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D. Bilibashi, E. M. Vitucci, V. Degli-Esposti 

 Abstract — Radio applications in vehicular environment are 
becoming popular due to the development of autonomous driving 
and safety enforcement technologies that make use of vehicle-to-
vehicle, vehicle-to-infrastructure as well as of radar solutions. 
Due the large variety of possible environment configurations, and 
to the highly dynamic characteristics of the environment, specific 
deterministic radio propagation models must be developed to 
assist the design and simulation of such vehicular applications. In 
the present work we present a dynamic ray tracing model that 
can provide a multidimensional channel prediction, including 
Doppler’s shifts, with a single run on the base of a suitable 
“dynamic environment database” that describes a scene with 
moving objects and terminals. The proposed approach applied to 
a reference street canyon scenario with a large moving object 
representing a bus is shown to yield realistic estimates of the 
channel’s power-Doppler profiles. 
 

Index Terms— Ray Tracing, Millimeter wave propagation, 
Vehicular Ad Hoc Networks, Doppler Effect, Mobile Radio 
Mobility, 5G Mobile Communications 

I. INTRODUCTION 
ay tracing radio propagation models have been 

developed over the last three decades and used for the 
design and deployment of cellular radio systems [1][2]. 

Recently, radio applications in vehicular environment have 
gained popularity with the development of autonomous driving 
and of wireless systems for traffic control and safety 
enforcement, such as vehicular applications of 5th Generation 
(5G) systems and automotive radar solutions [3][4][5]. 
Extensive work on vehicular channel measurement and 
modeling has been carried out in the last years [6][7], 
including the development of deterministic ray-based models 
for vehicular environment [8] [9]. 

With the advent of millimeter-wave (mm-wave) frequency 
bands of future 5G (and beyond) systems the radio channel 
will become more and more dynamic: Line-of-Sight (LoS) to 
Non-Line-of-Sight (NLoS) transitions will become more 
abrupt due to the lower diffraction contributions and Doppler 
shifts will increase proportionally to the carrier frequency. 

Due to the large variety of possible environment and system 
configurations, accurate deterministic propagation models are 
essential for the design and simulation of vehicular 
communication systems. Moreover, since accurate Channel 
State Information (CSI) estimation is almost impossible in 
highly-dynamic scenarios, especially when beamforming is 
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used, deterministic propagation models might be called to 
provide real-time estimates of the channel’s characteristics or 
to help CSI estimation in future vehicular and/or mm-wave 
applications [1][8][10]. 

In the present work we present a “Dynamic Ray Tracing” 
(DRT) algorithm that can perform a deterministic ray-based 
prediction, including the computation of time delays and 
Doppler’s shifts for each ray, with a single run using a proper 
representation of a dynamic environment where not only radio 
terminals, but also some of the environment’s finite objects 
can move. The “dynamic environment database” contains the 
geometric description at a given snapshot time t0 of a moving 
environment where vehicles, aircrafts etc., are described as 
polyhedrons moving in space with roto-translation vectors.  
With this approach, a single RT run can yield a 
multidimensional channel prediction starting from t0 over the 
entire channel’s multipath “coherence time” TC, intended here 
as the lifetime of the overall multipath structure, i.e. of its 
major multipath components [11]. This means that, if the 
speed of each moving object doesn’t change significantly over 
TC, we can derive each path’s Doppler shift and time-delay 
evolution with simple analytical formulas over TC on the base 
of one single RT computation. A similar concept was 
presented in [8] and [9], where ray-based propagation models 
where applied to vehicular propagation with moving terminals 
and scatterers. In such investigations however the fact that 
reflection and diffraction points can actually slide over the 
obstacles’ surfaces in a moving scene is disregarded. This is 
especially important in short-range applications with large 
obstacles such as buses, or when specular reflection from 
smooth walls (e.g. glass noise barriers) on the street side is 
considered. 

In the present paper we present the DRT concept and show 
how the channel’s multi-dimensional parameters – including 
Doppler’s shifts – and their evolution over TC can be derived 
with a single DRT run in a simple street-canyon environment.  

The first results reported here show that realistic Power-
Doppler-Profiles can be derived in a few reference 
configurations. 

Further work will have to deal with the application of the 
approach to more complex scenarios and with its validation vs. 
measurements. 
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II. ALGORITHM DESCRIPTION 
The proposed DRT algorithm is based on a classical 3D 

image-based Ray Tracing approach, as described in [2]. The 
rays are traced according Geometrical Optics and the Uniform 
Theory of Diffraction, whereas diffuse scattering can be taken 
into account through the Effective Roughness model but is not 
considered here. An input database provides the description of 
the environment for a given instant in time t0 where objects 
(buildings, vehicles etc.) are described as polyhedrons with flat 
surfaces and right edges. In addition to the geometric 
information of walls and objects with their electromagnetic 
material parameters, the instant velocity of each single moving 
object is also provided in the input database as a set of three 
elements: i) a translation vector, ii) a rotation center point, iii) 
a rotation vector. Moreover the speed vectors of transmitter 
(vT) and receiver (vR) are also specified. 
This approach has two main advantages:  

• Firstly, the Doppler information are computed online in the 
algorithm with the aid of simple formulas, as shown below. 
In such a way, there is no need to consider successive 
“snapshots” of the environment with slightly different 
displacements of the objects, and then to calculate the 
Doppler shifts with a “finite difference” computation 
method. 

• Secondly, if we define TC as the “coherence time” of the 
channel, i.e. the time during which the velocities are 
constant and the multipath structure remains unchanged, 
DRT prediction for time t0 is still valid for an infinite 
number of snapshots in the interval [t0, t0+TC]. This 
involves not only the Doppler information, but also the 
information in the angle and time-domain (e.g. Power-
Delay Profiles). 

•  
When Tx and Rx are both moving, the resulting frequency 

including the Doppler shift is computed for the LoS ray using 
the following equation: 
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where f0 is the carrier frequency of the transmitted signal, k̂  is 
a unit vector along the direction of the ray departing from the 
Tx towards the Rx, and vT , vR are the velocities of transmitter 
and receiver, respectively. 

This formula can be extended in a straightforward way to 
rays with multiple bounces, where we have n scattering 
(bouncing) points, each one moving with a different speed (see 
Fig. 1): 

  

 
A similar formulation was derived in [9] in iterative form. 
 

 
 

Figure 1 – Representation of the multiple-scatterers Doppler model 
 

 
Equation (2) assumes that the velocities of the interaction 

points on the objects are known. In the simplified case of small 
scattering objects that can be approximated as “point-
scatterers” (e.g. drones or aircrafts far in the sky) no further 
processing is needed, and we can directly apply eq. (2).  

Instead, in the case of large objects we need to compute the 
velocity of the reflection/diffraction points on the object 
surface.  

Let’s consider the typical vehicular case of a transmitter and 
a receiver both moving along a street canyon, whose side walls 
are modelled as flat reflecting surfaces. For example, in the 
case shown in Figure 2 (top view), we have Tx and Rx 
mounted on 2 vehicles moving along different street lanes in 
opposite directions, with speeds vT and vR, not necessarily 
parallel to each other, respectively.  

Let’s assume that the Tx and Rx positions at the instant t0 
are PT and PR (Fig. 2). After a time interval Δt, Tx and the 
corresponding image-Tx (i.e. the “virtual” transmitter, tagged 
as VPT) will move from the initial positions to PT' and VPT', 
respectively, while the receiver will move to PR'.  

Assuming that Tx and Rx are at the same height above 
ground, this is a simple two-dimensional problem, and the 
instantaneous speed of the reflection point (vQ) can be derived 
with simple geometric rules (see Fig. 2). In particular, vQ can 
be computed through a finite differences method with the 
following equation: 

0
   where :lim RR R R

Q
t R

Q rdQ Q Qv
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where QR and QR’ are the positions of the reflection point at 
the time instants t0 and t0+dt, respectively. These 2 points are 
computed by intersecting the reflecting wall plane π with r, 
and r’, i.e the half lines connecting the Virtual Tx positions 
(VPT ad VPT’) and the Rx positions (PR, PR’). The straight lines 
r and r’ can be expressed through the following parametric 
equations: 
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where s is a real positive parameter, and ˆ ˆ,  u u ′ , are unit 
vectors pointing from the Virtual Tx towards the Rx position at 
the two time instants t0 and t0+dt: 
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Figure 2 – Motion of the reflection point QR, when Tx and Rx are at 
the same height and moving with velocities vT, vR arbitrarily oriented 
with respect to the reflecting surface (assumed static). 

 
In the case depicted in Fig. 2, the reflection point will 

simply slide along the reflecting wall, since this wall is static. 
To further extend the previous formulation, we now 

consider the reflection on a surface of a moving object (for 
example another vehicle driving on a different lane): in 
general, this object can have a roto-translational motion, 
described by the following equation: 

obj trasl objv v OPω= + ×
 

                         (4) 

where vtrasl is the translation speed of the object, O is the 
rotation center,  is the angular speed, and P is the 

considered point of the object, assumed as a rigid body.  
In order to take into account the object velocity, we can 

adopt a reference system integral with the moving object (e.g. 
with the origin located in the rotation center), and then 
compute the relative velocities of Tx and Rx.  

By doing so, the relative velocities are computed through a 
velocity-addition formula [12] (i.e. adding vectors Tv  and 

Rv to objv ) while the reflecting wall becomes static with 
respect to the new reference system, and Eq.(3) can be applied 
similarly to the static case, but using these relative velocities.  

This formulation can be also applied to diffraction, with 
reference to the case shown in Fig.’s 2: for example, in the 
case of diffraction from the upper horizontal edge of the 
canyon sidewalls, the diffraction point will shift along the edge 
similarly to the reflection point. The case of diffraction on a 
vertical edge is even simpler: the diffraction point remains 
unchanged in the case of diffraction on a static object, while it 
moves in accordance with eq. (4) in the case of diffraction on a 
moving object. 

Moreover by applying image theory, the considered 
formulation can be generalized in a straightforward way to a 
multiple-bounce case Some examples including multiple 
bounces and objects with roto-translational motion will be 

shown in the next Section. In the more general case of Tx / Rx 
with different heights, a 3D matrix formulation is needed to 
calculate the motion of the reflection point. This extension is 
not presented here for the sake of brevity, and will be 
described in future works. 

Another important aspect is that, based on the same 
principle used to compute the instantaneous speed of the 
interaction points at a certain time, it is also possible to predict 
the behaviour of the channel in a subsequent instant without 
need to perform a new simulation, provided that the structure 
of the multipath is preserved, i.e. the major rays are the same, 
albeit moving in time. This “extrapolation” method is valid 
throughout the coherence time Tc, which is inversely 
proportional to the degree of mobility of the terminals and 
objects. The extrapolation method can be explained looking at 
Figure 2: if we know the position QR of the reflection point at 
t0, and assuming that the Tx and Rx velocities have not 
changed, we can use the instantaneous velocity of the 
reflection point (vQ) already computed through eq. (2), and 
estimate the new location of the reflection point at t0+Δt as: 

R R QQ Q v t′ = + Δ                                 (5) 
Then, we can instantaneously re-compute the ray 

trajectories (i.e. blue segments PT’-QR’-PR’ in Fig. 2) without 
need of a new Ray Tracing run. 

III. RESULT EXAMPLES 
In this section we show some results obtained with the 

DRT approach in a simple vehicular environment composed of 
a street-canyon, a moving parallelepiped made of metal 
representing a bus, and two moving radio terminals (V2V 
environment).  

The scene consists of an ideal street canyon which is 1 km 
long and has building walls on both sides, and two building 
walls closing its end sections, that can produce reflections with 
maximum Doppler shifts. Besides, the two vehicles carrying 
the Tx and Rx terminals drive on opposite lanes, while the bus 
is moving on a side lane, and therefore can generate a 
reflection from its side surface (Figure 3).  

 
Figure 3 – Representation of the V2V Scenario, with LoS ray and 
single-bounce rays on the bus and canyon walls. 

We considered an animation of the scene for a total time 
period TP=11 seconds. Since TP is greater than the coherence 
time in the considered scenario, we performed few DRT runs 
(one snapshot every 2 seconds), and for each of them we could 
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derive the Power Doppler-frequency Profile (PDfP) [13] in one 
single shot by applying equations (2), (3) and (4). 

A further case with a bus rotation of π/6 [rad/s] is also 
considered, as if the bus were skidding toward the center lane.  

A. Bus moving straight on a side lane: reflection from side 
We first consider the Tx moving toward the end of the 

street canyon at 50 km/h while the bus and the Rx are moving 
in the opposite direction at 30 km/h and 36 km/h, respectively. 
Top views of the scenario for the first, the middle and the last 
snapshots of the scene are shown in Figures 4.a, 4.b, 4.c, 
respectively. The bus is on a side lane and therefore generates 
a single-bounce reflection for a small fraction of the time 
period TP. The 3D histogram in Figure 5 shows the evolution 
of the PDfP over TP and discretized with a Doppler frequency 
step of 14.35 Hz. DRT simulations are performed with a 
maximum of 2 bounces. 

The main contributions to the PDfP (LoS, single and 
double reflections) are also tagged in the plot. The most 
evident contributions are the direct ray, with a positive 
Doppler shift in the first part of the scene that becomes 
negative in the last part, after the Rx passes by the Tx (Fig. 4b) 
and the reflections from the sides of the street canyon, which 
generate Doppler shifts with the same trend as the direct ray 
but with lower values and a less abrupt transition. 
Contributions of reflections from the walls at the beginning 
and at the end of the street canyon are also evident. 

 

 

 
Figure 4 – Start (a), mid (b) and end (c) scene snapshots for the V2V 
scenario 

 

 
Figure 5 – PDfP evolution in a V2V scenario with a simulation time 
of 11 seconds (simulation with a maximum 2 bounces). Bus moving 
straight without rotation here. 
 

(a) 

 
(b) 

 
Figure 6 – PDfP evolution in a V2V scenario with a simulation time 
of 6 seconds. Bus moving straight without rotation here. (a) PDfP 
achieved performing multiple DRT runs (bus reflection is present). 
(b) PDfP achieved through extrapolation (bus reflection is missing 
here). Only single bounces are considered here. 
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In Figure 6 we show the comparison between a PDfP 
obtained through multiple runs (Fig. 6a), and the same PDfP 
obtained through extrapolation of the ray paths according to 
eq. (5) (Fig. 6b). Only single bounces are considered here, for 
legibility reasons. In this case TP is limited to 6 seconds: since 
this value is close to the coherence time limit, the two plots 
look almost identical, except for a contribution due to a single 
reflection on the bus sidewall. The extrapolation method is not 
able to catch the bus reflection, as this path was not present in 
the initial configuration, and therefore this contribution is 
missing in Fig. 6b.  
 
B. Bus moving straight on a side lane and then rotating 

We consider now the case of Tx and Rx moving in the 
same direction at 28 km/h and 30 km/h, respectively, while the 
bus is moving in the opposite direction at 30 km/h. A detail of 
the PDfP when bus reflection is present is shown in Figure 7 
for the case of the bus driving straight (blue lines) and of the 
bus skidding toward the center lane (red lines), respectively. In 
the latter case the Doppler’s shift of bus reflection becomes 
positive (37 Hz) due to the reflection point’s movement toward 
the center lane.  

This behavior is important from the applications point of 
view: when the Doppler frequency of a major multipath 
component abruptly changes, this could indicate a potentially 
dangerous situation, e.g. a vehicle swerving from its lane. 
 

 
Figure 7 – PDfP for a snapshot of the V2V scenario with reflection 
from bus side. Here Tx and Rx are moving in the same direction at 28 
km/ and 30 km/h, respectively, while bus is moving at 30 km/h in the 
opposite direction. Bus moving straight without (blue) and with (red) 
rotation. 

IV. CONCLUSIONS 
A “dynamic ray tracing” algorithm that can perform a 

deterministic ray-based prediction, including the computation 
of Doppler’s shifts for each ray with a single run using a 
proper representation of a dynamic environment, is presented. 
The “dynamic environment database” contains the geometric 
description at a given snapshot time t0 of a moving 

environment where vehicles are described as polyhedrons 
moving in space using roto-translation vectors.  

In the present paper we describe the dynamic ray tracing 
concept and its formulation for a simple street-canyon 
environment with moving radio terminals and a large moving 
vehicle representing a bus or a truck. Results show that 
realistic power-Doppler profiles can be derived for different 
reference cases and with a very limited number of ray tracing 
runs, thanks to the possibility of extrapolating the path 
geometries within the coherence time. 

Further work will have to deal with validation of the model 
vs. measurements and with its application to more complex 
scenarios and to specific link-level or systems level 
simulations.  
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