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Classifying Guardrail System Radar Signatures using Full Physics Simulation for 77 GHz Automotive Radar




Abstract—Automotive radar is one of the key sensor technologies for active safety and comfort advanced driver assistance systems(ADAS). Vehicles equipped with radar sensors can deter-mine the range, velocity and angle of arrival of multiple targets simultaneously in a highly dynamic environment. At 77 GHz, road infrastructure and buildings are an ever-present source of clutter that can affect crucial target detection. Guardrails present a unique clutter challenge due to their ubiquity, proximity to ego vehicle and extremely large radar cross section(RCS). Due to their large RCS, guardrails can mask the existence of soft targets such as pedestrians in their vicinity. Therefore, it is crucial for sensor perception algorithms to identify and filter out the effects of guardrails. This paper presents a full-physics, simulation-based study of several full-scale road traffic scenes with different guardrail arrangements. By studying the Range-Doppler(RD) plots of each of the scenes at 77GHz, we demonstrate the distinctly different radar signatures of guardrails in four key road settings that normally occur in driving. Using the results from this study, we characterize both the range and velocity behavior of various guardrail sections. Results from this study can be used to train perception algorithms to accurately identify and filter out guardrail systems in different driving scenarios and thus potentially prevent future accidents.

Index Terms—Automotive Radar, Machine Learning, Percep-tion Algorithms, Simulation, Radar Cross Section.

I. INTRODUCTION

The recent surge in advanced driver assistance systems(ADAS) in the automotive industry has been mainly motivated by two factors. First is the need to make roads safer by equipping vehicles with technology that relieves drivers of fatigue inducing, repetitive driving actions while providing the vehicle with even more situational awareness. This is crucial since research has shown that approximately 90% of road traffic accidents are due to human error [1]. In 2018 alone, the National Highway Traffic Safety Administration (NHTSA) reported that 36,560 people lost their lives to road traffic acci-dents in the U.S. alone [2]. An even more staggering statistic are the 1.25 million fatalities recorded worldwide in 2016 [3]. The second pushing factor in ADAS development has been the race by automotive manufacturers to deploy an autonomous vehicle(level-5) that is capable of fully conducting all driving operations without a driver’s intervention. According to Allied Market Research, the global autonomous vehicle industry was valued at $54.23 billion in 2019 and is projected to be valued at $556.67 billion in the year 2026 [4]. Beyond the obvious advantages of self-driving cars such as time savings during commutes, autonomous vehicles will provide safe and reliable transportation to the disabled and elderly.

In order for fully autonomous vehicles to become a reality, the vehicle will need to have a high level of situational





awareness. Specifically, in addition to knowing its own po-sition and state, the vehicle will need to map out the range, velocity and angle of arrival of any crucial actors in the sur-rounding environment while filtering out any clutter. In order to achieve this, autonomous vehicles will be equipped with radio detection and ranging(Radar) sensors, light detection and ranging(Lidar) sensors, optical cameras and ultrasonic sensors [5]–[8]. Of these sensor technologies, 77 GHz radar has emerged as the backbone to advanced driver assistance systems that will enable autonomous vehicles. This is because radar is a mature, relatively cheaper (compared to Lidar) and robust sensing technology that can determine the range, velocity and angle of arrival of multiple targets simultaneously even in inclement weather and poor lighting conditions [9]. Radar is employed in automatic emergency braking (AEB), adaptive cruise control(ACC), blind spot monitoring(BSM) and parking assist applications, among others in today’s vehicles.

Before any of the above mentioned sensor technologies are deployed in vehicles, they need to undergo rigorous testing to determine their reliability and accuracy in mapping out the environment of the vehicle. This burden of reliability will increase since level-5 autonomous vehicles need to make millions of crucial maneuvers based on the data being provided by these sensors. It has been said that an estimated 8.8 billion miles of driving and testing will need to be completed before autonomous vehicles are deemed safe for mainstream consumers and full deployment [10]. Recently, researchers and automotive manufacturers have built and tested radar sensors in live traffic conditions [9], [11]–[15]. While building and testing are valuable, they can be expensive, time consuming, risky and impractical for testing the large number of miles that are necessary. In light of this, simulation has emerged as a practical solution as it allows engineers to conduct virtual drives that greatly accelerate testing. A full physics, full-scale simulation workflow for 77 GHz automotive radar was presented in [16].

Another valuable aspect of simulation is that it allows the study of the so-called corner cases. Specifically, corner cases are the scenarios that arise when various environmental and operational factors combine to create a response outside the normal operation of a system. A number of automotive radar corner cases have been discussed in [16], [17]. Of these corner cases, guardrails are particularly challenging to deal with. This is because of their high radar cross section and close proximity to vehicles. This can cause them to reflect strong signals that mask the presence of crucial targets such as pedestrians, cyclists and vehicles. Furthermore, guardrails create ghost targets in range and velocity that serve to confuse
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perception algorithms linked to the radar sensor. The impact of guardrails on 77 GHz radar was also investigated through a simulation study in [18]. In 2015, Acura recalled 48,000 vehicles equipped with automatic emergency braking due to sudden braking maneuvers by the vehicle without any nearby obstacles. This was observed to occur when the ego vehicle was moving next to guardrails or fences [19]. Therefore, there is a need for the perception algorithms behind the various sensors on board the vehicle to be able to identify guardrails, filter out their ghost target effects and detect real targets in the vicinity of the guardrails.

Probabilistic tracking algorithms and sensor fusion have been used to detect guardrails [20]–[22] with varying degrees of accuracy that depended on the traffic scene. Another approach is to use Machine Learning(ML) based perception algorithms to detect and classify actors in radar scenes [23],

[24]. Recently, a perception algorithm based on ML was trained to accurately detect and classify cars and pedestrians using Range-Doppler maps from full-physics simulations [24]. It has been observed that the accuracy of the perception algorithm depends on the traffic scene under investigation. This is because each of the actors in the scene and the associated environment have varying radar cross section that depends on their orientation. Such variations can create a complex electromagnetic environment that is difficult for the algorithm to accurately deconstruct. Guardrails have complex radar signatures that are heavily dependent on the physical placement of the guardrail system. This means that a percep-tion algorithm that has been trained to detect guardrails on a straight road may fail to detect the same guardrails if they appear on a curved road due to their drastically different radar signature.

In this paper, a comprehensive study of the 77 GHz radar signatures of guardrails in four key configurations is presented. This study was conducted using ANSYS’ High Frequency Structure Simulator, Shooting and Bouncing Ray solver(HFSS SBR+), a full-physics, asymptotic electromagnetic solver. Four, full-scale road traffic scenarios were created and in-terrogated by a 77 GHz radar sensor. Fig. 1 shows the four cases that were created and whose Range-Doppler maps were obtained via simulation. These four cases were chosen as they represent most of the road traffic scenarios where guardrails are employed. By comparing the Range-Doppler maps of traffic scenes with and without guardrails, ghost targets and the guardrail radar signatures were identified. Furthermore, it is observed that each of these guardrail configurations have distinct range and velocity behavior. It is this distinct behavior that can be exploited by machine learning based perception algorithms to detect and classify targets as was done in [24].

This paper is organized as follows: Section II focuses on some key concepts of radar theory and the SBR+ simulation setup. In section III, results from each of the four simulations in Fig. 1 are presented and discussed. In section IV, the conclusion is presented.

This paper has two main contributions. First, it presents a comprehensive, full-physics study of the radar signatures of key guardrail configurations present in today’s roads. To the best of the author’s knowledge, such a study is the first



of its kind. Second, it demonstrates the differences in the range, velocity and ghost target behavior of each of these guardrail systems. The data obtained from this study can be used to better train perception algorithms to not only detect but also classify the type of guardrail system in question. Such capability can prevent accidents and potentially save lives.

AI. RADAR BASICS AND SIMULATION SETUP

The radar cross section(RCS) of a target is a measure of its ability to scatter incident energy in the direction of a radar receiver. It essentially represents a fictitious area in space that intercepts and reflects the incident radar signal. A guardrail consists of two key parts: a w-beam and the dihedral posts that support it. It has been shown that the high radar cross section of guardrails is attributed to the dihedral posts [17]. This high RCS is constant over a wide range of incidence angles. It was also shown in [17] that the RCS of guardrail systems can be reduced by covering up these posts with a flat metal sheet. The maximum RCS of a metallic dihedral is given by [25]


Here  and  represent the width and height of the two orthogonal faces that form the dihedral, respectively. A key point to note is how the RCS of a dihedral is inversely proportional to wavelength, . This means that the RCS increases with frequency. For a monostatic radar sensor with a peak transmitted power of , the received power  is given by [26]



Here ,, and  represent the transmit antenna gain, receive antenna gain, target radar cross section and free space wavelength of the emitted signal. Guardrails blind radar sensors by reflecting more energy in the direction of the radar sensor than targets with weaker RCS such as pedestrians. Ghost targets emanate from the multipath propagation incurred by some reflected signals as they make their way back to the radar receiver. Such reflections create ambiguities in the phase and time delay of the reflected wave leading to ghost targets in both velocity and range.

The radar scenes shown in Fig.1 were simulated using HFSS SBR+(Shooting and Bouncing Ray). SBR+ is an asymptotic, ray-tracing electromagnetic solver that can accurately simulate electrically large problems using geometrical optics(GO) and physical optics (PO) [16]–[18], [24]. The vehicle bodies and guardrails were modelled as perfect electrical conductors. The road was modelled as asphalt while the pedestrians used the dry skin model that describes the dielectric constant and conductivity as  and, respectively

[27]. The radar sensor was implemented using a frequency-modulated interrupted continuous waveform (FMiCW). Four traffic scenes were created as shown in Fig.1 to describe the typical scenarios where guardrails appear. For each of the scenes, two simulations were run, one with guardrails
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and one without. The Range-Doppler maps of each of these scenes were compared in order to identify guardrails and ghost targets.

BI. SIMULATION RESULTS & DISCUSSION

A. Double-Sided, Straight Guardrail Section

The first case to be studied was a 60m long, double-sided, straight guardrail section. A cyclist, pedestrian and vehicle were placed in the scene to determine their visibility in the vicinity of the guardrails as shown in Fig.2. The ego vehicle (where the radar sensor is mounted) had a velocity of . The Range-Doppler(RD) map of the scene with guardrails shows a  long train of radar returns at an apparent velocity of . The radar returns start as two distinct, curved profiles that increase in velocity and eventually merge at around . The profiles merge because the difference in range between two guardrail posts on either side of the road becomes relatively smaller compared their absolute distance from the radar sensor as we move away from the ego vehicle. The velocity profile can be explained by observing that the guardrail sections closest to the ego vehicle have a small relative radial velocity since they are almost perpendicular to the vehicle’s direction of motion. The range extents of the guardrail section on the RD map correspond to their physical length while their apparent velocity corresponds to that of the ego vehicle. A secondary train of radar returns is observed on top of the guardrail returns in the RD map at a velocity of . These are the ghost targets. Of interest is how the ghost targets seem to be at ranges that extend the physical length of the guardrails by over . This is due to the multiple reflections (additional time delay) being encountered by some signals as they return to the radar sensor. As seen in Fig.2, the guardrails completely mask the presence of the cyclist and the pedestrian. On the other hand, the vehicle can easily be mistaken for a ghost target and get ignored by the perception algorithm.

B. Double-Sided, Curved Guardrail Section

In the second case, double-sided, curved guardrail sections were placed on road curve as shown in Fig.1. Two pedestrians were also placed to determine their visibility. The inner and outer guardrail sections were  and  long, respectively. Fig.3 shows the RD map of the traffic scene with and without curved guardrails. The RD map shows two curved profiles that that do not merge but rather intersect around . Since radar measures the radial distance of a target, the guardrail profile range extents on the RD map are slightly shorter since they have curvature that hides the farthest posts at the end of the section. As in the straight section case, the guardrails mask the presence of the pedestrians while introducing their own ghost targets. The RD profile of curved guardrails differs from that of a straight section in three key ways. First, the RD map profile is curved as compared to the straight profile of a straight guardrail section. Second, while the two profiles in Fig.2 eventually merge to become one, the RD profiles of guardrails at a curve remain as two distinct profiles with one being evidently shorter than the other. 


Finally, the ghost targets induced by the curved guardrails are tightly localized compared to those of the straight guardrails. This is because signals reflecting on the curved guardrail have limited reflection paths that they can use to return to the radar sensor. This reduces the overall number of ghost targets and their extents. This was observed using visual ray tracing in HFSS SBR+. Such information can be used to update the perception algorithm so that it accurately identifies the guardrails as the ego vehicle negotiates a curve.

C. Single-Sided, Straight Guardrail Sections on Either Side of Intersection

Two  long sections of guardrails were placed on a road perpendicular to the one with the ego vehicle as shown in Fig.1. Two cyclists were placed on either sides of the intersection to investigate their visibility. This is a very im-portant corner case in which the ego vehicle must accurately detect pedestrians and cyclists who may be trying to cross the road. Fig.4 shows the RD maps of the same scene with and without the guardrails. Here, as in the previous cases, the guardrails completely mask the presence of the cyclists on either side of the road. Visual ray tracing studies using HFSS SBR+ reveal that the guardrails at the intersection have very limited multipath propagation paths that can return to the radar receiver. This leads to even weaker ghost targets. The profile of the guardrails shown in Fig.4 has three distinct properties. First, the profile exists as a single trail even though there are two physical guardrails on either sides of the road. This is due to the symmetry of the guardrail placement which superimposes returns from either side at the same range in the RD map. Second, while the RD profiles studied in the past sections have positive velocity slopes, the RD profile shown in Fig.4 has a negative velocity slope. This means that the guardrail posts nearest to the ego vehicle seem to have the highest velocity. Such behavior is expected since the perceived radial velocity decreases as the angle of arrival of each posts increases. Therefore, as we move away from the center of the intersection, the angle of arrival of each dihedral post increases and thus decreases its relative radial velocity. Finally, the guardrails shown in Fig.4 have a RD profile that extends for , less than half of their physical length. This is an artifact introduced by the directivity and limited field of view of the radar sensor antennas. The limited field of view of the sensor antennas means that the guardrails at large angles of arrival are not illuminated by the sensor.

D. Straight Guardrail Section on One Side of the Road

A single  long section was placed on one side of the road as shown in Fig.1. To account for the length of the vehicle, only  of the guardrail section is remaining in front of the vehicle. The RD map of the scene is shown in Fig.5. As shown here, the profile of the single guardrail section is similar to that of the double-sided, straight guardrail section in Fig.2. The range extents of the profile are equal to its physical length and it also has a positive velocity gradient before leveling off at the velocity of the ego vehicle. The RD profile for a single sided section differs from that of the double-sided section (see
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Fig.2) in two key ways. First, the near-range end of the single-sided guardrail section RD profile has only one tail compared to the two tails of the double-sided section as expected. The second observation is that the single-sided guardrail section has no ghost targets at all. This should be compared to the train of ghost targets that results from double-sided guardrails as shown in Fig.2. In previous sections, ghost targets were attributed to multiple reflections between the guardrail sections on either side of the road that eventually make it back to the radar receiver. Without another guardrail panel on the other side of the road to serve as a reflection surface, multipath propagation of the reflected signals is mitigated and the ghost targets disappear.

E. Discussion

Investigating the Range-Doppler(RD) maps of each of the scenes reveals that each of the guardrail systems in the cases shown in Fig.1 mask the radar returns of pedestrians, cyclists and vehicles in their vicinity. However, the guardrail systems do not have the same ghost-target inducing behavior. Specifically, ghost targets were observed to be most prevalent when the guardrails existed on both sides of the road in the same direction as the ego vehicle (Fig.2 & Fig.3). Having guardrails on both sides of the road created reflection planes that presented more multipath propagation paths for signals to find their way back to the receiver. Multipath propagation was found to be most prevalent in the straight, double-sided guardrail sections (Fig.2). On the other hand, single-sided guardrail sections on one side of the road did not create any appreciable ghost targets (Fig. 5) due to their single panel.

Another key thing that was observed was that parallel guardrail systems (Fig.2, Fig.3 & Fig.5) have positive velocity gradients that level off at the ego vehicle velocity. On the other hand, perpendicular guardrail sections (Fig.4) have negative gradient velocity profiles. Radar sensors calculate the radial velocity and therefore, the guardrail section next to the ego vehicle would have a very small radial velocity while the ones further away would have higher velocities in (Fig.2, Fig.3

· Fig.5). This situation is reversed when the guardrails are perpendicular to the road where the ego vehicle is travelling on. The highest radial component of the velocity is possessed by the guardrail posts nearest to the intersection since they have the smallest angle of arrival relative to the ego vehicle.

IV. CONCLUSION

Automotive radar is one of the key sensor technologies for advanced driver assistance systems that will enable the deploy-ment of a fully autonomous vehicle while making roads safer. Testing and validating radar sensors in practical traffic scenes is one of the key challenges in design validation. Simulation has emerged as the most practical, safe and cost-effective way to investigate the performance of radar sensors in traffic scene corner cases. Guardrails present a unique corner case challenge due to their high radar cross section and physical arrangement which can mask the presence of crucial targets while creating ghost targets. Furthermore, the Range-Doppler map profiles of guardrails change drastically depending on their physical placement.



In this paper, HFSS SBR+ was used to create and conduct four, full-physics electromagnetic simulations of real-world traffic scenes where guardrails normally appear. By inspecting Range-Doppler profiles of traffic scenes with and without the guardrails, the crucial target-masking and ghost-target inducing characteristics of the guardrails were demonstrated. Furthermore, the unique range and velocity behavior of the guardrail sections in each of the different scenes were discussed. Results from this study showed that straight guardrails had different range and velocity behavior compared to curved guardrail sections. Guardrail sections parallel to the ego vehicle’s direction of the motion also had a significantly different behavior when compared to guardrails running perpendicular to the ego vehicle at an intersection. The conclusions made in this study can be used to train machine-learning based perception algorithms to not only identify guardrail systems but to classify their physical arrangement and predict their Range-Doppler behavior. Accurate identifi-cation, classification and filtering-out of guardrails can prevent accidents and save lives.

REFERENCES

[1] Yadav, A. K. and Szpytko, J, “Safety problems in vehicles with adaptive cruise control systems,” Journal of KONBiN, Vol. 0035, pp.389–398, 2017.

[2] NHTSA, “U.S. Transportation Secretary Elaine L. Chao Announces Fur-ther Decreases in Roadway Fatalities,” NHTSA, Oct, 2019. Available On-line: https://www.nhtsa.gov/press-releases/roadway-fatalities-2018-fars.
[3] Sagar, R., “Making cars safer through technology innovation,” Texas Instruments, pp.1–10, 2017.
[4]	Jadhav,   A.,   “Autonomous   Vehicle   Market   Outlook-2026,” Allied   Market   Research,   May,   2018.   Available   Online:
https://www.alliedmarketresearch.com/autonomous-vehicle-market.

[5] Rashoffer, R. H. and Gresser, K, “Automotive radar and lidar systems for next generation driver assistance functions,” Advances in Radio Science, Vol. 3, pp.205–209, 2005.
[6] Gavrila, D. M., “The visual analysis of human movement: A survey,” Computer Visual Image Understanding, Vol. 73, pp.82–98, 1999.
[7] Moeslund, T. B. and Granum, E, “A survey of advances in vision based human motion capture and analysis,” Computer Visual Image Understanding, Vol. 104, pp.90–126, 2006.
[8] Poppe, R., “Vision based human motion analysis: an overview,” Computer Visual Image Understanding, Vol. 108, pp.4–18, 2007.
[9] Reina, G.,Johnson, D. and Underwood, J, “Radar sensing for intelligent vehicles in urban environments,” Sensors, Vol. 15, pp.14661–14678, 2015.
[10] Ohnsman, “Toyota’s Robot-Car Line In The Sand: 8.8 Billion Test Miles To Ensure Safety,” Forbes, Oct, 2016. Available
[11] Hasch, J.,Topak, R.,Schnabel, T.,Zwick, T., Weigel, R. and Waldschmidt, C., “Millimeter-wave technology for automotive radar sensors in the 77 GHz frequency band,” IEEE Transactions on Microwave Theory and Techniques, Vol. 60,No. 3, pp.845–859, 2012.
[12] Ohguchi, K.,Shono, M. and Kishida, M, “79 GHz band ultra wideband automotive radar,” Fujitsu Ten Technical Journal, Vol. 39, pp.9–14, 2013.
[13] Singh, J., Rao, S. and Ramasubramanian, R.,“AWR1642 mmWave sensor:76-81 GHz Radar-on-chip for short range radar applications,” Texas Instruments, pp.1–7, 2017.

[14] Ku, B. H.,Schmalenberg, P.,Inac, O,et al, “A 77-81 GHz 16 element phased array receiver with +-50 beam scanning for advanced automo-tive radars,” IEEE Transactions on Microwave Theory and Techniques, Vol. 62, pp.2823–2831, 2014.

[15] “Implementing digital processing for automotive radar using SoCs,” Altera Corporation, pp.1–15, 2013.
[16] Chipengo, U.,Krenz, P. M. and Carpenter, S., “From Antenna Design to High Fidelity, Full Physics Automotive Radar Sensor Corner Case Simulation,” Modelling and Simulation in Engineering, Vol.2018, pp.1– 19, 2018.

	[bookmark: page5]JOURNAL MAY 2020
	5




[17] Chipengo, U., Commens, M., “A 77 GHz Simulation Study of Roadway Infrastructure Radar Signatures for Smart Roads,” 2019 16th European Radar Conference (EuRAD), pp.137-140, 2019.

[18] Chipengo, U., “Full Physics Simulation Study of Guardrail Radar-Returns for 77 GHz Automotive Radar Systems,” IEEE Access, Vol. 6, pp.70053–70060, 2018.

[19] Isidore, C., “Automatic braking Acuras recalled for stopping when they shouldn’t,” CNN Business, Jul, 2015. Available Online: https://money.cnn.com/2015/06/11/autos/automatic-braking-recall/index.html.
[20] Kim, T.and Song, B., “Detection and tracking of road barrier based on radar and vision sensor fusion,” Hindawi Journal of Sensors, Vol. 2016, pp.1-8, 2016.

[21] Alessandretti, G, Broggi, A. and Cerri, P., “Vehicle and guard rail detection using radar and vision data fusion,” IEEE Transactions on Intelligent Transportation Systems, Vol. 8, No. 1, Mar., 2007.

[22] Adam, C., Schubert, R., Mattern, N.and Wanielik, G, “Probabilistic road estimation and lane association using radar detections,” 14th International Conference on Information Fusion- Chicago,1-8,, July, 2011.
[23] Cai, X. and Sarabandi, K., “A Machine Learning Based 77 GHz Radar Target Classification for Autonomous Vehicles,” 2019 IEEE International Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting, Atlanta, GA, USA,, pp.371-372, 2019.

[24] Sligar, A. P., “Machine Learning-Based Radar Perception for Au-tonomous Vehicles Using Full Physics Simulation,” IEEE Access,,Vol. 8, pp.51470-51476, 2020.

[25] Miacci, M. A. S.,Nohara, E. L,Peixoto, G. G., Martin, I. M. and Rezende, M. C., “Indoor radar cross section measurements of simple targets,” Journal of Aerospace Technology and Management, Vol. 4, No.1,pp.25-32, Mar, 2012.

[26] Balanis, C. A. “Fundamental Parameters of Antennas,” in Antenna Theory: Analysis and Design, New Jersey: Wiley, 2013, pp. 98.
[27] Ku, T.,Rappaport, T., S. and Collins, C. M., “The human body and millimetre-wave wireless communication systems: interactions and impli-cations,” IEEE 2015 International Conference on Communications (ICC), 1–7, 2015.
