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Abstract

The rapid growth in wireless communications has led to the need for an effective way to evaluate the radio
propagation. Dense urban areas and indoor spaces tend to be complex environments that require a lot of obstacles
to be modeled. In such environments, the radio propagation is an extremely complex phenomenon and ray tracing
techniques have been widely used to analyze these problems. However, the main drawback of ray tracing algorithm
is it slowness. Therefore, the ray tracing process should be performed using techniques that improve the efficiency
of the computations. This paper presents a new ray tracing acceleration technique that combines AZB and octree
techniques to subdivide the space. This new technique was validated by propagation measurements in two hospital
environments and the maximum error encountered for measured and calculated values was below 8%. The new
technique reduces the computation time by half in comparison to AZB technique. But, as the number of interactions
increases, computational time increases as well.

Keywords: Acceleration techniques, propagation models, ray-tracing, wireless communications.

Resumen

El rapido crecimiento en las comunicaciones inalambricas ha llevado a la necesidad de evaluar de un modo eficaz
la radiopropagacion. Las densas areas urbanas y los ambientes interiores tienden a ser entornos complejos que
requieren una gran cantidad de obstaculos para ser modelados. En tales entornos, la radiopropagacion de las ondas
es un fenémeno extremadamente complicado y las técnicas de trazado de rayos han sido ampliamente usadas para
analizar estos problemas. Sin embargo, el principal problema del algoritmo de trazado de rayos es su lentitud. Por lo
tanto, el proceso del trazado de rayos se debe realizar con técnicas que mejoran la eficiencia de las simulaciones. En
este articulo se presenta una nueva técnica de aceleracion de trazado de rayos que combina las técnicas AZB y octree
para la subdivision del espacio. Esta nueva técnica se validé mediante mediciones de propagacion en dos ambientes
hospitalarios, encontrando que el maximo error entre los valores medidos y calculados fue inferior al 8%. La nueva
técnica permitio reducir el tiempo de calculo a la mitad comparado con la técnica AZB. Sin embargo, a medida que
crece el nimero de interacciones que se evaltan, crece el tiempo computacional.

Palabras clave: Técnicas de aceleracion, modelos de propagacion, trazado de rayos, comunicaciones inalambricas.
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I. Introduction

The rapid rise in standards, and personal
communication systems has led to intensive use
of radio frequency spectrum. In addition to radio
transmitters, like AM and FM transmitters, which
are mainly external, wireless communication
equipments have been widely used. Due to this fact,
there has been an increasing interest to characterize
radio propagation in different environments:
urban and suburban areas, and even within
buildings. Propagation models can be used for
this purpose. Propagation models can be divided
into two types: empirical and theoretical models
(Stutzman & Thiele, 1997). Empirical models are
based on statistical extrapolation of results from
phenomenon measurements taken in situ. These
models consider environmental characteristics and
are computationally time demanding (Motley &
Keenan, 1988; Tornevik et al., 1993). By contrast,
error depends on measurement error as well as
similarity in environments where measurements
were taken, and environments to be analyzed
(Neskovic et al., 2000).

Unlike empirical models, theoretical or
deterministicmodels arenotsupported by extensive
measurements, but by detailed knowledge of the
environment, providing accurate predictions.
They can be applied in different environments
without altering their error (Sarkar et al., 2003).
Algorithms used in theoretical models are usually
complex and computationally inefficient (they
are based on the wave-equation solution). When
obstacles in the environment are bigger than
one wavelength, exact analytical solutions have
infinite series that slowly converge. In these
cases, electromagnetic propagation can be treated
through approximate solutions.

Deterministic models can be classified into:
numerical and asymptotic methods. Numerical
methods (MoM, FDTD, FEM, etc.) are generally
used in problems involving obstacles with no
more than few tens of wavelengths in size (Hult,
2006; Gougeon et al., 2011). On the other hand,
asymptotic methods come from the need to
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employ approaches to efficiently analyze wave
propagation in large-dimension environments, in
terms of wavelength. This analysis is based on the
fact that high frequency wave propagation can be
modeled through ray propagation. These methods
reduce the computational effort and are quite
accurate. Geometrical Optics and Physical Optics
are two asymptotic methods widely used in radio
propagation (Malik et al., 2007; McNamara &
Pistotius, 1990).

Ray-tracing is a technique based on Geometrical
Optics(GO)thatassumesthatenergy canberadiated
through small tubes, often called rays. These rays
travel in straight lines along the propagation
direction. Therefore, a signal propagation can be
modeled through ray propagation. In large areas
compared with wavelength, this method is more
accurate than empirical models and requires less
computational resources than numerical methods.
In GO, only the direct, reflected, and transmitted
rays are considered. The Geometrical Theory of
Diffraction (GTD) and its uniform extension, the
Uniform Theory of Diffraction (UTD) (Bernardi
et al., 2004) complement the GO theory by
introducing a new type of rays, called diffracted
rays. The purpose of these rays is to remove field
discontinuities.

With the rapid advance in computing, ray-tracing
techniques have become one of the most popular
methods for characterizing radio propagation in
different environments (Iskander, 2002). These
techniques are of interest because they are highly
accurate in dense urban areas (Catedra et al., 1998;
Cavalcante et al., 2007) and indoor environments
(Choi et al., 2006). The disadvantage when using
the ray-tracing method is that it is computationally
expensive; thus, inappropriate to be used in
complex environments. For this reason, it is
necessary to use efficient propagation models
and ray-tracing acceleration techniques (Catedra
& Perez, 1999). Spatial subdivision methods are
being widely used in ray-tracing acceleration
(Rajkumar et al., 1996). As for many of ray-
tracing acceleration techniques, the main goal
of spatial subdivision is to reduce the number of
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ray-facet intersection analyses in the ray-tracing
process. To evaluate if a ray intersects any facet,
it is necessary to test all environment facets for
intersection. The basic idea for reducing a search
problem order is to divide the space in many
areas, establishing a correspondence relationship
between areas and facets, and determining if
the ray intersects the facets inside the area. The
resolution at which the space is divided depends on
the desired accuracy. Octree and AZB techniques
are two spatial subdivision methods.

The octree data structure is a three-dimensional
variant of the quadtree. An octree recursively
decomposes three-dimensional space or cube, to
eight sub-cubes (voxels). If the voxel satisfies
certain criteria, it is recursively divided. The
decomposition process splits and structures the
environment by associating the facets to the
voxels comprising terminal nodes of the octal
tree. The Angular Z-Buffer (AZB) technique is
similar to the light buffer technique, although the
AZB has several unique characteristics that make
it especially suitable for the diffraction treatment
(Perez et al., 1996). For each environment facet,
the space is divided into angular regions. These
regions are called anxels as an abbreviation for
angular elements. The anxels are spherical sectors
defined by the angular margins which determine
the anxel size. In each anxel, facets are assorted
according to the distance to the facet under
analysis. This information is stored in a matrix
called AZB. This matrix depends exclusively on
the location of facets in the environment (Gutiérrez
et al., 2000). When the scene size increases, the
AZB technique efficiency decreases because it
is far away from the facet under analysis; if the
area occupied by each anxel is large; then, it may
contain a large number of facets (Catedra et al.,
1998). Similarly, in environments with several
obstacles, the AZB matrix construction for each
facet can be computationally expensive.

This paper presents a new 3D ray-tracing
acceleration technique based on AZB and
octree techniques. This new technique has been
successfully implemented in the FASANT tool,
a software created at the University of Alcala

(Alcala de Henares, Spain) for the analysis of
on board antennas. The kernel of this software is
based on the Uniform Theory of Diffraction. With
this new technique, the computation time of the
FASANT tool reduces, because its execution time
to create the AZB matrix decreases. Therefore,
the geometry preprocessing accelerates. The
paper is structured as follows: the new ray-tracing
acceleration technique is described in Section II,
the obtained results are reported in Section III,
and the authors’ conclusions are in Section IV.

2. Methodology

To increase the efficiency of AZB technique,
the AZB algorithm was combined with another
algorithm for space subdivision (the octree
algorithm). This new technique is called TROyA
(ray TRacing based on Octree and AZB). The
TROyA technique consists of two phases. Its
first phase creates the scene octree. The octree
recursively subdivides the scene into eight octants
(voxels or volume elements). A voxel is the
smallest unit of 3D space that can be created by
dividing the space. Basically, a 3D is equivalent
to a pixel. Each voxel is associated with a list of
objects (facets) in the scene that are contained
(partially or totally) in it. This technique is
dynamic, i.e. empty voxels do not need to be
subdivided, which often results in large empty
regions (Escobar, 2009).

The first step in an octree construction is to
define the spatial extent of the scene. The scene
is enclosed in a rectangular axis-aligned bounding
box (AABB). An AABB is a rectangular region
whose edges are parallel to coordinate axes
(Barequet & Har-Peled, 2001). A bounding box
is the computationally simplest box of all linear
containers, and it is the most commonly used
in many applications (O’Rourke, 1985). A 3D
bounding box is specified by the bottom left and
top right endpoints. This box includes the entire
scene that will be the root node of the octree.
Several algorithms use scene-centered cubes
whose length is the maximum height, width,
and depth of the scene. However, in this work, a
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bounding box was used as a root node to reduce the
number of empty voxels generated with the cubes.

In the second step, the space is divided into eight
voxels, which are congruent with one another
to create the first deep level. The facets and the
number of facets to be partly or totally contained
within each one of the eight voxels are determined.
This information is stored in the octree matrix. If,
by assessing the number of facets within a voxel,
this is larger than a predefined limit, the second
step is recursively repeated (Figure 1). The
process ends when the octree algorithm reaches
a defined deep level. In the TROyA technique,
these values (number of facets within a voxel and
the deep level) can be modified depending on the
geometrical model complexity.

In the second phase of the TROyA technique,
the AZB matrix for each facet is created from
the information previously obtained with the
octree. Only the facets within the same voxel or
neighboring voxels to the facet under analysis are
evaluated. The farther facets are not individually
analyzed, but are joined by the voxel that stores
them (Figure 2). If during the ray-tracing process,

i
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a) Deep level 1

d) Deep level 4

e) Deep level 5

the voxel is not within the ray viewing area (a
simple and rapid test), it is not necessary to test
every facet inside the voxel. This significantly
reduces computational time.

To validate the TROyA technique, propagation
measurements were taken in two hospital
environments in Cali, Colombia: an adult surgical
ward (HE1) and a new intensive care unit (HE2).
Figure 3 shows a 3D view of two scenarios. These
scenarios were chosen to evaluate electromagnetic
compatibility in hospital environments. These
measurements were compared with computed
values obtained in the same scenarios, using the
FASANT tool, with the new TROyA technique,
and the material electrical properties found in
literature. Fortunately, measurements were taken
before these areas to operate as hospitals, allowing
a free movement through different rooms because
they were empty. A wireless router Linksys
WRT54G with two external dipoles was used as
a source. This equipment operates at a 2.4 GHz
frequency band and transmits using a constant
power of 18 dBm (approximately 63 mW). A
laptop with a built-in wireless antenna was used
as a receiving equipment.

1) Complete octree

Figure 1. Octree for a particular scene
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a) Facets inside an anxel

b) Voxel inside an anxel

Figure 2. Inclusion of different elements in an anxel

Figure 3. 3D view of the two scenarios: HEI (left) and HE? (right)

Two cases were evaluated in scenario 1 (HE1).
First, the antenna was located at the beginning
of the corridor and the observation points were
along the corridor in line of sight to the antenna
(LOS). In Case 1, the two doors were open. In
Case 2, the two doors were closed (LOS and
NLOS). Figure 4 shows the antenna location and
observation points, and the materials that are part
of the scene. In scenario 2 (HE2), two cases were
also evaluated. In the first one, the antenna was
placed outside the room, and observation points
covered the entire room. In Case 3, the room door
was open (LOS and NLOS). In Case 4, the room
door was closed (NLOS).

Figure 5 shows the location of the antenna and
observation points, and the materials that are

part of the scene. The electric field computation
was performed in accordance with simulation
main parameters and the order to be considered
during the process. The order defines the effects
to be take into account in the simulation for
field computing. That is, order 1 is only a direct,
reflected, transmitted, and diffracted field (simple
effects). Order 2 is the combination of simple
effects: reflected-reflected, reflected-diffracted,
diffracted-reflected, etc.

3. Results and discussion

Figure 6 shows the comparison between the number
of voxels generated by the octree algorithm with
the number of scene facets using the bounding
box as root node. When a scene has few facets
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Figure 4. Location of the antenna and observation points for cases 1 and 2 (HE1)
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Figure 5. Location of the antenna and observation points for cases 3 and 4 (HE2)

(below 200) the number of voxels created is close
to the number of facets. However, when the scene
complexity increases, the number of voxels of the
octree matrix deceases by up to 65% compared
to the number of facets. This means a significant
time reduction in the AZB matrix creation. The
main goal of TROyA technique is to reduce the
number of elements to be evaluated during the
AZB matrix construction. The AZB technique
analyzes each facet of the scene and places them
in the anxel or anxels corresponding to the facet
under analysis. While in TROyA technique, this
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analysis is done for each voxel created with the
octree algorithm. Only the facets that are in the
same vessel or neighboring voxels to the facet
under analysis are examined.

Computational time demand by the FASANT
tool was reduced while using this new technique
because the execution time to create the AZB
matrix decreased. Therefore, the geometry
preprocessing was accelerated. The TROyA
technique reduces the computational time to
create the AZB matrix in 40%-70% with regard to
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Figure 6. Comparison of number of elements to evaluate
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Figure 7. Execution time comparison between AZB and
TROyA techniques

Evaluation results of the four cases using the
FASANT tool with the implemented TROyA
technique are described as follows. In Case 1, all
observation points are in line of sight (LOS) to
the antenna, thus the most important contributions
to the signal intensity are provided by a direct
ray, and reflection and diffraction phenomena.
Figure 8 shows the signal intensity obtained
during measurements and calculated with two
orders of interaction considering the phenomena
of reflection (R) and reflection-diffraction (R+D)
without considering the electrical properties of
materials. The signal intensity calculated with
two options of electrical permittivity (R+D Mat
A and R+D Mat B), considering the reflection
and diffraction phenomena and two orders of
interaction is shown. Two values were given
for bricks and one value for metallic doors.
These two materials were mainly present in the
scenario. As shown in Figure 8, the received
power is determined by few rays, the direct ray
and some second-order rays, especially from
reflection phenomenon. Compared to these rays,
the contributions of higher order rays are not
significant to change the total received power. The
error in calculated values is reduced by using the
electrical properties of materials.

Distance (m) Material Brick Metal
0 2 4 6 8 10 12 14 16 : )
20 . A 4,3 +30.3 1.0 +30.0
ﬂ B 4,0 +j0,004 1,0 +j0,0
_ 30 — ﬂ
2 Y
=1 Options  Error (%) Error (dB)
Z 40 |
:E R 7.51 3.83
& | =R R+D 8.35 3.81
—e—R+D MatA —=—R+D MatB R4D MatA 6.89 313
——Measured : :
60 | R+D Mat B 5.64 2.49

Figure 8. Signal level measured vs. calculated for Case 1
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In Case 2, the first six observation points are in
line of sight, the others are hidden by a metallic
door located in the corridor (NLOS). In this
case, it is necessary to consider the transmission
phenomenon for the last points. Figure 9
shows the signal intensity obtained during the
measurements and calculated with one option
of materials and several orders of interaction,
considering the reflection, diffraction, and
transmission phenomena. In this case, the relative
and RMS errors decrease by increasing the order
of interactions. This is especially noticeable
in the middle of the path, which shows that the

contribution made by the rays reflecting on the
metal door is important.

In Case 3, about half of the observation points are
in line of sight to the antenna (LOS), while the
remaining points are not in line of sight (NLOS)
because of the room door. Figure 10 shows the
signal intensity obtained during the measurements
and calculated for several orders of interaction.
The reflection, diffraction, and transmission
phenomena and two options of electrical properties
for the drywall and glass were considered. These
two materials were mainly present in the scenario.

Distance (m)
0 2 4 6 8 10
20 Material Brick Metal
B 4,0 +j0,004 1.0 +j0.0
.30
g
= Order  Error (%) Error (dB)
£ 40
3 1 7.58 3,55
&
a5, 2 6.88 3.30
3 4.49 2.18
60
Figure 9. Signal level measured vs. calculated for Case 2
Point Material Drywall Glass
0 2 4 6 8 10 12 14 16 ) )

20 C 2,74+30,05 6,39 +j0.04
—=—01 MatC ——02 Mat C —5—01 MatD D 90+_]20 5.73 +_]O 34
—=—02MatD  —%—Measured - - - -

é: 30 -
3 Options  Error (%) Error (dB)
:; Ol Mat C 11,97 4,70
= 0 02 Mat C 10,95 422
Ol MatD 7.33 2.90
50 | 02 MatD 7.11 2.87

Figure 10. Signal level measured vs. calculated for Case 3
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In Case 4, the room door is now closed; thus, all
observation points are hidden by the door (NLOS).
Figure 11 shows the signal intensity obtained
during measurements and calculated for several
orders of interaction. The reflection, diffraction,
and transmission phenomena, and the electrical
properties used in Case 3 were considered.

The error difference between the options of
materials shows the importance of the electrical
properties of the materials that compose geometry.
The electrical properties of the materials are very
important in modeling indoor environments.
While there are some complex permittivity values
in literature, they do not frequently consider
environment reality or evaluation frequency. It is
advisable to obtain these values from laboratory
or in situ measurements, which can be costly. In
Case 3, the maximum error difference between
orders of interaction shows a weak contribution
from the highest order of interaction rays. While
in Case 4, the importance of higher-order rays is
observed.

4. Conclusions

A new ray-tracing acceleration technique called
TROyA (ray TRacing based on Octree and AZB)
was presented. This technique combines the
benefits of two space subdivision algorithms:

AZB and octree techniques. With this new
technique, the computation time to create the AZB
matrix decreased by 50% during the geometry
preprocessing phase in comparison with the AZB
technique. The AZB matrix construction does not
depend on source position, nor observation point
location, nor electrical properties of materials, but
it rather depends only on geometry (facets number
and location). Therefore, the AZB matrix can be
saved in a file for subsequent scene analysis if
some of the parameters mentioned above change,
but geometry remains the same, this would further
accelerate the analysis of the scene.

Calculated values showed that after a certain
number of orders of interaction, extra orders
do not affect results. However, although at
each point only few rays contribute to signal
intensity, it is important that the software can
handle a large number of rays to produce reliable
results in complex environments or in areas far
from source. In LOS conditions, few orders of
reflection are adequate to predict signal intensity.
However, in some NLOS conditions, more
reflections, diffractions, and even transmissions
to obtain reliable results are necessary. In indoor
environment modeling, transmission effect is
very important. But, as the number of interactions
increases, computational time increases as
well. Other factors influencing calculation error

Point Material Drywall Glass
0 2 1 6 8 10 12 14 16 ; ;
30 . C 2,74+30,05 6.39 +j0.04
—e—01 MatC —#—02 Mat C —=—01 MatD D 9.0 +_]2~0 5:],13 +_]0.34
—=—02 MatD —#—Mea sured
35
3
g Options Error (%) Error (dB)
40
:; Ol Mat C 14.43 6.10
& s 02 Mat C 11.07 4.89
Ol MatD 6.82 3.00
50 | 02 MatD 4.76 222

Figure 11. Signal level measured vs. calculated for Case 4
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are geometry details, accuracy in source and
observation point position, and accuracy in
technical characteristics of source.
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