee | Wireless communications systems and networks[END_REF], [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF], and [120][121][122][123][124][125][126][127][128][129][130][131]. The published millimeter-wave transmission experiments are summarised in the image below. 1.3, including single-channel data rate and spectrum efficiency. Transmission using shared LOs, in which transmitters (TXs) and receivers (RXs) share a single LO source, is one of three types of reported results. Real-time transmission, where the transmitter and the receiver use separate LOs and the demodulation is carried out in real-time, and demodulation on off-line platforms, where TX and RX use distinct LOs and demodulation is carried out in an off-line digital signal processing (DSP) platform [START_REF] Schellenberger | Support Vector Machine-Based Instantaneous Presence Detection for Continuous Wave Radar Systems[END_REF]- [START_REF] Santra | SINR performance of matched illumination signals with dynamic target models[END_REF], and [120][121][122][123][124][125][126][127][128][129][130][131], [130][131][132][133][134][135][136][137][138][139][140][141][142][143][144][145][146][147][148].

Path loss is the decrease in power density (attenuation) of a radio wave as it propagates through space. At mm-wave frequencies, the waves encounter more obstacles such as buildings, trees, and atmospheric absorption, which can cause them to scatter and absorb more energy. This results in a decrease in the signal strength at the receiver and an increase in the signal-to-noise ratio, which can decrease the overall data rate and the radar's resolution [130][131][132][133][134][135][136][137][138][139][140][141][142][143][144][145][146][147][148]. Joint millimeter-wave (mmwave) communication and radar systems can suffer from path loss and blockage sensitivity, similar to other mm-wave systems. Blockage is another issue that affects mm-wave systems, including communication and radar systems. High carrier frequencies are more susceptible to blockages, such as buildings and trees, which can completely block the signal. This can result in poor connectivity and dropped connections in urban environments, or in the radar case, in lack of detections and resolution [130][131][132][133][134][135][136][137][138][139][140][141][142][143][144][145][146][147][148]. To mitigate these challenges, several techniques can be used, such as beamforming, adaptive modulation, and MIMO, which are used to increase the signal strength and decrease the signal-to-noise ratio, resulting in a higher data rate and better resolution. Also, the use of multiple antennas and multiple paths can be employed to overcome the blockage effects [130][131][132][133][134][135][136][137][138][139][140][141][142][143][144][145][146][147][148].

In summary, joint mm-wave communication and radar systems can suffer from path loss and blockage sensitivity, which can affect their performance. However, these challenges can be mitigated by using advanced signal processing techniques, such as beamforming, adaptive modulation, and MIMO, in conjunction with specialized hardware, such as high-speed DSPs and large antenna arrays [130][131][132][133][134][135][136][137][138][139][140][141][142][143][144][145][146][147][148].

Directional transmission:

The use of beamforming and highly directional antennas allows mm-wave systems to transmit and receive signals in a highly directional manner, which can improve the range and capacity of the system. In mm-wave sensing and communication, directional transmission refers to the ability to focus the transmitted signal in a specific direction, rather than radiating it uniformly in all directions. This can be achieved through a variety of techniques, including :

1. Antenna arrays: By using an array of antennas, it is possible to electronically steer the beam of the transmitted signal in a desired direction. This can be done by phase shifting the signals transmitted by each antenna element in the array .

2. Beamforming: Beamforming is a technique that uses the signals from multiple antenna elements to create a directional beam . This can be done using either analog or digital beamforming. In analog beamforming, the phase and amplitude of the signals transmitted by each antenna element are adjusted to create the desired beam pattern. In digital beamforming, the signals from each antenna element are processed digitally and then transmitted, allowing for more precise control of the beam pattern.

Reflective surfaces:

In some cases, it may be possible to use reflective surfaces to direct the transmitted signal in a specific direction. For example, a metal sheet or other flat surface can be used to reflect the transmitted signal in a specific direction.

4. Directional antennas: Some antennas, such as patch antennas and Yagi-Uda antennas, are naturally directional and can be used to transmit a signal in a specific direction. These antennas typically have a narrow beamwidth and a high gain, which makes them well suited for directional transmission .

Polarization:

The polarization of the transmitted signal can also be used to control the directionality of the transmission. For example, vertically polarized waves are typically more directional than horizontally polarized waves .

Using directional transmission can be beneficial in mm-wave sensing and communication because it can increase the signal-to-noise ratio by focusing the signal in the direction of the receiver, which can improve the performance of the communication system. It can also be used to reduce interference by transmitting the signal in a specific direction, away from other communication systems or devices 1.4.4. Robustness to interference [130-150]:

The directional nature of mm-wave systems makes them less susceptible to interference from other sources, which can improve the reliability of the system. Robustness to interference refers to the ability of a communication system to maintain its performance in the presence of interference from other sources . Interference can be caused by a variety of factors, including other communication systems, electronic devices, and natural phenomena such as lightning. In joint mm-wave sensing and communication, robustness to interference is particularly important because the mm-wave frequency band is susceptible to interference due to its high frequency and the increased path loss that occurs at these frequencies. There are several factors that can affect the robustness of a communication system to interference :

First, the type of modulation scheme used in system. Some modulation schemes are more resistant to interference than others. For example, lower-order schemes such as BPSK are more robust to interference than higher-order schemes such as 64QAM . Second, the level of error correction used in system mechanism. Error correction codes can be used to detect and correct errors that may be introduced by interference. This can help to improve the robustness of the system to interference. The use of diversity techniques is the third crucial factor. Diversity techniques such as spatial diversity, frequency diversity, and polarization diversity can be used to improve the robustness of the communication system to interference. These techniques involve the use of multiple antennas or the transmission of the signal over multiple frequencies or polarizations in order to mitigate the effects of interference. The use of beamforming in antenna feeding part or system block diagram is the fourth essential issue . Beamforming can be used to focus the transmitted signal in the direction of the receiver, which can reduce the effects of interference from other sources. And the design of the antennas nd type of antenna is the critical factor for system robustness . The design of the antennas used in the communication system can also affect the robustness to interference. For example, directional antennas can be more resistant to interference than omnidirectional antennas. By addressing these factors, it is possible to improve the robustness of a mm-wave communication system to interference and maintain high performance in the presence of interfering signals .

There are several ways to achieve robustness to interference in mm-wave sensing and communication to have better results [130-150]:

1. Use of directional antennas: By using directional antennas, it is possible to focus the transmitted signal in a specific direction and reduce interference from other sources. This can be particularly effective in crowded environments where there may be many sources of interference .

2. Frequency hopping: Frequency hopping involves rapidly switching between different frequency channels in order to avoid interference from other devices or systems that may be using the same frequency. This can be particularly effective in environments where there are many sources of interference that are not coordinated with one another .

3. Adaptive modulation: Adaptive modulation involves dynamically adjusting the modulation scheme used to transmit the data based on the level of interference present. For example, if the level of interference is high, a lower-order modulation scheme may be used to ensure that the data can still be transmitted successfully .

4. Error correction: Error correction codes can be used to detect and correct errors that may be introduced by interference. This can help to ensure that the transmitted data is received correctly, even in the presence of interference.

5. Spatial diversity: Spatial diversity involves the use of multiple antennas at both the transmitter and receiver in order to improve the robustness of the communication system to interference. By transmitting and receiving the signal from multiple different locations, it is possible to mitigate the effects of interference and improve the overall performance of the system. 6. Interference cancellation: Interference cancellation techniques can be used to actively cancel out the effects of interference on the received signal. These techniques can be implemented in either the analog or digital domain and can be particularly effective in situations where the interference is strong and persistent. 1.4.5. Adaptability: The ability to adapt the transmission and reception of signals in real-time based on the information gathered by the sensing system allows mm-wave systems to overcome challenges such as blockage and interference, and to improve the efficiency of the system. In a mm-wave joint sensing and communication system, adaptability refers to the ability of the system to adapt to changing conditions and maintain its performance. There are several ways in which a mm-wave joint sensing and communication system can demonstrate adaptability [130-150]:

1. Dynamic resource allocation: In a joint sensing and communication system, the available resources (such as bandwidth, power, and antenna elements) may need to be shared between the sensing and communication tasks. By dynamically allocating these resources based on the current conditions and requirements, the system can maintain its performance and adapt to changes in the environment [150]. The small size of mm-wave antennas and other components makes them suitable for use in small, portable devices. These systems operate at frequencies in the mm-wave band, which spans from 30 GHz to 300 GHz. mm-wave systems have several advantages over systems operating at lower frequencies, including high bandwidth, small antenna size, and good penetration through non-metallic objects. These characteristics make mm-wave systems well-suited for a variety of applications, including high-speed wireless communication, radar, and imaging. The block diagram of a compact mm-wave joint sensing and communication system typically includes several components, as described below, see Figure 9 [152]:

1. Antenna array: An array of antennas is used to transmit and receive mm-wave signals.

The type of antenna used depends on the specific requirements of the application. Some common types of antennas used in mm-wave systems include , [152]:

• Patch antennas: Patch antennas are simple, low-cost antennas that are easy to fabricate and are widely used in mm-wave systems. They consist of a metallic patch mounted on a dielectric substrate, and they have a narrow beamwidth and a high gain.

• Slot antennas: Slot antennas are similar to patch antennas, but they have a slot cut into the metallic patch. They have a wider beamwidth and a lower gain than patch antennas, but they are more robust to fabrication tolerances.

• Horn antennas: Horn antennas are directional antennas that consist of a flared waveguide.

They have a wide beamwidth and a high gain, but they are larger and more expensive than patch and slot antennas.

• Reflector antennas: Reflector antennas consist of a metallic reflector and a feed antenna.

They are used to focus the radiation pattern and increase the gain of the antenna. They are often used in radar and imaging applications. The ADC typically has a high sampling rate and a high resolution to accurately capture the mm-wave signals, as shown in Figure 9 [152].

4. Digital signal processor (DSP): The DSP is a specialized microprocessor that is used to process the digital mm-wave signals. It may be used to perform tasks such as beamforming, channel estimation, and error correction. The DSP may also be used to implement algorithms for tasks such as target detection, ranging, and imaging as shown in Figure 9 [152].

Communication controller:

The communication controller is responsible for managing the communication aspect of the system. It may be used to implement protocols such as WiFi, 5G, or other mm-wave communication standards. The communication controller may also be used to manage the transmission and reception of data, and to perform error correction and data decoding as shown in Figure 9 [152].

6. Sensing controller: The sensing controller is responsible for managing the sensing aspect of the system. It may be used to implement algorithms for tasks such as target detection, ranging, and imaging. The sensing controller may also be used to control the operation of the antenna array and the RF front-end, and to process the data collected by the system. 8. User interface: The user interface may consist of displays, buttons, and other.
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 1 Figure 1.Future sensing and communication applications of sensors in smart cities according IDF2013 intel developer forum report.

Figure 2

 2 Figure 2. The future ITS application scenario

Figure 4 .

 4 Figure 4.The bi-static sensing area has an oval form with a primary diameter of 2R, which is bigger than the circular mono-static area of radius R, assuming the maximum flight duration of the signal is 2R[START_REF] Zhang | Design and performance evaluation of joint sensing and communication integrated system for 5G mm-wave enabled CAVs[END_REF].

2 .

 2 Transceiver: This is the electronic device that is responsible for both transmitting and receiving signals. It consists of a transmitter and a receiver, which are connected to the antennas via RF (radio frequency) cables. The transceiver converts the electrical signals produced by the transmitter into electromagnetic waves, which are then transmitted by the antennas, and it also converts the electromagnetic waves received by the antennas into electrical signals that can be processed by the receiver [113-116].

Figure 5 .

 5 Figure 5. Joint mm-wave communication and radar system architectures. A) Orthogonal waveform monostatic sensing of a base station and mobile nodes. B) Bistatic sensing of mobile nodes using base station-emitted JC&S waveforms. C) Mobile node monostatic and bistatic sensing based on V2V that is independent of a base station [129].

5 .

 5 Human Detection: Sensors in mm-wave communication systems can be used to detect the presence of humans in the environment. This can be done using thermal imaging cameras and infrared sensors [128-129]. 6. Quality of Service (QoS) monitoring: Sensors in mm-wave communication systems can be used to monitor the Quality of Service (QoS) of the network, by measuring the signal strength, noise level, and other parameters [128-129].

  6. Vehicle A can obtain the position information of vehicle B, D, and E through radar detection. However, vehicle A cannot detect vehicle C due to the blockage by vehicle B. By communicating with vehicle B, vehicle A can obtain the information about vehicle C. Each vehicle near vehicle A can use the mm-wave link to directly communicate with vehicle A instantly, whichcan effectively reduce the transmission delay and assist vehicle A to be aware of the environment information nearby. In the same way, other vehicles outside the sensing distance of vehicle A or in the blind spot of the driver's view can also realize raw sensing information sharing using the mm-wave communication links among vehicles. Vehicle A can also collect the information and communicate with the infrastructure on the roadside, while uploading the collected information and downloading other traffic or entertainment information. Therefore, vehicle A is considered as the central vehicle which is responsible for information processing.

Figure 6 .

 6 Figure 6. The sensing and communication integration scenario with multiple cooperative CAVs [130].

Figure 7 .

 7 Figure 7.existing methods, advantages and disadvantages, case studies, and upcoming development on mm-wave technology [147].

1 . 4 .

 14 Time Division Duplexing (TDD) -TDD is a synchronization technique where the transmission and reception of data occur at different times. By dividing the time into different slots, TDD can prevent interference between the different communication systems. 2. Frequency Division Duplexing (FDD) -FDD is a synchronization technique where the transmission and reception of data occur at different frequencies. By using different frequencies, FDD can prevent interference between the different communication systems. 3. Carrier Frequency Offset (CFO) -CFO is a synchronization technique where the carrier frequency of the different communication systems is slightly offset from each other. By using a CFO, the different communication systems can transmit and receive data without interference. Frame Synchronization -Frame synchronization is a technique that aligns the transmission frames of different communication systems. By aligning the frames, the different communication systems can transmit and receive data without interference. 5. Time and Frequency Synchronization -Time and frequency synchronization is a technique that aligns the time and frequency of different communication systems. By aligning the time and frequency, the different communication systems can transmit and receive data without interference.

Figure 8 .

 8 Figure 8. An overview of published millimeter-wave communication demonstrators with a single carrier, single polarization and single pair of transceiver modules. References are start with 100.[130][131][132][133][134][135][136][137][138][139][140][141][142][143][144][145][146][147][148] 

2 .

 2 Adaptive modulation: As mentioned in previous responses, adaptive modulation involves dynamically adjusting the modulation scheme used to transmit the data based on the level of interference present or other factors such as the distance between the transmitter and receiver [135-150]. By using adaptive modulation, the system can maintain a high data rate and improve its performance in changing conditions [150]. 3. Adaptive beamforming: In mm-wave communication, beamforming can be used to focus the transmitted signal in the direction of the receiver. By using adaptive beamforming, the system can adjust the beam pattern in real-time based on the location of the receiver or other factors, which can improve the performance of the system in changing conditions [143-150]. 4. Adaptive coding and modulation: Adaptive coding and modulation involves the use of error correction codes and modulation schemes that can adapt to the channel conditions. This can improve the performance of the system in the presence of noise and interference [135-150]. 5. Adaptive interference cancellation: Interference cancellation techniques can be used to actively cancel out the effects of interference on the received signal. By using adaptive interference cancellation, the system can continuously update the cancellation algorithm based on the changing interference environment and improve its performance [135-150]. By demonstrating adaptability, a mm-wave joint sensing and communication system can maintain high performance in a variety of conditions and environments [147-150].

Figure 9 .

 9 Figure 9.The radar-aided mm-wave communication system is shown in the following block diagram [152].

2 .

 2 RF front-end: The RF (radio frequency) front-end consists of amplifiers, mixers, and filters that are used to amplify, upconvert, and filter the mm-wave signals. The specific components used depend on the frequency band and the requirements of the application seeFigure 9 [152].

3 .

 3 Analog-to-digital converter (ADC): The ADC is used to convert the analog mm-wave signals into digital form, which can be processed by the digital signal processor (DSP).

7 .

 7 Memory: Memory is used to store data and programs used by the DSP and communication/sensing controllers. The type and size of the memory depend on the specific requirements of the application as shown in Figure9[152].