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Abstract—Ray tracing is a powerful tool to obtain deterministic
and dynamic descriptions of communication channels. However,
performing ray tracing simulations at each discrete time instant
is computationally expensive. Instead, a new approach is pro-
posed to extrapolate results obtained from a single ray tracing
simulation. It relies on the geometric tracking of interaction
points (i.e. reflection or diffraction points), enabling analytical
or numerical predictions of the evolution of any ray identified
during an initial ray tracing simulation. The performance of this
new approach is studied on several canonical vehicle-to-vehicle
configurations, as part of a statistical study. Focus is also given to
the time horizon during which dynamic ray tracing is possible,
related to the lifetime of the main rays. This time horizon can be
directly estimated based on the knowledge of the geometry and
its evolution. It is found to be the main parameter influencing the
accuracy and the computational gain of the presented approach.

Index Terms—Ray Tracing, Dynamic Ray Tracing, V2V Com-
munications, Millimeter Waves

I. INTRODUCTION

A. Background

Deterministic models of communication channels, such
as Ray Tracing (RT), are expected to assist the design of
future millimeter wave wireless systems. Indeed, working
at higher frequencies makes the ray-optics assumption more
valid, improving the accuracy of the results obtained by RT
[1]. Current trends in research about RT focus on two main
topics [2]: the level of details required to accurately model an
environment is studied (such as modelling trees, scattering [3],
etc.), and new software approaches to reduce the computation
time are developed [4]. However, these two goals are rather
antagonist, as adding more details to improve the accuracy
of the models also makes them more complex and more
computationally intensive, leading here to an important trade-
off. Recent illustrations of such a trade-off between accuracy
and complexity for millimeter-wave communication can be
found in [5]–[7].

Furthermore, future communication channels will become
more dynamic, with fast motion (e.g. for V2V communications
[8] or for train communications [9]) and shadowing due to
vehicle up to 15 dB [10-11]. Real-time beamforming or chan-
nel estimation may then become more challenging, advocating
for new solutions, such as directly embedding RT simulations
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inside wireless communication systems [1-2]. This requires RT
models to be more dynamic, with stronger timing constraints.

In the present work, a possible approach to perform Dy-
namic Ray Tracing (DRT), with a very low computation time
and a high accuracy, is investigated. The goal is to avoid
performing RT simulations at each discrete time instant (i.e.
Monte Carlo approach, repeating classical static RT simula-
tions), while still being able to estimate the communication
channel (the rays) at these instants. We rely on a single RT
simulation and on a perfect knowledge of the environment
and its time-evolution. Doing so, it is possible to predict the
evolution of any ray identified by the RT simulation, thanks
to the tracking of the interaction points.

B. Related Works
The idea of extrapolating results from a single RT simu-

lation is not new. In [12], a spatial extrapolation method is
presented in order to determine the electric field in the vicinity
of the receiver. Regarding moving scenarios, some methods
computing the evolution of the visibility relationships prior to
the RT simulations have been applied. This is the case in [13],
where the geometry and the visibility are updated based on the
mobility of the transmitter, the receiver and the objects in the
environment. After this update, classical RT simulations are
performed at several snapshots. The same principle has also
been presented for game engine RT of dynamic scenes, using
distinct bounding volume hierarchies for static and dynamic
objects [14]. Similarly, a visibility table is constructed in [15]
based on the trajectory of the moving transmitter. With such
a table, the complexity of the following RT simulations is
reduced.

Furthermore, [16] tackles the receiver mobility using the
concept of ray entity. A ray entity is a set of rays undergoing
the same propagation phenomena on the same objects, as
the receiver is moving. The main idea of [16] is to store
the ray entities instead of all the rays at several snapshots,
thus reducing the memory needed and enabling continuous
interpolation of RT.

In [17], moving transmitter and receiver are considered in
a static environment. Performing RT simulations separated
by a given time interval, complex-valued coefficients of all
multipath components of the channel are interpolated based
on the displacement vectors of the transmitter and the receiver.
Discussions about the time resolution at which RT simulation
must be performed are also briefly introduced.

Finally, dynamic ray tracing has already been investigated,
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namely to obtain Doppler shift profiles [8-18-19]. However,
most of these works do not take into account the possible
sliding of interaction points on surfaces [20]. In [20], a
new extrapolation model based on a single RT simulation
is presented. It provides a description of the delay and the
Doppler shift of all identified rays, during the lifetime of the
main multipath components of the channel. However, the main
drawback of the approach is related to the creation of new rays
due to the dynamic evolution of the environment.

Here, the following contributions are added:
• The fully deterministic (and analytic) characterization

of the motion (i.e. the sliding) of any interaction point
previously identified, giving all the necessary mathemati-
cal expressions. The framework presented here enables
to support fully dynamic environments, with moving
transmitter and receiver as well as moving obstacles. The
presented methodology for characterizing the motion of
interaction points is tool agnostic and can use the outputs
of any initial RT simulation.

• The generalization to multiple interactions, enabling to
find directly the new rays with all information about
the communication channel (delay, phase, power, angles,
etc.). Those outputs are similar to the ones obtained using
the ray entity concept presented in [16] but the approach
is different and can handle more than two interactions
and scenarios where not only the receiver is moving.

• The characterization of the extrapolation time between
RT simulations thanks to a statistical study. Going further
than in [17], some simple rules giving the extrapolation
time for a specified dynamic environment are presented
and discussed. The trade-off between the accuracy of our
DRT approach and its computational gain with respect to
classical RT simulations is also explored.

Thereby, the DRT algorithm presented here offers a geometric
computational gain (i.e. comparing the simulation time needed
to identify all rays at a given instant by RT or by using the
DRT approach previously initialised with a RT simulation) of
three orders of magnitude with negligible error (of the order
of nanometer) on the positions. It is also shown that the real
computational gain arising from the spared RT simulations and
the loss of accuracy due to missing rays in DRT are strongly
linked to the extrapolation time.

C. Structure of the paper

In Section II, the DRT approach based on the tracking
of interaction points is presented. Then, Section III focuses
on possible implementations of the new approach, inside a
RT tool, and Section IV validates those implementations on
simple examples. Finally, a study of the extrapolation time is
performed in Section V.

Notation: Throughout this work, a denotes a vector, having
for components (ax, ay, az)T .

II. DESCRIPTION OF DRT

To extrapolate the geometry of a given ray, one needs to
characterize the time-evolution of the positions of any of the

interaction points constituting this ray. From the geometry of
the problem, the following quantities are known, at any time:
• the position and velocity of the transmitter and the

receiver;
• the position and velocity of any object (buildings, vehi-

cles, etc.) in the environment.
All velocities can be time-varying, even though it will be often
assumed in this work that all velocities are constant during
the channel stationarity time, i.e. the time during which the
main multipath components (MPCs) are related to the same
rays. Furthermore, rigid-body rotations or deformations are not
allowed.

Then, from a unique RT simulation at time t0, it is possible
to extract the positions of all interaction points, including all
reflection and diffraction points. Based on their initial posi-
tions, their motion can be fully characterized. The equations
stating the positions and the velocities of reflection points for
a horizontal plane are first derived, before being generalized
to oblique and multiple planes. Next, a similar approach
is applied to diffraction points. The main contributions in
this section are the presented generalization approaches, in
Sections II-A3 and II-B3, as well as the computation of the
image point velocities.

A. Tracking of reflection points
1) Horizontal plane: A simple 3D case is considered, with

a horizontal plane Π, a transmitter and a receiver located at dif-
ferent heights. The transmitter and receiver points are located
respectively in (xTX , yTX , zTX)T and (xRX , yRX , zRX)T .
The plane equation is given by Π : y = yw with x, z ∈ R and
yw being a given (real) constant denoting the height (along
y-axis) of the horizontal plane with respect to the origin. The
geometry is depicted in Figure 1. Using the image method,
the reflection point (IX) is determined and is located at the
intersection between the plane and the line passing through
the receiver (RX) and the image of the transmitter (TX’). The
equation of this line is:

d :
x− xTX′

xRX − xTX′
=

y − yTX′

yRX − yTX′
=

z − zTX′

zRX − zTX′
(1)

with the transmitter image point position given by
(xTX′ , yTX′ , zTX′)

T = (xTX , 2yw − yTX , zTX)T . Since the
reflection point IX belongs to the plane, the expression of its
position is:

xIX = xTX +
(

xRX−xTX

yRX−2yw+yTX

)
(yTX − yw)

yIX = yw

zIX = zTX +
(

zRX−zTX

yRX−2yw+yTX

)
(yTX − yw)

(2)

Deriving these last expressions with respect to time gives
the instantaneous velocity of the reflection point. Assuming
a purely vertical motion for the plane (with speed vw,y) and
constant velocities for the transmitter and the receiver (vTX

and vRX ), the x-velocity of IX is given by the chain rule:

vIX,x =
∂xIX
∂xTX

vTX,x +
∂xIX
∂yTX

vTX,y +
∂xIX
∂xRX

vRX,x

+
∂xIX
∂yRX

vRX,y +
∂xIX
∂yw

vw,y (3)
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Fig. 1: Horizontal plane - TX and RX are below the plane.
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Fig. 2: Example of generalization to three reflections, in 2D

with all derivatives with respect to the positions that can be
computed from (2). Similarly, the z-velocity is computed,
whereas the y-velocity of IX is given by vw,y .

Therefore, the instantaneous velocity of the reflection point
depends on the velocities of the transmitter, receiver and the
plane, as well as on their instantaneous positions. This velocity
is thus not constant even if the TX, RX or the plane velocities
are assumed to be constant.

2) Oblique plane: Oblique planes can be handled using
changes of coordinate systems thanks to rotation matrices, so
as to end up in the local frame associated to the plane (i.e.
the frame where the normal is aligned with the y-axis, as
considered in the previous section).

3) Generalization to multiple reflections: In order to com-
pute the motion of each interaction point independently (ap-
plying (2)), we suggest to use the corresponding images of
the transmitter and the receiver as TX and RX for the plane
under consideration. This means, for example, that TX’ and
RX’ are used in Figure 2 to characterize the motion of IX2.
The instantaneous positions (and velocities) of TX and RX
images is found thanks to the knowledge of TX and RX initial
positions and velocities, as well as the velocities of all planes

TX

𝜋

TX’

𝒗𝒘
∗

𝒗𝑻𝑿´
∗

𝒗𝑻𝑿
∗

x*

y*

z*

Fig. 3: Velocity of TX image point

used to construct the image points.

With the assumption of constant velocities, the velocities
of the image points are also constant and can be computed
once, during the first RT iteration. If not, they must be
recomputed at any instant. In both cases, using geometrical
considerations illustrated in Figure 3 and reasoning in the local
frame associated with the plane (i.e. after having applied the
rotation matrix M of the plane), the velocity of the TX image
point is given by:

v∗TX′,x∗ = v∗TX,x∗

v∗TX′,y∗ = 2v∗w,y∗ − v∗TX,y∗

v∗TX′,z∗ = v∗TX,z∗

(4)

with [.]∗ denoting the local frame coordinates (v∗TX = MvTX

and v∗w = M vw). After that, the inverse rotation matrix is
applied to v∗TX′ to get back to the initial frame. Similarly,
velocities of RX image points are found and this approach
can be used successively if several planes are considered.

Finally, the positions of the image points at a given instant t
are obtained from the initial positions using the laws of linear
motion.

B. Tracking of diffraction points

In a similar way to what has been done for the tracking
of reflection points, the equations describing the positions of
diffraction points are derived.

1) Canonical configuration: Following Keller’s law of
diffraction [21], the diffraction by an edge is depicted in Figure
4. In this canonical configuration, the edge vector ê is assumed
to be aligned with the y-axis, i.e. ê = (0, 1, 0)T . TX and RX
positions are known, as well as the x- and z-position of the
diffraction point IX, since the diffraction point must be located
on the edge. Therefore, we define xIX = xe and zIX = ze,
both known. Only yIX remains to be computed, using the
theory of similar triangles.
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Fig. 4: Diffraction by an edge

Indeed, the two triangles formed in Figure 4 are similar
and share the following property in terms of distance ratios
(distances are defined in Figure 4):

c :=
dTX

dRX
=

LTX

LRX
=

yTX − yIX
yIX − yRX

(5)

with dTX =

√
(xTX − xe)2 + (zTX − ze)2 and dRX found

similarly. Hence, the y-position of the diffraction point is given
by, with c computed knowing dTX and dRX :

yIX =
yTX + c yRX

c+ 1
(6)

Time derivation of (6) to obtain the instantaneous velocity
of the diffraction point is not trivial and has not been further
studied.

2) Oblique edge: As for reflections, if the edge is not
oriented along the y-axis, a rotation matrix is first applied
in order to end up in the local coordinate system considered
previously.

3) Generalization: It is assumed that diffraction is only
possible at the last interaction, as this drastically reduces the
complexity of UCLouvain RT software [22-23]. In this case,
image points of the transmitter can only come from reflections
and there are no receiver image points. Hence, the computation
of all interaction points is performed successively, as depicted
in Figure 5. This approach can also be generalized to one
diffraction at any interaction, by recursively computing the
TX and RX image points up to the diffraction, finding the
diffraction point and then working backwards. For example,
for a ray with three interactions in which there is a diffraction
at the second interaction, the images of the transmitter and the
receiver are first computed (TX’ and RX’). Then these latter

TX

RX

TX’

IX1

IX2

TX’’

IX3

1

2

3

: Order of computationx

Fig. 5: Generalization for diffraction - First, IX3 is determined
thanks to RX and TX”. Then, IX2 can be found using TX’
and IX3. Finally, IX1 is obtained with TX and IX2.

are used to determine the position of the diffraction point, i.e.
IX2. Knowing IX2 and the TX-RX image points, the reflection
points IX1 and IX3 are found.

However, generalization to multiple diffraction in a single
ray remains an open question. Generalization to more complex
geometries as well as to other propagation phenomena will
also be part of future work. Similar approaches to the ones
presented here can be used, relying on the characterization of
the motion of interaction points.

III. IMPLEMENTATION

Dynamic ray tracing is considered as a post-processing
approach of an initial RT simulation. Indeed, based on the
previous section, it is possible to track the positions of the
interaction points, if, during an initial RT simulation, all the
following quantities are recorded for each ray:

• Position and velocity of TX;
• Position and velocity of RX;
• For each wall/edge i interacting with the ray:

– Reflection/diffraction point position (IXi);
– Velocity of the wall/edge (vw);
– Position and velocity of corresponding image of TX;
– Position and velocity of corresponding image of RX.

Then, for each wall/edge, relations from Section II-A can
be applied independently (for reflection points) or recursively
(for diffraction and reflection points).

In this section, two different approaches have been identified
to evaluate the positions of the interaction points: either
a step-by-step (numerical) integration, or a fully analytical
integration. Both rely on different hypotheses.
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A. Step-by-step (numerical) integration

This approach is particularly suited for geometries where the
velocities are time-varying and especially when one does not
have access to analytical expressions of the temporal variations
of the velocities, but rather access to the velocity values at
some discrete instants.

1) Closed-form for reflection only: If only reflections are
considered, one can directly work on the positions of the
reflection points IX and compute xIX(t+ ∆t) = xIX(t) +
vIX(t) ∆t with vIX(t) computed thanks to (3), using the
velocities of TX, RX and the obstacles at time t. This leads
to an iterative algorithm, starting from the results of the RT
simulation and updating the positions of the interaction points
every ∆t.

However, this implementation cannot be used with diffrac-
tion, the main reason being that the presented generalization
for diffraction with multiple interactions does not allow in-
dependent computations for interaction points. Moreover, a
closed-form for the velocity of a diffraction point has not been
derived.

2) With analytical substitution, for reflection and diffrac-
tion: Here, the new positions of the TX, RX or their image
points are first computed by numerical integration. For exam-
ple, using xTX(t + ∆t) = xTX(t) + vTX(t) ∆t for TX
position. Then, these positions are substituted in (2) and (6)
to determine the position of the interaction points.

The numerical integration can be applied even if the ve-
locities are not constant. However, for geometries with con-
stant velocities, this approach is equivalent to the analytical
approach explained next.

B. Analytical approach

If analytical expressions of the time-variations of the ve-
locities are known, the time dependency can be made explicit
in (2) and (6) using, for example, xTX(t) = xTX(t0) +∫ t

t0
vTX(t′)dt′ for the transmitter. Hence, if constant velocities

are assumed, the integration is straightforward.

C. Creation and suppression of rays

Since the DRT approach is based on an initial RT simulation
for identifying the existing rays, rays that are not present in
this preliminary RT simulation will not be found by the DRT
algorithm. This happens especially when new rays are created
due to the dynamic evolution of the geometry. The effect of
this creation of rays is further studied in Section IV-B.

Furthermore, all equations obtained in Section II assumed
the planes or the edges to be infinite, which is not the case in
practice. Therefore, the computation of the new IX positions
must be compared with the evolution of the geometry. Indeed,
the computed IX positions may end up falling out of the
surface on which a reflection was possible before, or out of the
edge where there was a diffraction. In this case, the whole ray
should be suppressed since it does not exist anymore and will
not be found by the classical RT algorithm. This verification
is implemented as a ray-suppression mechanism.

TX

RX

1 2

3

y [m]

x [m]

z [m]

Fig. 6: Three-obstacle configuration: rays at initialisation -
diffraction rays are in dashed lines

Finally, rays may also disappear because of blockages, i.e.
when moving obstacles start blocking rays that previously
existed. In the current approach, this is not verified dynam-
ically. This means that not only newly created rays but also
blocked rays will impact the accuracy of the DRT approach.
This impact is studied on some channel metrics in Section V.

D. Electric field values

The presented DRT approach is performed at the geometry-
level, having for output the geometry of the rays at an given
instant. This means that equations from geometrical optics
(GO) and the uniform theory of diffraction (UTD) must be
used afterwards to compute the received electric fields [24].
This is no different than the last part of any RT software, that
first identifies the rays geometrically and then computes their
respective electric field values.

IV. VALIDATION ON SIMPLE EXAMPLES

The presented approach is validated on two main examples
and in both cases, constant velocities for all obstacles in the
geometry are assumed. This validation has been performed
by comparing the outputs of UCLouvain original RT software
[22-23] and the outputs of the new DRT software. Outputs
of RT simulations are considered as ground truth for the
comparison with the DRT outputs in order to establish the
performances of the DRT methodology (in terms of accuracy
and complexity) and validate it.

A. Three-obstacle configuration

UCLouvain RT software has been used [22-23], with the
maximal number of interactions set to three. The studied
configuration, along with the rays identified at initialisation,
is depicted in Figure 6. The transmitter is given a velocity
(0.1,−0.2, 0)T , and the receiver (0, 0.5, 0)T . The obstacles
in the environment are also moving, having for velocities
v1 = (1, 1, 0)T , v2 = (0,−0.5, 0)T and v3 = (0, 0, 1)T , all
in metre per second. The ground is depicted in red.

Based on this initial configuration, the DRT approach is
used to characterize the ray geometry every ∆t = 0.1 s, up to
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Fig. 7: Evolution of total distance of all reflection rays (for
three-obstacle configuration)
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Fig. 8: Evolution of distance error, considering only reflection
rays (for three-obstacle configuration)

a time horizon of 3 seconds. Results are compared with the
ones obtained by RT simulations at these instants, in terms of
total distance travelled by each ray, as given in Figure 7 (only
reflection rays). There seems to be a total agreement between
the distances computed based on RT simulations and the ones
from the DRT approach since the points are superimposed.
This agreement is quantified using the mean of the absolute
distance errors on all rays, defined by

εd(t) =
1

Nray

Nray∑
n=1

∣∣dRT
n (t)− dDRT

n (t)
∣∣ , (7)

which is depicted in Figure 8. Nray is the total number of
rays (which also depends on time), dRT

n (resp. dDRT
n ) is the

total distance of ray n computed from RT simulations (resp.
from DRT simulations). Two possible implementations of
DRT are compared: the analytical approach and the numerical
integration using the closed-form (since only reflection rays

are considered here).

In Figure 8, an expected error propagation mechanism for
the numerical integration approach is observed. This comes
from the assumption of constant velocity for the reflection
points used in the numerical integration approach (vIX(t)
assumed constant during ∆t) which is not verified, as already
stated at the end of Section II-A1. Moreover, the higher the
value of ∆t, the less accurate is this assumption and therefore
the higher the error.

One can also notice that most of the error is coming from
the rays having a reflection on the second obstacle, as the
error drops drastically when these rays are suppressed. This is
also a consequence of the constant velocity assumption for the
reflection points, which is not verified for the two-reflection
rays. However, in this particular example, the application of
(3) for the ground reflection point leads to a constant velocity
vIX . This explains why, at the end of the simulation (i.e. when
only the ground reflection and the LOS rays remain), results
between numerical and analytical DRT are superimposed, for
any value of ∆t.

In addition, the best achievable accuracy is obtained thanks
to the analytical approach and is close to the nanometer.
Infinite accuracy is not reached, owing to the accuracy level of
the RT software (10−10 meter). Nevertheless, this nanometer
accuracy is, on average, the ground level for all rays. Indeed,
even when some rays are suppressed, the accuracy remains
close to the nanometer with the analytical approach.

Considering diffraction rays, only the analytical approach
can be used1. We found that the measured accuracy is again
close to the nanometer, the average value of εd being 5.51×
10−10 m, whereas the maximum observed value is 8.97 ×
10−10 meter.

Nonetheless, the presented example does not involve the
creation of new rays. This explains why DRT results will
always be superimposed to RT results, during a theoretically
infinite extrapolation time.

B. One moving obstacle and ray creation

On the contrary, the simplest example involving the creation
of new rays is considered in this section, its geometry being
given in Figure 9 (RT simulation outputs). The transmitter is
located in (−25, 10, 5)T and the receiver is in (25, 10, 5)T .
Both are kept fixed. The ground level is at z = 0 m and there
is only one moving obstacle (of a height of 10 meters) in
the environment. The obstacle is initially located 10 meters
away from the transmitter in the y-direction and is moving
towards the receiver in the x-direction (its velocity vector
is (20, 0, 0)T ). After 3 seconds, the obstacle is now located
next to the receiver (symmetric situation w.r.t. the initial
configuration) and the simulation is completed. Analytical
DRT is performed every 0.02 second, always based on the RT

1Since constant velocities are assumed in the geometry, the numerical
integration with analytical substitution falls back to the analytical approach,
whereas the closed-form numerical integration can only be used with reflection
rays.
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TX RX

(a) Rays at initialisation

TX RX

(b) Rays after 1.5 seconds, with a new reflection ray on the obstacle
(in purple)

Fig. 9: Geometry and rays configuration for the example with
one moving obstacle (diffraction rays are in dashed lines)

simulation at time t = 0 s. For the comparison, RT simulations
are performed every 0.1 s and channel quantities are compared.
The chosen carrier frequency is 1.8 GHz, and the effective
relative permittivity (of the ground and the obstacle) is set to
εeffr = 4.44 − j 0.01 [25-26].

As expected, discrepancies between channel metrics com-
puted using RT or DRT are noticed, owing to the new rays.
This is observed in Figure 10, depicting the evolution of the
RMS delay spread. The new reflection rays appear between
1.25 and 1.75 seconds of simulation time, drastically impacting
the delay spread.

Therefore, an important quantity taking into account the
impact of the forgotten rays must be defined: the extrapolation
time. This latter corresponds to the maximum time interval
during which one can perform DRT simulations and still
get a sufficiently good knowledge of the channel. After the
extrapolation time, it will be recommended to reperform a
classical RT simulation in order to find new rays that have
been created or to suppress rays that have been blocked. This
new RT simulation can then be used as a new initialisation for
the DRT approach.

In this simple example with one moving obstacle, the
extrapolation time is directly related to the lifetime of the new
rays. This lifetime is given by the ratio between the width dw
and the velocity vw of the moving obstacle. Numerical values
for dw = 10 meters and vw = 20 m/s lead to a ratio dw

vw

of 0.5 second. This corresponds to the duration of the time
interval between 1.25 and 1.75 seconds of simulation time
where the new rays are present. Taking an extrapolation time
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t [s]
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6

R
M

S
 [

s
]

10
-9 RMS delay spread

DRT w/o diff.

RT w/o diff.

DRT

RT

Fig. 10: Evolution of RMS delay spread (for one moving
obstacle configuration)

of 0.5 second means that the new reflection rays will at least
be found at one given instant, since a RT simulation will be
performed in the time interval between 1.25 and 1.75 seconds.

V. STATISTICAL STUDY OF EXTRAPOLATION TIME

For our DRT approach to be complete, one must know
beforehand the extrapolation time that must be used. We know
that this time is related to the lifetime of the rays, especially the
strongest rays (usually reflection rays). However, in the case
of complex geometries involving several moving obstacles, it
is not easy to obtain an expression of the accurate lifetime
of the rays. This is especially true because there will be
multiple reflection rays, having their own lifetime. Therefore,
the following rule has been suggested as an approximation of
an upper bound for the extrapolation time:

text ≤
dmin

vmax
(8)

where dmin is the minimal length (or width or height, i.e.
the smallest dimension) of the obstacles in the geometry on
which a reflection may occur during the dynamic evolution
of the geometry, and vmax is the maximal amplitude of all
velocities in the geometry.

Equation (8) leads to two important observations:
• It does not provide a real upper bound for the extrapola-

tion time, or equivalently a lower bound for all (reflection)
rays lifetime. Indeed, one must actually use the relative
velocity (with respect to the wall) of the reflection points
at the denominator and not an absolute velocity. In a
general case, finding these relative velocities or even an
upper bound is difficult and not practical since it implies
to take vectorially into account the direction of motion of
all obstacles and of TX and RX. However, in a scenario
with 1D motion for example, it is possible to upper
bound the maximal relative velocity by twice the maximal
velocity vmax, i.e. vrel,max ≤ 2 vmax.

• Upper bounding the extrapolation time ensures that all
reflection rays will be found at least at one instant by
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using a new RT initialisation. Nevertheless, it does not
give any confidence about the instant where the new RT
initialisation will occur: it can be at the beginning of the
apparition of the new rays, or at the end, and this strongly
depends on the initial configuration of the geometry. A
possible solution to make sure to find the new rays at the
beginning of their apparition would be to use 10% of the
value given by (8) for example, so that it can be expected
that each ray will be found for at least around 90% of
their lifetime. However, this is a rather pessimistic and
strong constraint since few or no rays will have a lifetime
equals to or lower than dmin

vmax
.

Following these observations, some simple rules giving
the extrapolation time based only on the knowledge of the
geometry and its evolution have been suggested and are
grouped in Table I.2

Rule A Rule B Rule C Rule D

text
1

10

dmin

vmax

1

2

dmin

vmax

dmin

vmax

1

4

dmin

vmax

TABLE I: Considered rules for the extrapolation time

These are rules of thumb easy to apply and that do not
require a deep analysis of the geometry. Hence, they provide a
coarse approximation of the ray lifetime. In order to determine
which rules to use, a statistical study on 60 RT simulations
has been conducted. Three typical dynamic environments
have been considered: a city street, a city crossroad and a
highway. These environments are depicted in Figures 11 to 13,
where the velocity vectors have been added. In each of these
configurations, several parameters have been modified in order
to perform 20 different RT simulations per configuration. This
involves modifications in the transmitter, receiver, vehicle and
wall initial positions and velocities.

The simulation parameters used in all configurations are
given in Table II. Vehicles have been modeled by rectangular
cuboids (5 meters length, 2 meters width and 2 meters height
for cars; 10 meters length, 2 meters width and 4 meters
height for trucks/buses). They have been assumed to be
made of metal, having an effective relative permittivity of
εeffr = 4.5− j 4× 108 [8]. The receiver antenna is a dipole,
whereas the transmitting antenna is assumed isotropic. The
time interval of simulation ranges from 0 to 3.5 seconds for
all configurations. RT and DRT simulations are performed and
compared every 0.01 second.

Carrier frequency [GHz] 1.8
Effective relative permittivity of bricks 4.44 - j 0.01
Effective relative permittivity of ground 3 - j 0.021

Maximal number of interactions 2

TABLE II: Simulation parameters for statistical study
(Permittivities based on [25]–[27])

A. Study of channel-based metrics
There is no point at comparing geometric quantities ob-

tained by RT or DRT since some rays will be missing. Instead,

2Rule D is an extra rule that was found to be useful for configurations
dominated by diffraction.

TX
RX

Fig. 11: Upper view of one example of the city street config-
uration (with all reflection rays, diffraction rays not depicted)
- scales in x- and y-axis are different

channel metrics are computed based on RT or DRT rays
and compared. The considered channel metrics are the delay
spread, the azimuth and elevation angle spreads as well as the
K-factor and the total received power. Given a certain rule for
the extrapolation time, the percentage of simulation time where
the relative error on a given channel metric is below 20% has
been recorded. For example, regarding the delay spread, the
percentage of time where∣∣∣∣τRT

RMS(t)− τDRT
RMS(t)

τRT
RMS(t)

∣∣∣∣ ≤ 0.2 (9)

holds is computed, with τRT
RMS(t) the delay spread obtained

using RT and τDRT
RMS(t) obtained using DRT, at time t. As

stated previously, RT and DRT simulations have been per-
formed every 0.01 second (t), therefore the time percentage
results from counting the number of discrete time instants t
where (9) is true.

On the one hand, the choice of using a relative error is
motivated by the dependency of the values of the channel
quantities with the carrier frequency. Indeed, the relative power
of the different rays depends on the carrier frequency since this
latter influences the relative permittivity that itself modifies
reflection and diffraction coefficients [27]. On the other hand,
fixing the acceptable relative error level at 20% is mostly
based on observations of the variations of the channel metrics.
As a matter of fact, it has been observed that the creation
of important rays, such as the LOS or main reflection rays,
has a strong impact on the metrics, whereas the creation of
diffraction rays or weak reflections has a lower impact, usually
below 20%. Moreover, since RT is based on the geometrical
optics assumption, it is in itself an approximation of the reality
with some errors. Therefore, allowing an extra 20% variation
is considered acceptable.

The mean and the standard deviation of this time percentage
have been computed and are given in Tables IV to VIII, in
Appendix. For all cases, Rule A led to extrapolation times less
than or equal to 0.01 second, which is the timestep at which
RT and DRT simulations are performed. This explains why
this rule provides a perfect accuracy since each RT simulation
is used to feed the DRT approach. However, reducing the
timestep to study Rule A more accurately was not compu-
tationally affordable, i.e. this rule is too constraining.

Notwithstanding this observation, the general trend is the
following: the longer the extrapolation time, the lower the
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TX

RX

Fig. 12: Upper view of one example of the city crossroad
configuration (no reflection rays, diffraction rays depicted)

TX RX

Fig. 13: Upper view of one example of the highway configu-
ration (with all reflection rays, diffraction rays not depicted) -
scales in x- and y-axis are different

mean percentage of time where the relative error is below
20% and the larger the standard deviation.

Moreover, regarding the city street and highway configu-
rations, Rule B seems to achieve the best trade-off between
having the longest possible extrapolation time while ensuring
accurate results for more than 90% of the time. It also provides
the lowest standard deviation (among the rules studied and ex-
cepting Rule A). However, for the city crossroad configuration,
Rule B does not offer the 90% of time accuracy but this latter
can be achieved by following Rule D. This means that the
extrapolation time should be further reduced, probably owing
to the prevalence of diffraction in this configuration. Indeed,
there are mainly diffraction rays linking TX and RX in the
city crossroad configuration, with rare LOS or reflection rays
(see Figure 12). Since the presented rules have been deduced
based on the lifetime of reflection rays, it is not surprising
that they must be slightly adapted in geometries dominated
by diffraction.

As a result, Rule B seems to be the most promising rule,
except in geometries dominated by diffraction where it is
suggested to further reduce the extrapolation time.

B. Computational gain

For all simulations, the execution times for RT and DRT
have been recorded. They were found to vary from one
simulation to another, depending on the current load of the

City street City crossroad Highway
Mean Std Mean Std Mean Std

DRT gain 1405 510 1546 439 5401 2044

TABLE III: Geometric computational gain CG thanks to DRT

shared computer used and the complexity of the geometry.3

The geometric computational gain CG compares only the
execution times needed to obtain only the geometry of the rays
from a RT simulation or from a DRT simulation (assuming
that a RT initialisation has been performed previously but not
taking into account the time for this RT initialisation), hence
its name. By definition, this gain CG is thus independent
of the extrapolation time. Its mean and standard deviation
are given in Table III. It can be observed that this gain
reaches on average three orders of magnitude and mainly
comes from the saving of the polygon visibility computation
and the reflection tree that is part of the RT. Regarding the
highway configuration, the gain is even larger owing to the
small number of rays. In this case, very few computations
are performed by DRT (since the number of computations in
DRT is proportional to the number of rays), whereas whatever
the number of rays, RT needs to construct the reflection tree
and evaluate the visibility [23]. Modifying slightly the initial
configuration leads to the creation of new rays (e.g. apparition
of a LOS), explaining why the standard deviation can be quite
large.

Nevertheless, the real, and effective, computational gain
CR also takes into account the computation time for the
RT initialisations as part of the DRT execution time, as
well as the computation of the electric fields based on the
rays (using GO). This gain is expected to increase with the
extrapolation time since a longer extrapolation time leads to
fewer RT initialisations, reducing the overall time of the DRT
simulations. In fact, assuming that the DRT computation time
is negligible compared to the RT execution time, an upper
bound for the real computational gain (noted Cth

R ) is:

CR < Cth
R =

text
∆t

, (10)

with ∆t the time interval between two simulations where
one wants to know the channel. Equation (10) results from
the number of spared RT simulations between performing RT
simulations at each ∆t or at every text seconds. A similar
discussion is presented in [17].

In practice, the theoretical CR has not been reached. Given
the large geometric gain CG, neglecting the computation time
for the ray geometry, as assumed in (10), is not an issue.
However, the time necessary for the recomputation of the
electric field values based on the DRT ray geometry was not
found to be negligible. This is a consequence of the diffraction
model used (Guevara’s coefficients, based on [28]), involving
the computation of Fresnel integrals. Hence, to fully benefit
from the DRT computational gain, further improvements or

3For example, in the city street configuration, the computation time for the
RT simulations is above 6000 seconds whereas the DRT simulations (without
RT initialisation) are performed in close to 4 seconds (using an Intel Xeon
E5-2630 v3 @2.40GHz).
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modifications to the diffraction model in our current DRT
model must be carried out. Neglecting the computation time
of the diffracted fields, the measured computational gain is
close to the theoretical bound (see Table IX in Appendix).

VI. CONCLUSION

An approach to perform dynamic ray tracing, i.e. to predict
the evolution of the rays in a geometry evolving with time, has
been presented. It relies on a single ray tracing simulation and
enables to track the motion of interaction points constituting
any ray up to a given time horizon.

Two solutions to implement the tracking have been pro-
posed, either a numerical approach particularly suited for ge-
ometries with time-varying velocities, or an analytical method,
faster and more accurate but only possible if analytical ex-
pressions of the time for the velocities are available. Both
approaches have been validated geometrically as well as at
the channel-level on a few examples.

Focus has also been given to the time horizon during which
DRT can be applied, i.e. the extrapolation time. Few rules
have been derived in order to determine this time beforehand,
based only on the knowledge of the geometry and its evolution.
The validity of those rules has been established thanks to a
statistical study on several RT simulations in typical urban
environments. Based on this study, it is suggested to upper-
bound the extrapolation time by 1

2
dmin

vmax
(Rule B) to ensure a

relative error smaller than 20% on most channel metrics for
more than 90% of the simulation time, in environments that
are not dominated by diffraction (see Section V).

All in all, the presented approach offers a geometric ac-
curacy close to the nanometer (i.e. the accuracy level of
UCLouvain RT software) as well as a geometric computational
gain of three orders of magnitude, only depending on the
number of rays in the geometry. However, the overall gain, that
involves the recomputation of the electric field quantities based
on the known ray geometry, has been found to be strongly
limited by the diffraction model used.

Future work can focus on some limitations of the presented
DRT approach, such as the addition of more propagation
phenomena, the addition of new types of motions (e.g. ro-
tations), the handling of more complex geometries or the
generalization to multiple diffraction in a single ray. The
validity of the presented Rules for the extrapolation time can
then be evaluated on more complex scenarios, as well as the
computational gain. Finally, future work will also assess the
validity of the constant velocity assumption in real scenarios.
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APPENDIX

text
City street City crossroad Highway

Mean Std Mean Std Mean Std
Rule A 100.00 0.00 100.00 0.00 100.00 0.00
Rule B 95.12 3.44 83.02 6.01 92.83 3.75
Rule C 91.79 5.18 70.14 9.16 86.72 6.29
Rule D - 90.47 3.58 -

TABLE IV: Percentage of simulation time where relative error
on delay spread is below 20%, depending on the chosen
extrapolation time rule (all results are in percent)

text
City street City crossroad Highway

Mean Std Mean Std Mean Std
Rule A 100.00 0.00 100.00 0.00 100.00 0.00
Rule B 93.89 5.04 83.45 7.15 91.26 3.63
Rule C 89.62 7.77 73.58 10.66 84.26 6.58
Rule D - 91.17 3.84 -

TABLE V: Percentage of simulation time where relative error
on azimuth spread is below 20%, depending on the chosen
extrapolation time rule (all results are in percent)

text
City street City crossroad Highway

Mean Std Mean Std Mean Std
Rule A 100.00 0.00 100.00 0.00 100.00 0.00
Rule B 95.51 3.83 88.77 5.47 90.48 6.84
Rule C 91.71 6.40 80.67 8.81 85.11 8.65
Rule D - 93.80 3.31 -

TABLE VI: Percentage of simulation time where relative error
on elevation spread is below 20%, depending on the chosen
extrapolation time rule (all results are in percent)

text
City street City crossroad Highway

Mean Std Mean Std Mean Std
Rule A 100.00 0.00 100.00 0.00 100.00 0.00
Rule B 93.51 6.18 84.05 7.93 91.87 3.51
Rule C 90.17 7.63 75.13 11.49 84.68 6.60
Rule D - 90.66 4.50 -

TABLE VII: Percentage of simulation time where relative
error on K-factor is below 20%, depending on the chosen
extrapolation time rule (all results are in percent)

text
City street City crossroad Highway

Mean Std Mean Std Mean Std
Rule A 100.00 0.00 100.00 0.00 100.00 0.00
Rule B 95.51 2.88 85.47 4.82 92.29 3.05
Rule C 91.72 5.02 76.15 7.48 86.10 5.41
Rule D - 92.39 3.53 -

TABLE VIII: Percentage of simulation time where relative
error on total received power is below 20%, depending on the
chosen extrapolation time rule (all results are in percent)

City street
Th. Mean Std

5 (Rule B) 2.25 (4.98) 0.49 (0.01)
10 (Rule C) 2.97 (9.93) 0.92 (0.03)

20 3.56 (19.7) 1.44 (0.11)

City crossroad
Th. Mean Std

5 (Rule D) 2.08 (4.98) 0.26 (0.02)
10 (Rule B) 2.63 (9.93) 0.408 (0.02)
20 (Rule C) 3.04 (19.72) 0.54 (0.09)

Highway
Th. Mean Std

4 (Rule B) 2.56 (3.99) 0.34 (0.002)
8 (Rule C) 3.80 (7.99) 0.72 (0.01)

16 5.06 (15.94) 1.23 (0.03)

TABLE IX: Real computational gain CR (theoretical value
from equation (10) with the specified rule for computing the
extrapolation time and assuming a ∆t of 0.01 second - mean
and std based on simulation results - results in parenthesis
neglect diffraction)
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