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Abstract — Ray-tracing propagation model (RTPM) has
been widely used for predicting channel characteristics,
whereas the scenarios considered are generally static.
The complexity of RTPM is significantly increased due
to the rapidly time-varying scenario resulted from mov-
ing scatterers. A three-dimensional (3D) dynamic RTPM
considering moving scatterer effects is advanced in this
paper. First, a simplified dynamic scenario preprocess-
ing method based on the predefined active region and
face transformation is proposed. The random movement
of multiple scatterers can be enabled without repeated
scenario modeling. Second, an efficient dynamic ray-
tracing method based on self-adaptive ray-launching
technique is advanced. The computational efficiency
of the dynamic RTPM can be significantly improved
due to the exclusion of repeated ray-tracing process
over time. Finally, the feasibility and accuracy of the
RTPM is verified by comparing the simulation results
with the measurements performed in an indoor scenario
with pedestrians.

Index Terms — Dynamic ray-tracing, moving scatterers,
self-adaptive ray-launching technique.

I. INTRODUCTION

Dynamic scenarios (e.g., shopping mall, waiting
hall, intelligent transportation, and intelligent plant)
with moving scatterers (e.g., vehicles, machines, and
pedestrians) are considered as one of the most impor-
tant application scenarios for the B5SG and 6G wireless
communication systems [1H3]]. Accurately predicting
the channel characteristics in these scenarios is funda-
mental and crucial for system design. As a high perfor-
mance solution, ray-tracing propagation model (RTPM)
has been widely used in the prediction of channel char-
acteristics [4H6]. However, these RTPMs are gener-
ally focused on the scenarios considering only static
scatterers.
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The research on the RTPM for dynamic scenarios
with moving scatterers is still scarce. For a dynamic
scenario with moving scatterers, the complexity of a
RTPM is extremely increased and generally reflected
in two aspects. The first one is the scenario prepro-
cessing such as the dynamic and continuously temporal
channel representation. This is because the scenario is
required to be modeled repeatedly once the locations of
scatterers are changed. The other one is that perform-
ing ray-tracing simulations at each discrete time instant
is indeed computationally expensive. Several dynamic
ray-tracing models with the movement of transceiver are
described in [[7H9], whereas the moving scatterer effects
are not considered. An image-visibility-based prepro-
cessing method for dynamic ray tracing in urban envi-
ronments is introduced in [[10]. The dynamic visibility
region is established according to the movement trajec-
tory of the transmitter and scatterers. However, the tra-
jectory is a priori and the dynamic visible region has
to be reconstructed once trajectory is changed. Several
efficient dynamic ray-tracing models considering mov-
ing scatterer effects are introduced in [L1] and [12].
The efficiency of the dynamic ray-tracing models can
be improved by replacing the simulation at each dis-
crete time instant with single simulation in the coherent
time. However, the coherent time for different scenarios
is required to be obtained from a large number of mea-
surements.

In this paper, a three-dimensional (3D) dynamic
RTPM with moving scatterer effects is advanced. In
view of the two problems that resulted from the mov-
ing scatterers as mentioned above, first, a simplified
scenario preprocessing method is proposed. Based on
the predefined active region and face transformation,
scenario modeling and date processing are required to
be performed only once in the entire dynamic ray-
tracing process. Moreover, a self-adaptive ray-launching
(SARL) based dynamic ray-tracing method is advanced
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to improve the computational efficiency by removing the
redundant rays at each time instant.

I1. 3D DYNAMIC RAY-TRACING
PROPAGATION MODEL
In this section, a 3D dynamic RTPM is introduced
from two aspects, including simplified dynamic sce-
nario preprocessing and efficient dynamic ray-tracing
method.

A. Simplified dynamic scenario preprocessing

Detailed scenario description such as the geomet-
ric structure and the layout of scatterers is necessary
for RTPM. However, the random movement of scatter-
ers leads to the real-time change of scenarios. Repeated
scenario modeling and data processing result in the huge
overhead of dynamic scenario preprocessing.

In order to simplify the dynamic scenario prepro-
cessing, the static and moving scatterers are modeled
independently. Static scatterers can be modeled accord-
ing to the geometric structure and layout as same as the
traditional RTPMs [13| [14]]. However, for moving scat-
terers, an active region should be predefined according to
the possible locations. Assuming that a moving scatterer
can be modeled as a parallelepiped commonly used as
one of the human and vehicle models [15,116]], the active
region can be gridded as shown in Figure[I} All grids are
required to be numbered without repetition and each grid
is corresponding to a parallelepiped.

Second, space subdivision is performed to the whole
scenario and the whole propagation space can be sub-
divided into many non-overlapping tetrahedrons. An
instance of space subdivision for a room with a single
scatterer is shown in Figure 2] Two types of faces are
present in the scenario after space subdivision. The first
one is called physical face (PF), i.e., the object surface.
The PF property can be characterized by material param-
eters including the relative permittivity €. and the con-
ductivity o. The other one is called constructed face
(CF). The faces are invisible and only used to assist
the subsequent ray-tracing process. The material of
CF is air and the corresponding parameters are & = 1
and o0 =0.

The appearance and disappearance of a scatterer can
be modeled rapidly using a simple method of face prop-
erty transformation (FPT). As shown in Figure [3] if all
PF of a scatterer is transformed into CF (i.e., the forward
FPT), rays pass through the scatterer without changing
the propagation direction since CF has no effect on the
rays. This indicates that the scatterer is equivalent to dis-
appearing in the scenario. Conversely, if all CFs of the
scatterer are converted into PF (i.e., the inverse FPT), the
incident rays are interacted with the scatterer such as the
reflection and diffraction. This indicates that the scatterer
is equivalent to appearing in the scenario.
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Fig. 1. Random movement of a scatterer in a predefined
activeregion.

D

ysical face

Pz

Con

Fig. 2. An instance of space subdivision for a room with
a single scatterer.
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Fig. 3. The appearance and disappearance fora moving
scatterer using FPT.

The data of scenario after space subdivision can be
stored in a tree structure with the depth of five as shown
in Figure [d The whole space of a scenario is assumed
to be subdivided into T tetrahedrons on the second layer.
Each tetrahedron corresponds to four faces stored in the
third layer. The fourth layer is a crucial layer. In addi-
tion to three child nodes representing three lines, five leaf
nodes are divided into three parts including two adjacent
tetrahedrons related to the common face, the unit normal
vector, and the face types, wherein the ray-object inter-
action mechanism can be determined according to the
face types. The fifth layer is consisted of two parts, i.e.,
the two endpoints of each line and line types including
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Fig. 4. Data structure of scenario preprocessing.

constructed lines (CLs) and physical edges (PEs). As
a result, the adjacent relationship between tetrahedrons
can be obtained efficiently by traversing the tree struc-
ture.

B. Efficient dynamic ray-tracing method

The computational efficiency can be significantly
reduced if performing ray-tracing process to all rays at
each time instant. An SARL method is introduced to
exclude the repeated ray-tracing process.

First, the forward FPT is applied to all paral-
lelepipeds and this is equivalent to no moving scatter-
ers in the scenario. As mentioned above, the propagation
space has been subdivided into a number of tetrahedrons.
A ray emitted from a transmitting point 7', can be inter-
sected with a face of the tetrahedron containing T',,. The
intersected face and the intersection point I can be deter-
mined as follows [17]:

8i@,i 1,2,3,4 (1)
)
I=T,+57,6=min{5|5 >0}, )

where § is the extension coefficient related to the i-th
face. r denotes the unit vector in the propagation direc-
tion. ;i is the vector between T, and one endpoint of
the i-th face. ;i is the unit normal vector of the i-th face.
The intersected face is corresponding to the minimum
and positive extension coefficient. If the intersected face
is PF and the roughness is assumed to be neglected, the
ray is reflected and the reflected field can be given as [[18]

E, = EiRA,(dy)e /¥, 3)
where A,(dp) is the attenuation coefficient and can be
expressed as

d/

A, (do) = doldo+d) 4)
where d’ and d represent the distance from I to T, and to
a reference point on the reflected ray, respectively. The
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complex reflection coefficients R for perpendicular and
parallel polarizations are given as

~  cos6;—\/&— sin® 6;

R, = = 5
cosb; + & — sin? 6;
7 _écose,-—\/gr—sinzei ©)

T a6, 1/E s
where €, is the complex relative permittivity expressed
as

~ c

&= e (N
where o is the angular frequency and & is the permittiv-
ity of vacuum.

Otherwise, if the intersected face is CF, the ray
enters the adjacent tetrahedron without changing the
propagation direction. Regardless of the intersected face
being SF or CF, the intersection point I can be taken as
the next transmitting point, and next intersection point I’
can be determined from eqn and [@). Consequently,
the propagation path and received field of each ray can
be determined.

In order to exclude the repeated ray-tracing process
at each time instant, the sets of parallelepipeds inter-
sected with rays are required to be recorded as

ray_scat, = [sg1,5%2,--- 5] k=1,2,...,K,  (8)
where si ; is the jth parallelepiped intersected with the
k-th ray. K denotes the total number of rays. Conse-
quently, the ray set corresponding to each parallelepiped
can be also obtained and represented as
scatray; = [ri1,rig,.-,rig),i=1,2,...,0, (9
where r; ; is the [-th ray related to the i-th parallelepiped.
Q is the total number of parallelepipeds.

The dynamic RTPM can enable multiple scatterers
to move independently and randomly. It is assumed that
N moving scatterers are present in a scenario. At the
initial time #(, the initial locations of the N moving scat-
terers can be randomly generated from the grid indices
and the N moving scatterers corresponding to the grids
can be constructed based on the inverse FPT. The rays
required to be retraced can be obtained from the set of
scat_ray since only the paths of rays intersected with the
N moving scatterers are changed. As a result, the total
field can be determined as

= My ~ My ~
Erotal = Z Em1 + Z Em27 (10
my=1 mpy=1

where M| and M, denote the number of retained and
retraced rays, respectively.

At time 1, for the nth moving scatterer, a point can
be randomly generated within the grid and taken as the
start point L,,. The speed v and direction angle 6 can be
generated according to the velocity models. For simplic-
ity, assuming that the velocity v is constant in the time
interval (¢1-19), the velocity can be expressed as

V= v?, = v(cos G?X + sin G?y), 11
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where ¢,, e, and e, denote the unit vectors of moving
direction, x-axis direction, and y-axis direction, respec-
tively. The reach point L;, can be determined as

L, =L+ v(ti—1). (12)

For multiple scatterers with different velocities, eqn
(I2) can be modified as

{L17L2,...,LN}[1 = {L17L27"'7LN}IO
+{V1,V2,...,VN}(I1—[0). (13)

The grids containing the reach points represent the
new locations of the N moving scatterers. The disappear-
ance of moving scatterers at previous locations and the
appearance of moving scatterers at new locations can be
implemented using the forward and inverse FTP, respec-
tively, and the scenario at time #; can be formed.

Similarly, the dynamic scenario with moving scat-
terers at each time instant can be determined. Further-
more, the total field at each time instant can be also
obtained as eqn (I0). Finally, the frame diagram of the
3D dynamic RTPM is shown in Figure[3] In view of the
dynamic RTPM, the scenario modeling and space sub-
division are required to be performed only once based
on the predefined active region and FPT method, and,
therefore, the dynamic scenario preprocessing can be
significantly simplified. Moreover, only partial rays at
each time instant are required to be retraced based on
the SARL method and the efficiency of the dynamic ray-
tracing process can be improved.

ITII. MODEL ANALYSIS

A. Scenario description

An indoor office scenario with pedestrians is con-
sidered in this paper. The size of the office is 7 m x
6 m x 2.5 m and the two-dimensional (2D) layout of
the office with a predefined active region is shown in
Figure[6] The office is composed of brick walls and the
concrete ceiling and floor. There is no other furniture
in the office except a wooden blackboard on the wall-D,
a door on the wall-A, and a large glass window on the
wall-B. Human body is modeled as a parallelepiped with
the size of 0.3 m x 0.3 m x 1.7 m. The correspond-
ing material parameters are listed in Table[I] The speed
of pedestrians is assumed to be a constant of 0.5 m/s and
pedestrians move from the left side to the right side of the
office along a straight line. Vertically polarized omnidi-
rectional antennas with the gain of 2.2 dBi are deployed
at the transmitting and receiving sides. The transmitting
antenna is 1.35 m above the floor level and 0.5 m from
the wall-D. The frequency is 5.2 GHz and the transmit-
ting power is 10 dBm. The height of receiving antenna
is 0.85 m and the receiving antenna is 0.5 m from the
wall-C.
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Fig. 6. 2D layout of the office with a predefined active
region.

B. Numerical results analysis
The received power can be expressed as [19]

2
226,
: (14)

‘ Etotal

87n
where |.| is the modulus operator. A and 7 denote
the wavelength and the wave impedance in free space,
respectively. G, represents the receiving antenna
gain. Considering a pedestrian (location 8 as shown
in Figure[f) and two pedestrians (locations 8 and 9)
move along a route perpendicular to the line between the

P,

Table 1: Material parameters

Object Relative Conductivity
permittivity (S/m)

Brick wall 4.0 0.343

Concrete ceiling and |6.14 1.005

floor

Glass window 5.5 0.0

Wooden blackboard |2.1 0.05

Human body 38.5 2.4




Table 2: Simulation time comparisons (unit: s)

Distribution
N | Method Dense Low- High-
sparsity | sparsity
’ RL 72.8 73.12 72.7
SARL 7.69 8.48 8.18
5 RL 73.6 74.6 75.1
SARL 9.2 9.61 9.67
10 RL 74.1 76.6 76.6
SARL 9.63 11.14 11.27

transmitting and the receiving points. The time-varying
received power is shown in Figures[7and [§] The results
show that the received power in the non-line-of-sight
(NLOS) area is about 7 dB attenuation compared with
the case of line-of-sight (LOS) due to the shadow effect
of pedestrians. Furthermore, the received power for the
scenario without pedestrians is also shown in Figure §]as
areference. Up to 3 dB fluctuation of the received power
compared with the case of empty room can be observed
in the LOS area due to the multipath effect resulted from
pedestrians. For the case of two pedestrians, a slightly
offset in time is generated in the NLOS area. The simula-
tion results show good agreement with the measurement
results in [20]] indicating the accuracy of the model.

In order to demonstrate the efficiency of the model,
the simulation time of two dynamic RTPMs is investi-
gated. The simulation has been carried out on a personal
computer with the processor of Intel (R) core (TM) i5-
7300hq CPU @ 2.50 GHz and the memory of 8 GB.
The operating system is the 64-bit operating system of
windows 10. Fortran computer language is used for
the program implementation of the model and the run-
ning platform is Microsoft Visual Studio 2010. In the
simulation, the total number of one hundred thousand
source rays is traced at time #y. The number of rays
is a tradeoff between the computational accuracy and
efficiency. For each time instant, the traditional ray-
launching (RL) ray-tracing method is applied to all rays,
whereas only the rays with changed paths are required
to be retraced for the SARL ray-tracing method. The
comparisons of simulation time between the traditional
RL ray-tracing method and SARL ray-tracing method
are listed in Table 2] Six dynamic scenarios consid-
ering different number of pedestrians (i.e., N = 2, 5,
and 10) with multiple distributions (i.e., dense distribu-
tion, slight-sparsity distribution, and high-sparsity distri-
bution) are considered.

First, the results indicate that the simulation time is
positively correlated with the number of pedestrians for
two methods since the number of ray-object intersection
tests is increased with the number of pedestrians. In
addition, the paths of rays can be more readily changed
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with the increase of pedestrians. Second, more simu-
lation time is required due to the increased dispersion
degree of the distribution of moving scatterers. This
is because the sparsely distributed scatterers lead to the
paths of rays more likely to be changed especially for
high-order reflection rays. Finally, the simulation time
for RL is in the range of 72.7-76.6 s and is much
higher than that for SARL in all scenarios due to the
exclusion of repeated ray-tracing process. This indicates
that the computational efficiency of dynamic ray-tracing
model can be significantly improved using the SARL
ray-tracing method.

IV. CONCLUSION
In this paper, an efficient 3D dynamic ray-tracing
model has been advanced for the prediction of chan-
nel characteristics in the dynamic scenarios consider-
ing moving scatterers. In view of the moving scatterer

400



401

effects on the increased complexity dynamic scenario
preprocessing and reduced efficiency of ray-tracing pro-
cess, first, a simplified dynamic scenario preprocessing
method based on the predefined active region and FPT
has been introduced. The simultaneous movement of
multiple moving scatterers can be performed without
repeated scenario modeling and date processing. Fur-
thermore, an SARL-based dynamic ray-tracing method
has been described. The repeated ray-tracing process can
be eliminated at each time instant. The dynamic RTPM
has been applied into an indoor office scenario consider-
ing multiple pedestrians and various distributions. The
accuracy of the model has been verified by comparing
the simulation results with the measurements. Further-
more, the reduced simulation time for SARL method
compared with traditional RL method indicate that the
computational efficiency of the proposed model can be
significantly improved.
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