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Abstract

In this paper, we show the results of a ray launching tool for channel estimation in indoor scenario and 
compare it with measurements in a DVB-T system, using a Vector Network Analyzer used to obtain the Root 
Mean Square Delay Spread (RMS-DS), obtained from S12 parameter. We use a 10mW transmitter and make 
measurements in 39 different points in the scenario. Also we show the empirical adjustments made in the 
constitutive parameters, in order to improve the Delay Spread results. We show that this kind of ray based 
tools are very sensitive to the number of interactions considered in the model and also to the values of the 
constitutive parameters of the different elements in the scenario. For the low frequencies used for this work, we 
found also that some external elements can influence the results and must be considered for indoor simulations.

Keywords: Channel modelling, DVB-T, propagation, ray tracing.

Resumen

En este trabajo se muestran los resultados de una herramienta de lanzado de rayos para estimación de 
parámetros de canal en un escenario de interiores (Indoor) y se comparan sus resultados con mediciones 
realizadas con un sistema DVB-T, utilizando un equipo analizador vectorial de redes, con el que se mide el 
Root Mean Square Delay Spread (RMS-DS), a partir del parámetro S12. Para las mediciones se utiliza un 
transmisor con potencia de 10mW y se toman los valores medios de RMS-DS en 39 puntos de medida dis-
tribuidos alrededor del escenario. Se muestra también el ajuste empírico necesario realizado a los parámetros 
constitutivos del escenario, con el fin de mejorar los resultados en el Delay Spread. Se muestra en el artículo 
que este tipo de herramientas basadas en rayos son sensibles al número de interacciones consideradas en el 
modelo así como a los parámetros constitutivos de los materiales del escenario. Dadas las bajas frecuencias 
utilizadas en este trabajo, también se encuentra que algunos elementos externos al escenario pueden influir 
en los resultados y deben ser considerados en las simulaciones en interiores (Indoor).

Palabras clave: DVB-T, modelado de canal, propagación, trazado de rayos.
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1. Introduction

Ray based technologies for radio propagation and 
channel prediction are taking a key role during 
last years, because of the deployment of OFDM 
based technologies like Long Term Evolution 
(LTE), LTE Advanced, DVB-T2 and WiGig (IEEE 
802.11ac). Wireless technologies like MIMO must 
be fully developed to reach its maximum capacity 
in terms of speed and reliability. Consequently, 
it is imperative to know the environment where 
information is transmitted, that is, channel mo-
deling. The main reason why ray based tools are 
resurging is that deterministic models delivers 
not only propagation losses information, but also 
channel parameters information. 

Moreover, in indoor environments, an alternative 
to the traditional 2.4 GHz Wireless Local Area 
Network (WLAN) solution relies on the use 
of the 5.4 GHz band approved by FCC in the 
United States and considered by ITU. Generally, 
this last band presents better results in terms of 
data rate transmission and reliability in wireless 
communications either in the wireless network 
or in several devices, and is adequate for WiFi 
offload in 5G systems.

Given the high fidelity in physical simulations that 
game engines can offer and the advantages of GPU, 
together with their power for calculations, we now 
have solutions which improve computation time, 
using efficient ray tracing techniques implemented 
in game engines and combined with 3D design 
tools to implement the test scenarios.

Ray-Tracing and Ray Launching are deterministic 
techniques widely used for multipath channel 
parameters estimation. In general, ray based tech- 
niques whether Ray Tracing (RT) or Ray Launching 
(RL), are based on the seminal Works from Ke-
ller and Luebbers (1,2) about the application of 
Geometrical Theory of Diffraction (GTD) and 
Uniform Theory of Diffraction (UTD), in order to 
estimate the behavior of the radio wave in edges 
and wedges. These techniques were developed 
in ray based computer models (both RT and RL) 
in Works like Durgin and Cátedra (3.4), and has 
been evolving throughout the years. With recent 
developments in Graphic Processing Units (GPU) 

and the higher computational capacity, as well 
as the technical characteristics of current radio 
technologies like LTE and LTE-A, Digital TV 
(among others), ray based models has become 
relevant again, because of its ability to simulate 
not only propagation losses but channel parameters 
like delay and delay spread.

Ray based techniques are used to predict wireless 
channel parameters such as delay spread, Dop-
pler spread, and angular spread in a variety of 
environments over a wide frequency ranges. 
In addition, Ray based techniques allows the 
characterization of the radio channel in temporal 
and spatial domains. Multipath channel model 
is the representation of a complex phenomenon 
that involves several mechanisms of interaction 
between the radio wave and the environment. 
Through Ray based techniques and multipath 
channel model, it is possible to design and, 
theoretically, evaluate wireless channels for 5G 
communication systems.

 Accuracy of RT systems to estimate the multipath 
channel RMS-DS (Root Mean Square - Delay 
Spread) in indoor has been tested in different 
scenarios, frequency bands and communications 
services (5,6), but some recent papers have 
shown that, at microwave frequencies, when wa-
velength have only few centimeters, RT with 
diffuse scattering (7,9) , because of walls rugosity, 
improves the accuracy for the calculation of RMS-
DS, compared with the RT implementing only 
reflections, transmission and diffraction(5,6). Besi- 
des, has been observed that, at these high fre-
quencies, RMS-DS is sensitive to the uncertainty 
of the constitutive parameters values, because of 
the building materials dielectric constants used or 
obtained for different frequencies (10,11).

However, at frequencies used for DVB-T2 in 
Europe and America’s countries using it, diffuse 
scattering does not have an important contribution 
to the RMS-DS, because the wavelength is big 
respect to the rugosity in indoor.

Technical specification for DVB-T2 (Digital Video 
Broadcasting) (12), incorporates OFDM (Orthogo-
nal Frequency Division Multiplexing) modulation 
in order to improve spectral efficiency, and NGBT 
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(Next Generation Broadcast Television) is analy-
zing the use of MIMO as an alternative to improve 
spectral efficiency and robustness in multipath 
channels (13). 

Multipath propagation implies fading and the 
received signal can be attenuated and distorted 
by radio channel. The wave arrival using multiple 
paths produces ISI (Inter-Symbol Interference). 
Generally speaking, there are two different methods 
to reduce the effect of fading: equalization or 
diversity. However, in DVB-T2. As well as in many 
OFDM systems, a guard time was introduced, in 
order to protect against impulsive noise and time 
selective fading. For DVB-T2 the typical value 
for guard time is 70 m (12), but this time can be 
adjusted, as well as the equalization, in order to 
improve the performance of radio cannel. Other 
way, interaction between radio wave and distant 
obstacles may cause an excess delay higher than 
guard interval, causing ISI.

Therefore, in order to mitigate the effects of the 
frequency selective fading caused by multipath, 
the receiver need to perform a precise cannel 
estimation, and an efficient channel equalization. 
With the inclusion of the guard interval in 
DVB-T2, it is possible to cancel ISI, but it is 
necessary that the time spread of the channel be 
less or equal to the guard interval. Therefore, it is 
important to have simulation tools that allows to 
estimate the delay profile of the channel, like the 
one used in this paper.

In this paper, we use a ray launching tool (RL) 
based on 3D Game Engines, to simulate channel 
Delay Spread in a meeting room, in DVB-T2 
frequencies. Simulation results are compared 
with measurements. One on the main limitations 
of deterministic propagation models is the need 
to have precise information of the simulated 
scenario; this means not only detailed information 
of geometrical characteristics of the scenario, but 
also an accurate information of the constitutive 
parameters of the simulated scenario (such as 
complex permittivity and conductivity). Values 
for such parameters depends on frequency as well 
as specific conditions like humidity, painting, 
etc. It is almost impossible to have precise in-

formation for any material in any frequency and 
condition, which incorporates an error factor in 
any deterministic simulation tool.
Generally speaking, it is not easy to find parameters’ 
values for different materials, but for the frequency 
band used in this work is even more difficult, 
because most publications reports values for higher 
frequencies, like the ones used in cellular systems. 

The main goal of this paper is to compare and 
adjust complex dielectric values for the different 
materials in the scenario, using measurements in 
DVB-T2 band in an indoor scenario, using a 3D 
RL simulation tool, obtaining RMS-DS.

The paper is organized as follows: in the next 
section, the 3D model of the scenario is shown; then 
we explain the 3D RL model used for simulations, 
the scenario and the measurement procedure. 
Section 4 shows results. Finally, conclusions. 

2. 3D Model of the scenario

In 3D indoor models for ray launching, one im-
portant issue is modeling the environment with 
all the objects present in it and their features. 
Also, these objects must be modeled with a high 
geometric resolution representation of the indoor 
scenario. In addition to that, to achieve accurate 
results using RT techniques, it is necessary to 
represent the electromagnetic characteristics of the 
different materials in the scenario.

Figure 1 shows 3D model of the iTEAM (Instituto 
de Telecomunicaciones y Aplicaciones Multime-
dia) meeting room at Valencia Technical Universi-
ty in Spain, used for the simulations and measure-
ments. The 3D model of scenario was developed 
using 3D tool Blender. This included all elements 
presents in the realistic scenario. We used planar 
geometries for represent each object achieving 
great 3D resolution in the model. This was exported 
from Blender to an XML format, then the archives 
were imported in the game engine Jmonkey, in or-
der to apply RT techniques using the Game Engine 
and GPU. The simulated and analyzed scenario is a 
conference room in a University. The scenario has 
dimensions of 7.16x7.62x2.64m.
Seven different materials were identified in the 
scenario. We store and manipulate the constitu-
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tive parameters information as an attribute with-
in the 3D Model (i.e. permittivity). According 
to their electromagnetic material properties, the 
floor, ceiling, desk, windows, chairs, wallboard, 
column, VNA, video beam, lamp and structures 
of windows, desk, and chairs, were classified into 
5 different classes of dielectric material parame-
ters. Nevertheless, all these materials are assumed 
to be homogenous and their material properties at 
DVB-T2 frequency band are summarized in Table 
1. Darker spheres are the measurement points and 
the lighter sphere with T letter is the transmitter. 

Figure 1. 3D model of the conference room. 
(source: authors)

We use Ray Launching techniques combined with 
3D model of the scenario, implemented in Game 
Engines and GPU. Previous works of the authors 
shows that this techniques are appropriate to 
estimate with high precision and small processing 
time multipath channel parameters (11, 14-17).

The initial values used for the permittivity and 
conductivity of the materials present in the 
scenario were found of the literature (18). We 
assume initially the same values for permittivity, 
assuming dielectric behavior and later we adjust 
parameters, according to simulation results. 
Different materials were grouped initially in six 
different groups, according to its characteristics: 
concrete for floor and ceiling; glass for the table, 
metalized glass for walls #1 and #2; wood for the 

furniture; MDF for the chairs and walls #3 and 
#4; metal for columns. This grouping has the 
aim of obtain initial values of dielectric constant 
whose values are not known, but is possible to 
use values from similar materials. Nevertheless, 
all these materials are assumed to be homogenous 
and their material properties at DVB-T2 band are 
summarized in Table 1.

Table 1. Initial value for relative permittivity  
and conductivity.

Diffuse component is defined as the dispersed 
signal in different directions because of the 
rugosity of the Surface (13). In order to obtain the 
diffuse component because of the rugosity of the 
walls in the scenario, we made a literature search 
to find the rugosity value for concrete, finding a 
value of 1mm for concrete and 0mm for glass and 
wood walls.

Rugosity factor for a Surface is expressed as:

 (1)

Being  the incidence angle,  the rugosity factor 
and λ the wavelength.

In (Eq. 1) it can be noted that the rugosity factor 
depends on the cosine of the incidence angle , as 
well as the rugosity factor  and the wavelength 

Element Material
Initial 
Group

Relative  
Permitivity 

Conduc- 
tivity (S/m)

Floor 
and  

ceiling
Concrete Concrete 6.9 0.0138

Walls  
#1 y #2

Meta- 
llized 
glass

Meta- 
llized 
glass

2.4 0.0350

Table Glass Glass 2.4 0.0350
Walls  

#3 y #4 MDF MDF 20.0 0.0200

Furniture Wood Wood 3.81 0.0070
Chair MDF MDF 20.0 0.0200



45

Ingeniería y Competitividad, Volumen 20, No. 1, p. 41 - 51 (2018)

λ, expressed in the parameter . For the case of 
DVB-T2, the parameter is less than 1, therefore 
the scattering is negligible and was not included 
in the simulations.

3. 3D RL model and simulation

3.1. Ray launching simulation parameters

Simulation was performed with a 3D Ray Based 
software using GO (Geometrical Optics) and UTD 
(Uniform Theory of Diffraction) (14), implemented 
on an Open Source Game Engine. Radio waves are 
modeled as an optic ray that follows a straight path 
from the transmitter to the receiver. During this 
process, the wave interacts with bounding boxes 
for flat objects, bounding spheres for receivers 
and bounding cylinders for edges. Initially, we 
only processed reflections, diffractions, free space 
attenuation, and multiple combinations of these 
effects. In order to model walls, floor and roof 
reflections, we apply Fresnel coefficients.

The RL algorithm used is the shooting and 
bouncing launching algorithm (SBR) (3), which 
is based on launching a ray from the transmitter 
to the antenna and verify if the ray impacts on 
a wall or edge. The mean angular separation 
between neighboring rays in 3D space used for 
rays launched is 0.26°.

The implemented algorithm is limited to 10 
events, defining an event as a reflection, diffraction 
or transmission, and a maximum value of two 
diffractions at vertical or horizontal object edges, 
which is appropriate for outdoor environments. 
We use the computational capability of the 
graphics card to estimate where the ray might hit 
with all possible bounds present in the model.

In our model, if the ray hits an edge, the resulting 
rays of first and second diffraction cone will be 
computed with a given angle increment. It is 
considered that, for the first diffraction cone, 
the angular resolution fixed in the 3D space 
for diffracted generated rays αe. Likewise, 
2αe is the angular resolution for the second 
diffraction cone, assuming that the resolution of 
the diffracted rays decreases according to their 
order. This reduces dramatically the memory and 
processor usage without any significant loss in 

the prediction accuracy if a high initial resolution 
of αe is adopted.

At each interaction of the ray with an obstacle, 
the field strength is multiplied with a dyadic 
propagation transfer factor, which accounts for 
the actual propagation effect and for a change in 
divergence due to the interaction event: diffraction, 
transmission or reflection.

Figure 2 shows the path obtained with the simulator, 
between the transmitter (lighter sphere) until its 
impact in the receiver (darker sphere). It can be noted 
that the ray experiments a total of 6 interactions in the 
path between transmitter and receiver, represented 
by  paths (Eq. 1). 

Figure 2. Path of a successful ray between transmitter 
(lighter sphere) and measurement point (dark sphere).

To estimate parameters of multipath propagation 
due to reflections and diffractions is necessary to 
distinguish inherently between individual pro- 
pagation paths. The SBR algorithm is parti-
cularly suitable for this task. The most important 
channel characteristics can be estimated obtaining 
path parameters based on the frequency response 

),( tfH  and the time-variant channel-impulse 
response of the channel ),( τth .

The path parameters for the propagation between 
the transmitter and the receiver is defined by  
n = 1,…,N(t) propagation paths. The identified 
propagation parameters between the transmitter 
and the receiver are:



46

Ingeniería y Competitividad, Volumen 20, No. 1, p. 41 - 51 (2018)

)(tnτ : time delay of arrival (TDA) of path;
)(tnΤ : full polarimetric transmission matrix of path;
)(, tnΤΩ : direction of departure (DoD) of path;
)(, tnRΩ : direction of arrival (DoA) of path.

Cascading all transfer factors (and therefore all 
occurring propagation phenomena) leads to the 
full polarimetric transmission matrix )(tnΤ , which 
together with the path length (time delay) charac-
terize the field strength of the ray. and )(, tnRΩ  are 
represented in colatitude and longitude (spherical 
coordinates). Also, we use the 3D gains of the 
transmitting and receiving antenna RG  and TG  and 
their complex directional pattern  RC


and TC


.

The low-pass impulse response of the channel 
),( τth is obtained by the inverse Fourier trans-

form of (Eq. 1).

 (2)

Where is the speed of light in vacuum and cf  is 
the center frequency of the system represents the 
complex amplitude of the multipath component 
and incorporates the properties of the transmitter 
and receiver antenna. Thus, the channel model 
could be represented as a power delay profile 
(PDP) as the summation of the received power of 
each multipath component (17) and expressed by:

 (3)

RMS-DS is obtained from (3) and is defined by:

 (4)

 (5)

 (6)

Being  , the power of each path and  is the 
delay of each path.

3.2. Measurement campaign

Measurement campaign was executed in a meet-
ing room with 10m by 6m with typical furniture: 
Table, chairs, carpet and walls of soft materials. 
Outside the windows, above the ceiling and be-
low the floor, we found steel, quite common in the 
constructive techniques used in the last 15 years. 
Ceiling and floor use the system known as steel 
deck. Outside the windows, we found some steel 
bars and metalized glass. 

These characteristics of the constructive elements 
causes reflection effects that can increase the num-
ber of reflections to be considered in the model. 
We show the measurement scenario modeled in 
3D tool, indicating the walls, ceiling, floor, table 
and chairs. Measurement points are shown as dark 
spheres. The receiver points were located at 1m 
distance between them, for a total of 39 points in 
the scenario. Lighter sphere in the figure corre-
sponds to the transmitter and is marked with a T. 
The transmitter is located 05m away from the wall 
#4 and is centered between walls #1 and #3. Height 
from the floor for transmitter and receivers is 0.9m.

Figure 3. Measurement set up.

Measurement campaign was carried out by the  
iTEAM research institute inside Building. Mea-
surements were taken using the iTEAM’s Rhode 
& Schwarz ZVRE figure 3. Receiver antenna 
is a PROCOM vertically polarized, with 2 dBi 
gain; the operation frequency was 594 MHz and 
RF power was 10 mW. We store and manipulate 
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the constitutive parameters information as an 
attribute within the 3D Model (i.e. permittivity). 
VNA was located outside the scenario, in order to 
avoid include it in the 3D model. People making 
measurements also were located outside, to keep 
stationarity of the channel According to their 
electromagnetic material properties, the structures 
of the walls, floor, table, windows and chairs were 
classified into 5 different classes with dielectric 
material parameters shown in Table 2. Values for 
conductivity are shown in Table 2. We assume 
initially the same values for conductivity, assuming 
dielectric behaviour and later we adjust conductivity 
parameters, according to simulation results. Using 
the S parameters delivered by the measurement 
system, we estimate the Delay Spread values, 
which are compared with simulation results.
A similar work, but at different frequency was 
reported (13), showing a similar behavior for 
constitutive parameters. However, the paper of 
Vitucci et al. does not describe measurement 
process or simulated frequencies, making difficult 
to compare the results with this paper. One of 
the relevant aspects of the mentioned work are 
the effects of the external metallic structure over 
channel delay values, resulting in bigger measured 
values than simulated ones, given that the authors 
does not include the external metallic structure in 
the scenario model.
3.3 Complex dielectric constant adjustment
Since the beginning of the process, we use uncertain 
permittivity and conductivity values, because was 
based on information from literature for different 
frequencies, and it is well known that constitutive 
parameters’ values change between materials with 
frequency, humidity and a lot of variables, leading 
to a huge challenge to deterministic models, related 
to the adjustment of constitutive parameters (19). 
Because of that, the main objective in this work is 
to discuss the adjustment process of constitutive 
parameters in ray based models.
For materials with real permittivity and real 
conductivity (18), complex permittivity  can be 
written as:

 (7)

Where  represents complex relative permittivity, 
 represents real relative permittivity,  relative 

imaginary permittivity,  conductivity in ,  
is the frequency in  and  is the value of 
vacuum permittivity, equals to .

For dielectric materials with low losses, usually 
it is assumed that conductivity value is included 
in the  value and the conductivity is assumed 
zero. Then complex permittivity can be written as: 

   (8)

Recent literature shows that for low complex 
permittivity values as shown in (Eq. 8), the RMS-
DS has a high sensitivity to the  value, but is less 
affected by the uncertainty value of  (Eq. 7). For 
dielectric materials with a conductivity has a bigger 
value compared with , we can assume that it is 
included in the conductivity term, and complex 
permittivity from (Eq. 7) can be written as:

 (9)

In order to adjust complex permittivity for materials 
with uncertainty in the values, we adjust the values 
for  and  in (Eq. 9), to analyze the impact on 
RMS-DS. 

For adjustments, we assume that random variables 
describing real and imaginary parts of complex 
dielectric constant are independent between them. 
This assumption is based on Kramers-Kronig 
(20) relations for narrow band channels. With 
this assumption for (Eq. 9), when we analyze 
the impact of  over the simulation results, we 
assume  as constant and vary the values of . A 
similar argument is used to analyze the impact of  
over the simulation results.

In order to improve RMS-DS prediction values, 
we adjust the values for  and  for each one 
of the six materials, excluding metallic columns 
from the analysis.
In order to analyze how the predictions are 
affected by the simulated objects characteristics, 
we assumed a set of values for each of the classes 
and by changing one of these values at a time, the 
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model’s sensitivity to that parameter is evaluated. 
First, delay spread results are examined for the 
varying values of permittivity for one class within 
range from -10% to 10%, in steps of 1 at processing 
time. Second, using this method reiteratively, we 
obtain the global minimum standard deviation 
for best values of each class for all the above 
predictions, respect to the measurements.
4. Results and analysis
In Figure 4 we show the RMS-DS measured va-

lues (gray line with squares) and estimated values 
using RL (black line with circles) using the initial 
values for  and  shown in Table 1. It can be 
observed that RMS-DS values for the 39 points 
have important differences respect the measured 
values. Besides, as shown in Table 3, for the 
initial simulation the mean error and the standard 
deviation are 10.7 ns and 21.6 ns respectively, 
indicating low precision of the RL, respect to the 
mean value of the RMS-DS of 14.5 ns.

Element Material Initial  
Group

Real relative  
Permittivity 

Conductivity 
(S/m)

Floor and  
ceiling Concrete Concrete 6.9 0.0138

Walls #1  
and #2

Metallized  
Glass

Metallized  
Glass 2.4 0.125

Table Glass Glass 2.4 0.0350
Walls #3  
and #4 MDF MDF 60 0.02

Furniture Wood Wood 3.81 0.007
Chairs MDF MDF 70 0.02 

Table 2. Adjusted values of relative permittivity and conductivity.

Figure 4. RMS-DS measured (light gray with squares), RT before adjust  
(black with circles) and adjusted (black with rhombs).
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The impact of RMS-DS error was analyzed when the 
permittivity was modified for each of the materials, 
but keeping conductivity values unchanged. Same 
procedure was applied to the conductivity, keeping 
values of permittivity. In figure 4 we show the 
results of the simulation after the permittivity 
adjustment, using the black line with rhombs. , The 
main impact was found in the values of permittivity 
for walls #3 and #4 (MDF), chairs (MDF covered 
with fabric), and the conductivity for walls #1 and 
#2 (metallized glass with metallic frames). These 
materials had an important effect in the results of 
the simulated RMS-DS, after the adjustment of the 
relative permittivity and conductivity, as shown in 
Figure 4. For the remaining of the materials, the 
impact was negligible. Adjusted values of relative 
permittivity are:  for MDF (walls) and 

 for MDF with fabric cover, and are shown 
in bold in Table 2.

 
Table 3. Error statistics comparison.

Results for estimated values of RMS-DS after 
modify the conductivity of the rest of material are 
not shown, because its impact is negligible. The 
value for adjusted conductivity is  S/m 
and is shown in bold in Table 2. 

In Table 3 it is observed that after adjust the 
conductivity for walls #1 and #2 mean error reduces 
to 0.1 ns and standard deviation to 1.1 ns. These 
results shown that the adjust of the conductivity in 
walls #1 and #2, may lead to better results than just 
adjust the real relative permittivity.

It is important to remark that, even after the ad-
justment of both permittivity and conductivity in 
walls #1 and #2, there still exist some important 
differences in the results of the Delay Spread. A 
similar work recently published (21) found that the 
influence of external structures highly conductive, 
like metallic frames from the building structure, 

can reflect the waves, generating high values of 
delay, explaining the existing differences. These 
factors were not considered when we execute the 
measurements, then, it is not possible to validate 
such hypotheses at the moment of writing this paper. 

5. Conclusions 

Ray based tools are very accurate to predict 
the behavior of the radio cannel, even for low 
frequencies like the used for this paper. However, 
and as has been shown, these tools are quite 
sensitive to some parameters, like materials cons-
titutive parameters and the scenario. 

For the new frequency bands, identified by the 
WRC-15 for 5G mobile technology, ray based 
models are more relevant, as well as constitutive 
parameters information.
The empirical adjustment of constitutive para-
meters shown in this paper is a contribution to the 
discussion about how deterministic are really the 
ray based models, or about the tradeoff between 
deterministic part and empirical part of the models. 
Measurements were done in the year 2012, and since 
then some papers has been published in mmWave 
bands (above 6 GHz) using ray based models, it is 
important to execute more measurements in these 
mmWave bands, and also to consider the metallic 
structures of the building in the simulated scenario.

6. References

1 Keller J. Geometrical theory of diffraction. J. 
Opt. Soc. Am. 1962;52(2):116-30.

2 Luebbers R. Finite conductivity uniform GTD 
versus knife egde diffraction in prediction of 
propagation path loss. IEEE Trans Antennas 
Propag. 1984 jan;32(1):70-76.

3 Patwari N, Durgin G, Rapaport T. Improved 
3D ray launching method for wireless 
propagation prediction. IEEE Electron. Lett. 
1997 jul;33(16):1412-13.

4 Catedra MF, Perez J, Saez de Adana F, 
Gutierrez O. Efficient ray-tracing techniques 
for three-dimensional analyses of propagation 
in mobile communications: application to 
picocell and microcell scenarios. IEEE Trans 
Antennas Propag. 1998 Apr;40(2):15-28.

Process
Standard 
Deviation 

(ns)

Mean error 
(ns)

Initial 21.6 10.7
After Adjustment 1.1 0.1



50

Ingeniería y Competitividad, Volumen 20, No. 1, p. 41 - 51 (2018)

5 Haddad E, Malhouroux N, Pajusco P, Ney 
M. On the frequency dependence of UWB 
indoor channel parameters: 3D ray tracing 
and measurement. Proceedings of the Fourth 
European Conference on Antennas and 
Propagation (EuCAP); 2010 Apr; Barcelona, 
Spain. Piscataway (NJ): IEEE; 2010. p. 1-5.

6 Felbecker R, Raschkowski L, Keusgen W, 
Peter M. Electromagnetic wave propagation 
in the millimeter wave band using the 
NVIDIA OptiX GPU ray tracing engine. 
Proceedings of the 6th European Conference 
on Antennas and Propagation (EuCAP); 2012 
Mar; Prague, Czech Republic. Piscataway 
(NJ): IEEE; 2012. p. 488-92.

7 Mani F, Oestges C. Evaluation of diffuse 
scattering contribution for delay spread and 
crosspolarization ratio prediction in an indoor 
scenario. Proceedings of the Fourth European 
Conference on Antennas and Propagation 
(EuCAP); 2010 Apr; Barcelona, Spain. 
Piscataway (NJ): IEEE; 2010. p. 1-4.

8 Degli-Esposti V. A diffuse scattering model 
for urban propagation prediction. IEEE Trans 
Antennas Propag. 2001 Jul;49(7):1111-13.

9 Haddad E, Malhouroux N, Pajusco P, Ney M. 
Optimization of 3D ray tracing for MIMO 
indoor channel. General Assembly and Scientific 
Symposium, XXXth URSI; 2011 Aug; Istanbul, 
Turkey. Piscataway (NJ): IEEE; 2011.

10 Mohtashami V, Shishegar AA. Effects of 
inaccuracy of material permittivities on ray tra-
cing results for site-specific indoor propagation 
modeling. Antennas and Propagation in Wi-
reless Communications (APWC); 2013 Sep; 
Torino, Italy. Piscataway (NJ): IEEE. p. 1172-5.

11 Navarro A, Guevara D, Gómez J. Modeling 
wireless channel employing ray tracing tech-
niques: A systematic review. Sist. & Tele. 
2014 Sep;12(30):87-101. 

12 ETSI. Digital Video Broadcasting (DVB): 
Implementation guidelines for a second ge-

neration digital terrestrial television broad-
casting system (DVB-T2). Sophia Antipolis, 
France: ETSI; 2012. ETSI TS 102 831 V1.2.1 
(2012-08) Technical Specification.

13 ATSC Planning Team 2. Final report on ATSC 
3.0-Next generation broadcast television. Wa-
shington, DC: Advanced Television Systems 
Committee; 2011 Sept 21. ATSC PT2-046r11 
Final Report.

14  Navarro A, Guevara D, Cardona N, Gimenez 
J. DVB Coverage prediction using game 
engine based ray-tracing techniques. IEEE 
74th Vehicular Technology Conference, VTC 
2011-Fall; 2011 Sep; San Francisco (CA). 
Piscataway (NJ): IEEE; 2011.

15 Navarro A, Guevara D. Using game engines 
for wideband channel estimation parameters 
in Andean cities. Proceedings of the Fourth 
European Conference on Antennas and Pro-
pagation (EuCAP); 2010 Apr; Barcelona, 
Spain. Piscataway (NJ): IEEE; 2010. p. 1-5.

16  Navarro A, Guevara D. Applicability of game  
engine for ray tracing techniques in a complex 
urban environment. IEEE 72nd Vehicular Tech-
nology Conference VTC 2010-Fall; 2010 Sep; 
Ottawa (ON). Piscataway (NJ): IEEE; 2010.

17 Navarro A, Guevara D, Gomez J. Prediction of 
delay spread using ray tracing and game engine 
based on measurement. IEEE 81st Vehicular 
Technology Conference (VTC Spring); 2015 
May; Glasgow, Scotland. Piscataway (NJ): 
IEEE; 2015.

18 Stavrou S, Saunders SR. Review of constitutive 
parameters of building materials. Proceedings of 
the 12th International Conference on Antennas 
and Propagation (ICAP ’03); 2003 Apr; Exeter, 
UK. London (UK): IET; 2003. p. 211-5.

19 Pereira C, Blanchard C, Carvalho LM, Costa 
CA. High frequency heating of medium density 
fiberboard (MDF): Theory and experiment. 
Chem. Eng. Sci. 2004 Feb;59(4):735-45.



51

Ingeniería y Competitividad, Volumen 20, No. 1, p. 41 - 51 (2018)

20 Ramo S, Whinnery JR, Van Duzer T. Fields and 
waves in communication electronics. Hoboken 
(NJ): John Wiley & Sons; 2007.

21 Vitucci E, Fuschini F, Degli-Esposti V. Ray 
tracing simulation of the radio channel time- and 
angle-dispersion in large indoor environments. 
In: Proceedings of the 8th European Conference 
on Antennas and Propagation (EuCAP 2014); 
2014 Apr; The Hague, Netherlands. Piscataway 
(NJ): IEEE. p.2127-30.

Revista Ingeniería y Competitividad por Universidad del Valle se encuentra bajo una licencia Creative 
Commons Reconocimiento - Debe reconocer adecuadamente la autoría, proporcionar un enlace a la 
licencia e indicar si se han realizado cambios. Puede hacerlo de cualquier manera razonable, pero no 
de una manera que sugiera que tiene el apoyo del licenciador o lo recibe por el uso que hace.




