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Abstract— Autonomous Vehicle (AV) technology has the 

potential to provide enormous value to society. Thus, there is an 

urgent need to build comprehensive testing technology to prove 

efficacy under all environmental conditions of interest.  In this 

paper, we will present the first step towards developing a 

comprehensive testbed for autonomous vehicles (AV) sensors 

testing and verification with a focus on the radar systems in the 

presence of rain. We will demonstrate the response of the radar 

systems onboard AVs based on multiple simulated scenarios. The 

simulated framework involves radars, target objects, and a 

stationary vehicle at specific environmental conditions using 

Matlab.   
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I. MOTIVATION  

 Recently, AVs have captured a great deal of attention from 
academia, industry, and government. AVs are attractive because 
they offer a strategy to reduce the 94% of traffic fatalities caused 
by preventable errors [1], a method to offer mobility services to 
people who cannot drive today, and finally, can dramatically 
increase the efficiency of the transportation system by enabling 
mobility as a service. Indeed, AV technology is being introduced 
in the form of driver assistance systems in conventional 
vehicles, and a great deal of investment are being placed on 
building highly functional AV systems.   

 The early feedback shows that significant issues exist, and 
the safety of AV systems is yet to be proven. The recent fatal 
accident by Uber [2] or the disengagement reports from the 
California DMV [3] show that fully-functioning AVs are still in 
their early stages.  Also, the use of ad-hoc metrics such as miles 
driven is not useful to convey safety. Finally, even conventional 
advanced cruise control systems have been shown to be 
susceptible to failure based on road curvature [4].        

As fig. 1 shows, the act of driving an automobile consists of 
perception, decision-making, and action. The automobile 
industry has over 100 years of experience in building, testing, 
and validating the action stage. However,  the perception and 
decision-making stages are different and much more complex in 
nature. 

Fig. 1:  Architecture of AV Systems 

The perception stage consists of the combination of various 
sensor systems, communication systems, and internal artificial 
intelligence (AI) systems (e.g. object recognition and sensor 
fusion) which build this picture.  These systems must work in all 
environmental operating conditions that the AV may encounter.     

With these issues in mind, the state of Florida has founded 
the Advanced Mobility Institute (AMI) at Florida Polytechnic 
University. AMI is investing significant efforts to validate the 
perception and decision-making stages. Within, AMI we are 
asking the following questions? 

1. What kinds of test apparatus will be required to test 
these issues? 

2. What is the impact of various weather conditions on the 
sensor and communication systems? 



3. How do we demonstrate that the sensor systems 
accurately capture the external environment? 

4. How do we show robustness of the whole system based 
on failure of a sensor, communication, or wireless 
access? 

 In 2018, we proposed a test apparatus [5], which started the 
process of answering the first question.  In this paper, we will 
focus on partially answering the second question, namely: what 
would be a suitable testing framework to test the impact of rain 
on the radar systems of AVs? As any radar system, the 
intervening environment between the radar and the target plays 
a significant role in the accuracy of detection. At frequencies 
above the C-band region, rain can attenuate the signal making it 
harder to detect small objects, and high rain rates can cause rain 
volume backscatter that can increase the rate of false alarms. 
Thus, we are doing this work with two observations: 

1. Radio frequency (RF) and Safety: This is perhaps the 
first time RF systems will be used as a part of a primary 
safety system for automobiles. 

2. Complexity:  While RF has been extensively used in 
the airline industry, the level of complexity of AV 
systems is an order-of-magnitude higher due to 
obstructions, density, and the need for prompt 
responsiveness. 

II. INTRODUCTION 

 AVs use a wide range of sensor systems to perceive the 
external environment. The primary sensor systems consist of 
Lidar, Radar, Ultrasonic, and optical (Camera). Primary work in 
sensor systems continues in several directions. For example, in 
the LIDAR area there is interesting work with micro-electro-
mechanical systems (MEMS) and Solid-state based Lidar 
systems. However, both systems have yet to be developed [6]. 
Millimeter-wave radar (MWR) systems have also been used for 
the same purpose [7-8].  

Fig. 2:  Sensor Systems and their environment 

 Each of these sensor systems have advantages and 
disdvantages as shown in fig. 2. There is a great deal of work 
ongoing in sensor fusion to take the totality of these sensors to 
build a reliable view of the external enviornment. This view can 

be aided with V2V (Vehicle-to-Vehicle), V2I (Vehicle-to-
Infrastructure), and even V2P (Vehicle-to-Person) 
communication systems. Currently, this is a very fluid area with 
various automakers making quite divergent choices based on 
cost, strengths, and competence.  

     Radar is one of the key technology solutions with key 
advantages of size, range, speed detection, and resistance from 
conventional obstructions. This is why it is used extensively in 
avionics systems.  Thus, in this paper, we examine the 
effectiveness of radar on AV systems with the presense of a very 
typical weather pattern in the southeast, rain! 

 

III. SIMULATION MODEL 

The testbed proposes to deliver an optimal signal response 
as a result of the AV sensor detecting a surrounding object 
within specified environmental conditions. The simulated 
results describe an electromagnetic interference source drawing 
an electromagnetic signal from the environment resulting in a 
stimulus to the AV radar as part of the verification process. It is 
definitely a challenge to build a noisy environment such as rain, 
lightning or fog, but these could be simulated with an accurate 
version of reality [9]. 

There is a way to characterize and calibrate specific 
environmental conditions such as rain and clear skies. Radar 
sensors can be subject to RF interference or corrosive 
environments, high humidity levels, vibrations, dust and dirt, or 
other conditions that challenge communication performance 
[10]. When modelling the interference from rain, only single 
scattering need be considered because of the very small 
scattering cross-sections. The implication being that the problem 
reduces down to establishing the differential scattering cross-
sections of rain drops within a common volume 'seen' by both 
the transmitter and the receiver [11].  

 Phased Array and Automated Driving Matlab toolboxes 
were used to develop an algorithm to test vehicle’s Frequency 
Modulated Continuous Waveform (FMCW) radar sensors. The 
FMCW radar specifications tested can be seen in table I.  

 

TABLE I. FMCW RADAR SPECIFICATIONS 

Classification of RADAR 
Frequency Modulated Continuous 

Wave (FMCW) 

Center Frequency 77GHz 

Maximum range of ego vehicle 100m 

Minimum range to get object detected 1m 

Rain rate 12 mm/hr 

Algorithm sed to estimate direction of 

arrival of received signal 
Root MUSIC estimator 

Maximum velocity of car can be 

detected by RADAR 
230 km/hr 

 

The simulated driving components in fig. 3(a) known as an 
ego-centric view consists of a controlled vehicle (in blue), a 
stationary vehicle (in orange) placed on the opposite lane and a 
static object (in yellow) located on the controlled vehicle lane. 
Fig. 3(b) shows the bird’s eye beam of the controlled vehicle at 



120km/hr. In this section, six simulations will be presented at 
clear skies and rainy conditions in free space and multipath 
channel propagations. 

  
Fig. 3. Simulated driving components- (a) Ego-centric view (b) Bird’s-Eye plot 

 

IV. RESULTS 

A. Simulation 1: Clear Skies 

 Fig. 4 shows the signal-to-noise ratio (SNR) and radar 
response in free space at clear skies. The radar mounted on our 
controlled vehicle is able to detect the stationary vehicle, 
although it is outside of the 3 dB beam width. The object was 
detected at 42.2 dB. 

Fig. 4. Radar response at clear skies and free space propagation with a stationary 
vehicle and object. 

We observed that there is no response from the stationary 
vehicle showing a significant SNR degradation since it is outside 
of the radar spectrum.   

Fig. 5. Radar response at clear skies and free space propagation with an object 

In fig. 5, our controlled vehicle in free space has detected an 
object at 55.3 dB in a 40 m. length exhibiting an acceptable 
SNR.  However, in the case of multipath channel, the output 
shows a distinct response.  

Fig. 6. Radar response at clear skies and multipath propagation with a stationary 
vehicle and object. 

 For the multipath propagation in fig 6 at clear skies, we 
observed that our controlled vehicle has moved to a new position 
in which the stationary vehicle is no longer in our radar beam. 
Then, the object was detected by our controlled vehicle at 47.7 
dB. However, the receiving signal strength degraded 
significantly due to terrestrial radio scenarios along the channel. 

 

B. Simulation 2: With rain 

The following scenarios from fig. 7-9 are being simulated 
with rain in both free space and multipath propagations.  

Fig. 7. Radar response with rain and free space propagation with a stationary 
vehicle and object. 

Being in multipath propagation, scenarios represented in figures 
6 and 7 demonstrate the difference in the power of the received 
signal due to rain (1 dB attenuation). Thus, it is noticeable that 
rain has a substantial impact on the response of the simulated 
FMCW radar. Another way to demonstrate the effect of rain on 
the electromagnetic signal can be shown by comparing the 
scenarios of figures 5 and 8 (0.8 dB attenuation over 100m 
propagation path at 12 mm/hr rain rate). 
 



 Another parameter this simulation allows us to investigate is 
the effect of multipath propagation on the SNR. It can be noted 
that SNR of multipath signals suffer from additional attenuation 
when compared to free space propagation. Fig 9 is an example 
of an extreme case where the destructive nature of the multipath 
propagation significantly affected the power of the eco signal. 
 

Fig. 8. Radar response with rain and free space propagation with an object. 

  

Fig. 9. Radar response with rain and multipath propagation with a stationary 
vehicle and object. 

 

V. CONCLUSION 

The preliminary results demonstrated in this paper showed 

the importance of the testbed under development. This end-to-

end simulation will provide the capability to investigate 

different aspects of the microwave environment of the AV and 

how it interacts with the surrounding environment under 

different conditions and scenarios. The following next steps 

toward the development of this testbed is to have the capability 

to fully understand the interaction among radar, environment 

and object and to pave the way toward a platform where edge 

cases can be simulated to the physical world. 
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