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Abstract. With the rapid development of autonomous driving technology, sensors are the core 

component of the intelligent driving system, whose selection and combination are crucial to the 

safety and efficiency of the system. This paper reviews the applications of different types of 

sensors in intelligent driving systems, including cameras, LIDAR, millimeter-wave radar, and 

infrared sensors. By analyzing the best choice of these sensors in urban traffic, highway, night 

driving and field driving, this paper explores the effectiveness of the sensor combination and 

cites the relevant literature in the past five years. 
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1.  Introduction 

The progress of autonomous driving technology relies on the effective combination of multiple sensors 

to achieve comprehensive environmental perception. According to the standards of the Society of 

Automotive Engineers International (SAE), the classification of autonomous driving technology ranges 

from L0 (completely manual) to L5 (completely automatic), and the comprehensive application of 

sensors is particularly crucial in L2 and above. 

The requirements for sensors differ in various driving scenarios. Take urban traffic as an example,  

there are not only pedestrians, cyclists, and other vehicles but also various complex traffic facilities such 

as traffic lights and signs. Therefore, in this environment, the combined use of multiple sensors is 

especially significant. LIDAR can provide high-precision 3D environmental modeling, while cameras 

can identify traffic signs, signal lights, and the dynamic behavior of other vehicles. Millimeter-wave 

radar sensors perform well under adverse weather conditions, ensuring the stability of the system in 

rainy and snowy weather, and infrared sensing has good night vision capabilities. 

In the scenario of highway driving, the main task of the autonomous driving system is to maintain 

lane driving and safely overtake. In this case, the ability for long-distance detection is particularly critical, 

so high-performance radars and cameras become the preferred choices. Radars can detect distant 

obstacles and the speed and distance of other vehicles in this environment, thereby providing the 

necessary reaction time for the autonomous driving system. Additionally, cameras also play a significant 

role in identifying traffic signs and lane lines. 

Night driving is equally challenging. In conditions of insufficient light, the effectiveness of 

traditional cameras is greatly reduced, while infrared sensors and LIDAR can provide clearer perception 

capabilities in the night environment. Infrared sensors can detect heat sources, such as pedestrians and 

animals, thereby enhancing safety. LIDAR relies on the reflection of laser beams and can form detailed 
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environmental images in the dark, providing necessary navigation information for autonomous driving 

vehicles. 

In the scenario of off-road driving, the complexity of the environment increases, with rugged terrain 

and various natural obstacles. In this case, a combination of sensors that can adapt to multiple terrains 

and environmental changes must be selected. LIDAR and high-resolution cameras can provide accurate 

terrain data in this scenario and assist the autonomous driving system in path planning. 

The selection and integration of sensors are of paramount importance for achieving efficient and 

reliable autonomous driving. This article will explore the optimal sensor choices in urban traffic, 

highway driving, night driving, and off-road driving.  

2.  Sensor types 

In intelligent driving systems, sensors are an important part of environment perception, which provide 

detailed information about the surrounding environment, thus ensuring safety and autonomous decision-

making capabilities. The types commonly used include cameras, LIDAR, millimeter-wave radar and 

infrared sensors. Each sensor has different working principles and application scenarios, and has 

different advantages and limitations in different environments. 

2.1.  Camera 

The camera is one of the most commonly used sensors in intelligent driving vehicles. It provides visual 

information to the vehicle by capturing images, similar to the human eye. Cameras are good at 

identifying objects, lane lines, traffic lights and road signs. It is capable of generating high-resolution 

images, suitable for the recognition of static objects. However, the camera has poor performance in 

under light environments (such as night or fog) and does not have distance perception capability. 

2.2.  LIDAR 

LIDAR emits laser pulses and measures its return time to generate high-precision 3D maps around the 

vehicle, especially in spatial modeling and object contour recognition. The advantage of LIDAR is that 

it provides accurate distance information, but it is expensive and its performance is affected in bad 

weather (such as rain and fog). 

2.3.  Millimeter-wave radar 

By transmitting electromagnetic waves and receiving reflected signals, millimeter-wave radar can 

provide information about the distance, speed and angle of objects, and is especially suitable for 

detecting distant objects when driving at high speeds. Compared with LIDAR, millimeter-wave radar is 

more stable in bad weather, has strong penetration, and can detect environmental information under rain, 

fog and other conditions 

2.4.  Infrared sensor 

Infrared sensors sense it by detecting the heat emitted by objects, especially at night or in low-light 

environments. Infrared sensors have dark condition advantages over cameras, but they cannot provide 

accurate object shape information, and therefore are often used in combination with other sensors. 

3.  Sensor application selection in different scenarios 

3.1.  Urban traffic 

In the urban traffic environment, the challenges of vehicles come not only from other vehicles, but also 

from complex and diverse dynamic elements, such as pedestrians, bicycles, traffic signals, etc. Therefore, 

cameras are predominant in urban traffic. It provides high-definition visual information to identify and 

classify complex traffic scenarios, which is crucial for accurate decision-making in autonomous driving. 

However, the weakness of the camera is vulnerable to light conditions, especially poor performance 

under insufficient light. In the paper of Wei, Z. and others, they proposed that the long-range and all-
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weather characteristics of millimeter-wave radar make it very suitable for dynamic object detection in 

urban traffic, while the camera provides high-resolution image information to identify traffic signals, 

pedestrians and vehicles. This multi-sensor fusion can effectively compensate for the limitations of a 

single sensor, especially in a busy urban traffic environment [1]. To make up for this deficiency, the 

millimeter wave radar is usually used in combination with cameras, especially in complex urban traffic. 

The millimeter wave radar can provide all-weather object detection, especially on congested roads, 

where the radar can accurately detect the distance and relative speed of surrounding vehicles and 

pedestrians. The penetration capability of millimeter-wave radar is critical in cities because it is able to 

provide stable performance in rainy, foggy or other low-visibility situations. Therefore, the combination 

of cameras and millimeter-wave radar provides a stable and efficient environmental perception 

capability for autonomous driving. 

In some advanced autonomous driving systems, LIDAR usually acts as an enhanced sensor to 

provide high-precision three-dimensional environment perception. This point is particularly important 

in the complex urban traffic environment. For example, in narrow streets, building-dense areas, or 

crowded traffic intersections, LIDAR can accurately detect objects around the vehicle through 3D 

modeling, helping autonomous vehicles to better understand the environment [2]. Although LIDAR is 

expensive, its performance in dense, dynamic traffic environments cannot be completely replaced by 

other sensors, especially when high-precision distance measurements are required. Moreover, Abdu, F.J. 

et al. believe that although LIDAR provides three-dimensional maps with very high accuracy, it is 

mainly used for scenes requiring high precision perception due to its high cost. The camera solution 

combined with millimeter-wave radar is excellent at balancing cost and performance [3]. Therefore, the 

combination of camera and millimeter-wave radar is the most common and economical choice in urban 

traffic, while LIDAR is a supplement to the need for high precision. 

In urban traffic, through multi-sensor fusion technology, autonomous driving systems can obtain 

information from different types of sensors to improve the overall perception ability. Cameras provide 

high-resolution visual information, millimeter-wave radar complements all-weather long-range 

detection capabilities, and LIDAR increases perceptual accuracy through three-dimensional modeling. 

This combination can improve the robustness of the system and ensure that autonomous vehicles can 

cope with complex and changeable urban environments and reduce the risk of accidents 

3.2.  Highways 

Highways are characterized by high speed and long travel distances, so sensors need to have remote 

detection capability and be able to quickly and accurately detect the relative speed of obstacles and the 

vehicle in front in a high-speed environment. In this case, the millimeter-wave radar is considered the 

optimal option. Millimeter-wave radar can provide a detection range of hundreds of meters long, and it 

can accurately measure the speed of a target object, which is crucial for high-speed vehicles. In addition, 

the millimeter-wave radar can also maintain good performance in severe weather conditions (such as 

heavy rain or fog), which makes it widely used in highway scenarios. 

In the highway scene, the sensors need to have long-range detection capabilities and rapid response 

capabilities. Abdu, F.J. et al. proposed that millimeter-wave radar is a core sensor on highways because 

of its long-distance detection and speed measurement capabilities when driving at high speeds [3]. In 

addition, cameras are used to detect lane lines, signs and traffic signals to ensure that vehicles are driving 

in the right lane. 

Although the millimeter-wave radar is the main sensor on the highway, it has a low angular resolution, 

making it difficult to accurately identify the contour of objects. At this point, the 3D modeling capability 

of the LIDAR plays a complementary role. Especially when the vehicle requires high-speed obstacle 

avoidance, the LIDAR can provide accurate object distance and profile information. At the same time, 

the camera can identify important visual information such as traffic signs and lane lines to ensure that 

the vehicle can accurately drive along the right lane at high speeds. 

At the same time, Wei, Z. et al. point out that by combining millimeter-wave radar and LIDAR, the 

autonomous driving system can achieve more accurate environmental perception in high-speed 
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environment, especially in high-speed lane change and obstacle avoidance scenarios, LIDAR provides 

a very high spatial accuracy [1] 

In the highway scene, sensor fusion technology can combine the long-range detection of millimeter-

wave radar, the accurate modeling of LIDAR and the visual recognition ability of the camera to ensure 

that the autonomous driving system has a full range of environmental perception ability at high speeds. 

For example, millimeter-wave radar can detect distant vehicles and obstacles, while LIDAR can 

accurately measure their distance and profile information, and cameras can provide road identification 

information to help vehicles achieve adaptive cruise and lane keeping. 

3.3.  Foggy weather 

Fog has a significant impact on the performance of visible light sensors such as cameras, as fog 

significantly reduces the clarity of visual perception. millimeter-wave radar shows clear advantages 

under such conditions. Electromagnetic waves emitted by millimeter-wave radar can penetrate fog and 

can still accurately detect vehicles and obstacles ahead in low-visibility conditions. In addition, the long-

range detection capability of MM-wave is particularly important in foggy weather, providing enough 

reaction time for vehicles to slow down or change lanes in advance to avoid collisions. Fog has a 

significant impact on the performance of visual sensors such as cameras and LIDAR, as fog significantly 

reduces the penetration of visible light and lasers. Abdu, F.J. et al. emphasized that millimeter-wave 

radar can maintain its stable performance in low visibility weather due to its fog and penetrating 

characteristics [3]. This makes the millimeter-wave radar the preferred sensor in bad weather. 

Although millimeter-wave radar has strong detection ability in foggy weather, it has shortcomings 

in identifying heat source targets (such as pedestrians and animals). Infrared sensors can make up for 

this defect, especially in extremely low-visibility environments, which sense the environment by 

detecting the heat of objects. Infrared sensors provide effective thermal imaging that can help 

autonomous vehicles identify the heat source in front of them, thus avoiding collisions. Such sensors are 

particularly suited for use in combination with millimeter-wave radar to provide more comprehensive 

environmental sensing capabilities. In addition, Zhou T et al. showed that infrared sensors can identify 

traveling humans and animals in very low-visibility environments such as fog by detecting the heat of 

objects [4]. The solution of combining millimeter-wave radar and infrared sensors can provide a more 

comprehensive sensing capability for the vehicle to ensure safe driving in extreme weather conditions 

[3]. 

In foggy weather, a single sensor makes it difficult to guarantee sufficient sensing accuracy. By 

combining millimeter-wave radar, infrared sensors and LIDAR, the autonomous driving system can 

maintain high perception in low-visibility environments. For example, millimeter-wave radar can be 

used to detect obstacles over long distances, infrared sensors can identify heat source targets, while 

LIDAR can provide close-range object detection. This multi-sensor fusion technology ensures the safety 

of autonomous vehicles in extreme weather conditions. 

3.4.  Night driving 

During night driving, traditional cameras perform poorly due to a lack of light. At this point, the infrared 

sensor can detect the heat of objects, in the dark. Thermal imaging of infrared sensors makes it an ideal 

tool for night perception, especially in environments with no street lights or extremely poor light. 

When driving at night, the camera performance drops dramatically. Abdu, F.J. et al. show that 

infrared sensors can identify pedestrians, animals and other targets in front of them under darkness by 

detecting heat sources, and become an essential sensor when driving at night [3]. However, although 

infrared sensors can provide thermal imaging information, they lack precise environmental profile data. 

Although the infrared sensor performs well at night, it cannot provide detailed information on the 

environmental profile. At this point, the combination of cameras and millimeter-wave radar became the 

mainstream solution for night driving. Cameras can still capture high-resolution images with light, for 

example, on streetlights on highways that can clearly identify road signs and lane lines. Millimeter-wave 

Proceedings of  CONF-MLA Workshop:  Mastering the Art  of  GANs: Unleashing Creativity with Generative Adversarial  Networks 
DOI:  10.54254/2755-2721/80/2024CH0086 

199 



 

 

radar is responsible for long-distance obstacle detection in a dark environment to ensure the safety of 

vehicles. 

Wei, Z. et al. suggest that the camera should be combined with millimeter wave radar, which can 

provide visual information under the condition of the light source, while millimeter wave radar will 

continue to be responsible for long-distance detection and obstacle avoidance to ensure the safety of 

night driving [1]. 

During night driving, the multi-sensor fusion technology combining infrared sensors, cameras and 

millimeter-wave radar can provide a full range of environmental sensing capabilities for autonomous 

vehicles. Infrared sensors capture heat sources, and the camera provides visual information, while 

millimeter-wave radar ensures long-distance detection. By integrating the data from the three sensors, 

the autonomous driving system can have a similar perception ability at night as during the day, thus 

improving the safety and perception of night driving [5]. 

3.5.  Field driving 

In field driving, the environment is complex and changeable, and the terrain is diverse. Zhou, Y.  et al. 

point out that the high-precision 3D modeling capability of LIDAR is very important for the 

identification of complex terrain [5]. In addition, millimeter-wave radar can be used for long-distance 

target detection, while infrared sensors help identify wild animals at night or in low-light environments. 

Therefore, the combination of LIDAR, millimeter-wave radar and infrared sensors is the best choice in 

the field driving scene. 

4.  The broad prospect of millimeter-wave radar in fusion sensing 

4.1.  Characteristics of the mm-wave wave 

In the current civil autonomous driving, the camera is the most widely used, but in extreme weather, 

relying solely on cameras for perception in autonomous driving tasks is not reliable. Compared with the 

camera, the detection performance of millimeter-wave radar is less affected by extreme weather [6]. The 

millimeter-wave radar can not only measure the speed but also measure the speed vector by using the 

Doppler effect of the reflected signals from moving objects [7]. However, the millimeter-wave radar 

cannot provide the contour information of the target, and it is difficult to distinguish between the 

relatively stationary targets. Therefore, relying on millimeter-wave radar alone cannot complete the task 

of autonomous driving. In conclusion, the detection capabilities of visual sensors and millimeter-wave 

radar can complement each other. Detection algorithms based on millimeter-wave radar and visual 

fusion can significantly improve the perception ability of autonomous vehicles, helping vehicles to better 

cope with the challenges of accurate target detection in complex scenarios. 

4.2.  The advantages of millimeter wave over LIDAR 

Millimeter-wave radar has significant advantages over LIDAR in intelligent driving systems, primarily 

in terms of weather adaptability, cost-effectiveness, anti-interference capability, and detection 

performance. Millimeter-wave radar outperforms LIDAR in detection capability under adverse weather 

conditions such as rain, fog, and snow, ensuring stable operation in complex environments. For instance, 

in a comparative study of various sensors' performance under harsh weather, millimeter-wave radar 

maintained a better detection range than LIDAR, ensuring the safety of vehicle operation. 

The manufacturing cost of millimeter-wave radar typically ranges in the hundreds of dollars, while 

LIDAR costs can reach several thousand to tens of thousands of dollars, making millimeter-wave radar 

highly suitable for large-scale applications. From a production cost perspective, adopting a combination 

of millimeter-wave radar and cameras in intelligent driving systems can significantly reduce overall 

hardware costs, accelerating the technology's adoption. 

Additionally, millimeter-wave radar has strong resistance to electromagnetic interference, making it 

capable of stable operation in electrically noisy urban environments. Its performance in dynamic target 
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tracking is often evaluated as more reliable, providing more effective information support in high-speed 

driving scenarios. 

Currently, intelligent driving systems commonly integrate millimeter-wave radar with cameras 

instead of LIDAR, mainly due to millimeter-wave radar’s advantages in cost, environmental adaptability, 

and real-time performance. Firstly, the lower manufacturing costs of millimeter-wave radar help reduce 

the financial burden of the entire autonomous driving system, making it suitable for large-scale 

applications. Secondly, millimeter-wave radar performs well in adverse weather conditions, ensuring 

stable detection capabilities and safe vehicle operation in various environments, while the precision and 

range of LIDAR often suffer under such conditions. Furthermore, millimeter-wave radar offers 

enhanced resistance to interference, making it suitable for complex urban settings. 

Therefore, mainstream intelligent automobile manufacturers are choosing to combine millimeter-

wave radar with cameras, leveraging the stable performance of millimeter-wave radar in various weather 

conditions along with the advantage of cameras in recognizing traffic signs and lane markings, to 

achieve a more comprehensive environmental perception. 

4.3.  The broad use of millimeter-wave and visual fusion 

At present, the vast majority of car manufacturers will choose millimeter-wave radar and camera or laser 

radar and camera fusion sensing scheme, using millimeter-wave radar fusion sensing is the mainstream 

trend in the field of autonomous vehicles, because the camera and millimeter-wave radar have 

complementary characteristics, and millimeter-wave radar with remote detection, low cost, dynamic 

target detectability. Because of these advantages, the sensing capability and safety of vehicles that fuse 

millimeter-wave radar with visual sensing have been improved. Compared with LIDAR, millimeter-

wave is less expensive to deal with bad weather and deploy, so the cost has not been much higher. 

The radar is the best sensor for detecting distance and radial speed. It has "all-weather" capabilities, 

especially given that it still works properly at night. However, the radar cannot distinguish the colors, 

and the ability to classify the targets is poor. The camera has good color perception and classification 

ability, and the angular resolution is not weak [8]. However, they are limited in terms of estimating 

speed and distance [9]. Moreover, image processing relies on the powerful computing power of the 

onboard chip without requiring information processing from the millimeter-wave radar. Maximizing the 

utilization of radar sensing data can significantly reduce the number of computational resources needed. 

Radar and cameras have several complementary characteristics, making the integration of visual and 

radar fusion perception technology beneficial for improving obstacle detection in autonomous vehicles. 

Both millimeter wave radar and LIDAR, when combined with visual data, enhance perception accuracy 

and target detection capabilities. Each fusion approach capitalizes on the strengths of millimeter wave 

radar and LIDAR. Future research indicates that the combination of these three technologies—

millimeter wave radar, LIDAR, and visual systems—could yield even greater advancements in the field. 

Table 1. Autonomous driving sensor solutions of major manufacturers [10-15]. 

Company Sensor Configuration 

Tesla 
8 cameras, 12 ultrasonic radars, 

MM-wave radar 

Baidu LIDAR, MM-wave radar, Camera 

Xpeng 
6 cameras, 2 MM-wave radars, 

12 ultrasonic radars 

Audi 
6 cameras, 5 MM-wave radars, 

12 ultrasonic radars, LIDAR 

NIO 
LIDAR, 11 cameras, 5 MM-wave radars, 

12 ultrasonic radars 

Mercedes Benz 
4 panoramic cameras, LIDAR, 

MM-wave radar 
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5.  Conclusion 

This paper analyzes the application of different types of sensors in intelligent driving and discusses the 

best sensor combination and their use ratio in urban traffic, highway, night driving and field driving. 

The selection and combination of sensors are of great significance in improving the safety and efficiency 

of the intelligent driving system. In the future, with the continuous progress of technology, sensor fusion 

and algorithm optimization will provide more powerful support for the development of intelligent 

driving systems. 
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