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Abstract— In this work, the comparison of different 

deterministic methodologies to characterize channel behavior in 
heterogeneous and composite scenarios is presented. These 
techniques combine a 3-D Ray Launching approach based on 
Geometrical Optics, with other approaches based on Geometrical 
Optics and Uniform Theory of Diffraction, and a full technique, 
which also includes a Diffusion Equation method based on the 
equation of transfer. A new methodology based on Geometrical 
Optics and Diffusion Equation is presented and validated when 
compared with real measurements, achieving accurate results. 
The proposed technique provides a computational time reduction 
of up to 90% with respect to the conventional Geometrical Optics 
with Uniform Theory of Diffraction and Diffusion Equation 
approach. 
 

Index Terms— 3D-Ray Launching, Diffusion, scattering, RF 
environment modeling, radio channel simulation. 
 

I. INTRODUCTION 
ith the growing demand of wireless communications 
systems over the last years, the need of having efficient 

tools to characterize electromagnetic propagation in different 
complex environments has increased significantly. The 
capacity of defining the best choices for the locations of the 
transceivers in a wireless communication system, estimating 
their coverage/capacity relations not having to carry out 
campaigns of real measurements, which are usually quite 
expensive and time absorbing, has been a requirement in the 
past years. Because of that, it has become necessary to 
develop efficient and accurate new prediction propagation 
approaches which help with the design of wireless 
communication systems and networks. In this way, radio 
planning as well as system-level design and optimization tasks 
can be performed, such as coverage/capacity analysis in 
HetNet operation, or the energy efficiency analysis in wireless 
sensor networks [1].  

Empirical methods were the first methods used for initial 
coverage prediction [2-3], i.e. COST-231, Walfish-Bertoni or 
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Okumura Hata. Their benefit is that they are fast, in terms of 
computational time needed for simulation, but the 
disadvantage is that results need to be calibrated based on real 
measurements with linear regression methods.   

On the other hand, deterministic methods [4-5] can be 
divided in two groups, being the first one those methods based 
on full-wave simulation approaches, i.e. method of moment 
(MoM) or finite difference time domain (FDTD) [6]. The 
second group are those methods based on geometrical 
approximations, such as ray launching (RL) and ray tracing 
(RT) [7]. The advantage of these methods is the precision of 
the results, but the drawback is that the simulation 
computational time can be unaffordable if the analyzed 
scenario is complex and with large dimensions. They usually 
are used combined with the uniform theory of diffraction 
(UTD) to predict radio coverage [8-9]. It has been shown in 
the literature that RT and RL approaches achieve a trade-off 
between accuracy and computational time, and because of 
that, they are the most used for multipath propagation 
prediction in urban and complex indoor environments.    

It has been shown in the literature the dispersive behavior of 
electromagnetic waves in a discrete random medium with 
sufficient multiple scattering [10-11]. Taking this into account, 
it is highly advantageous to consider the diffuse scattering 
when assessing wireless electromagnetic channel 
performance.  

There are several works which have implemented this 
phenomenon in deterministic approaches. In [12], a diffuse 
scattering implementation in a three-dimensional (3D) urban 
propagation environment has been described. The influence of 
diffuse scattering when analyzing narrowband and wideband 
characteristics is presented in [13-14], which present a field 
prediction technique which takes into account reflection, 
diffraction and diffuse scattering, showing that diffuse 
scattering plays an important role in electromagnetic 
propagation. In [15], a novel and efficient hybrid model 
combining a two-dimensional (2D) site-specific model and a 
statistical model is presented, modeling the presented mean 
addition of diffused scattering.   

Nevertheless, these mentioned approaches could have an 
unaffordable computational complexity which is determined 
by the results exactness. Nowadays, reducing simulation 
computational time has become a challenge and, in order to 
overwhelmed this disadvantage, different speed-up approaches 
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have been proposed in the literature. Reference [16] presents a 
novel deterministic approach to model radio wave propagation 
channel, which permit the utilization of less number of 
transmitted rays in the simulation scenario, whereas 
intermediate points can be predicted using neural network. In 
[17] several acceleration techniques to improve the storage of 
data and processing are shown. Some authors have worked on 
acceleration techniques by decomposing the 3D problem into 
two 2D sub-problems [18-19], whereas in [20] the 
methodology of splitting the 3D wave propagation into 2D 
planes is shown. In [21-22], the medium is tessellated using 
rectangular and triangular meshes, respectively. In [23], a 
database preprocessing and discretization of the environment 
is proposed. Finally, with the aim of cutting down the high 
quantity of rays and the huge input database handled by the 
algorithm, two methods are presented in [24]. 

In the light of the above analysis of diverse propagation 
approaches, it is extremely important to consider deterministic 
models which convey with precise results with an accessible 
simulation computational time. In this sense, an analysis of 
different deterministic approaches has been done in this work, 
leading to the conclusion that a novel and efficient hybrid 
Geometrical Optics-Diffusion Equation (GO/DE) 
methodology to assess electromagnetic propagation in 
heterogeneous and composite indoor scenarios achieves the 
best results in terms of accuracy and simulation computational 
time. The proposed approach has been presented in the letter 
[25]. It is an acceleration technique combining the full GO 
with the Uniform Theory of Diffraction and DE 
(GO/UTD/DE). In this work, different realistic scenarios in 
which the different approaches are applied are presented. The 
novel technique is validated showing accurate results and it is 
computationally more efficient when compared to the fully 
GO/UTD/DE technique, with a rise in a mean error of 0.27dB. 
Fig. 1 describes the presented work, showing the advantages 
and disadvantages of each one of the cases which have been 
analyzed.  

The paper is organized as follows. In Section II, the RL 
method is analytically described with the modeling of edge 
contributions. Section III presents the DE approach and its 
implementation into the RL method. Simulation results are 
discussed in Section IV and, in Section V, measurement 
results and processing gain in terms of computational time are 
reported. Finally, conclusions are given in Section VI. 
 

II. RAY LAUNCHING APPROACH 
 

In order to perform wireless channel analysis, a 3-D RL 
algorithm has been developed in-house on Geometrical Optics 
(GO) and its extension the Geometrical Theory of Diffraction 
(GTD). The main principle of RL techniques is that, based on 
an addition of optic and electromagnetic theories, the radiated 
wave is approximated as a set of rays which propagate along 
the space. 
 

 
 
Fig. 1. Scheme with the different deterministic approaches considered with the 
benefits and drawbacks of each one. 
 
 

Rays are launched as defined in the spherical coordinate 
system at an elevation angle q and an azimuth angle f. The 
parameters of the antenna, as well as the radiation pattern are 
taken into account. Parameters such as frequency of operation, 
number of multipath reflections, angular resolution, and 
cuboids dimension are introduced.  
Each ray propagates in the space as a single optical wavefront. 
The electric field E created by an antenna with a radiated 
power Prad with a directivity 𝐷"(𝜃", 𝜙") and polarization ratio 
(𝑋), 𝑋∥)  at a distance r in the free space is calculated by [26]  
 

			𝐸-) = /012345(65,∅5)89
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where  𝛽D = 2𝜋𝑓HI𝜀D𝜇D,  ε0=8.854*10-12 F/m, µ0=4π*10-7 
H/m and η0=120π ohms. fc is the transmission frequency and 
𝐿)∥	are the path loss coefficients for each polarization.  

When this ray finds an object in its path, two new rays are 
created: a reflected ray and a transmitted ray. These rays have 
new angles provided by Snell’s law [27].  

It is important to emphasize that a full 3D scenario is 
created before simulation in which objects, walls, transmitters, 
receivers and the complete set of elements within the 
simulation environment are considered. It must be pointed out 
a volumetric grid is implemented storing the different 
parameters and characteristics of each ray propagating in the 
space. In consequence, the whole area is separated into several 
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cuboids of fixed dimensions. When a ray enters a specific 
cuboid, its parameters are saved in a matrix. Dispersive 
material properties within the considered frequency range for 
all the elements within the scenario are also taken into 
account. 
 

A. Ray Launching Modeling with Edge Contributions 
 

Nevertheless, one of the main problems that presents the 
GO only approach is that it cannot estimate correctly the 
received field in shadow areas originated by edges or 
discontinuities of the obstacles in the scenario, as it is 
represented in Fig. 2.  The reason is that only the direct, 
reflected and refracted rays are taking into account in the GO 
only approach, heading to the presence of unexpected areas, 
which correspond to the boundaries where these rays exist. 
Because of that, diffraction phenomenon was introduced first 
by Keller [28]. He stated that when GO rays leave the edge of 
the obstacles, they were diffracted rays, and they follow the 
rules of the generalized Fermat’s principle [29]. However, 
where the GO rays present discontinuities, this formulation 
had inaccuracies in shadow and reflection regions. To solve 
these problems, uniform solutions to the asymptotic 
expressions were used. The first one is the uniform theory of 
diffraction (UTD) developed by Kouyoumjian and Pathak [30] 
from the asymptotic expansion by Pauli Clemmow [31], 
whereas the second one is the uniform asymptotic solution 
(UAT) obtained by Lee and Deschamps [32]. The UAT 
obtains the fields by removing two terms with infinite values 
at the shadow borders, while the UTD is numerically easier to 
be implemented.  

 

 
 
Fig. 2. Illustration of the regions described by GO rays. 
 

GO/UTD approach has been widely used to predict mobile 
communication propagation for both urban [33-34] and indoor 
[35-36] environments. In the in-house developed software, the 
UTD has been implemented by computing the diffraction 
coefficients on the edges of the diffractive elements with the 
finite conductivity two-dimensional diffraction coefficients 
given by [37] as 

 

𝐷∥) =
−𝑒(NOP Q)⁄
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where nπ is the wedge angle, F, L and 𝑎 ± are defined in [37], 
𝑅D,h are the reflection coefficients for the respective 
polarization for the 0 face or n face. Φ: and Φ`	angles in (3) 
are depicted in Fig. 3. 
 

 
 
Fig. 3. Geometry for wedge diffraction coefficients. 
 

The diffracted field is calculated by (4): 
 

𝐸mn4 = 𝑒D
𝑒NOopq
𝑠`

	𝐷)∥s
𝑠`

𝑠:(𝑠` + 𝑠:)
	𝑒NOopt (4) 

where 𝐷)∥	are the diffraction coefficients in (3) and s1, s2 

corresponds with the distances source-edge and edge-receiver 
point, respectively, as it is represented in Fig. 3.  The path loss 
propagation is considered at each spatial point of the 3D 
scenario, considering the losses of propagation because of 
different material properties, at different distances d, with an 
attenuation constant α(Np/m), and a phase constant β(rad/m). 
The total field is calculated considering all the incident 
vectorial fields inside each cuboid of the defined spatial mesh. 
Thus, the main principle of the RL techniques is that, for a 
given carrier frequency, at a specific bandwidth, where the 
materials are assumed to be spatially homogeneous and 
temporally non-dispersive in the band of interest, the impulse 
response of the channel can be determined. Consequently, 
taking into account this information, the wholly 
characterization of a stationary channel can be done. 

The proposed simulation code has been extensively tested 
as a valid methodology to characterize electromagnetic 
propagation in complex scenarios [38-39], interference 
analysis [40] or electromagnetic dosimetry evaluation in 
wireless systems [41]. It has been demonstrated that the 
principle of GO/UTD gives precise radio wave propagation 
results when a whole 3D environment is taking into account. 
Nevertheless, the significant disadvantage of the algorithm is 
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the high computational simulation time needed for complex 
and scenarios with great dimensions, which can be 
unaffordable in some occasions. In order to manage this issue, 
and achieve precise results with an affordable computational 
simulation time, the DE-GO technique has been analyzed and 
compared for different realistic scenarios, achieving good 
results. The DE technique neglect the edge contributions, and 
takes into account absorption and scattering electromagnetic 
phenomena caused by the obstacles. The main purpose of this 
work is to validate the power prediction tool in different 
complex and large scenarios, achieving precise results with an 
affordable computational time. The methodology followed is 
to compare the GO/DE method with the complete technique 
GO/UTD/DE (which takes into account all the 
electromagnetic phenomena) in terms of accuracy and 
simulation time required, showing that the novel approach 
gives precise results with a relevant decrease of simulation 
time needed.  

III. DIFFUSION EQUATION APPROACH 

A. Ray Launching Modeling with Diffusion Equation 
 

It has been shown in the literature that in discrete random 
media with enough multiple scattering, electromagnetic waves 
have a diffusive behavior. Under the assumption of uniform 
scattering, the diffusion equation simplifies the equation of 
transfer in the classical transport theory [42].  

Following the approach described in [11, 25, 43], it has 
been developed a new module to be implemented in the 3D 
RL tool. This new module is based on DE and considers 
absorption and scattering losses caused by obstacles. It can be 
implemented in both, the GO only approach and the GO/UTD 
technique. In this sense, the fully GO/UTD/DE methodology 
is the most precise approach because it considers all the 
electromagnetic phenomena encountered in a composite and 
heterogeneous scenario, such as reflection, refraction, 
diffraction and diffuse scattering. Nevertheless, the 
computational simulation time of this fully technique can be 
unaffordable for complex and large scenarios, as it is 
presented in the following sections. In this work, the 
comparison between different techniques for different 
scenarios is presented, showing that the GO/DE approach, 
which does not consider edge diffraction, achieve the best 
results. Although this technique does not take into account 
edge diffraction, it has been presented in the following 
sections that the impact of edge diffraction cannot be 
considered if the field is averaged taking into account all the 
obstacles (with the respective locations and orientations) 
within the whole 3D environment, conducting to an important 
decrease of computational time.  

The GO/DE approach has been presented in [25]. The new 
technique is based on the statement that if the obstacles area 
density is higher than 10%, then diffusion approaches can be 
applied to indoor scenarios [43]. The principle is that the 
whole 3D environment is divided in terms of horizontal and 

vertical 2D planes. Afterwards, the 2D planes with diffusive 
behavior are treated with the DE methodology, considering 
scattering and absorption losses due to obstacles. 

The statistical average of the of the Poynting vector 
magnitude at any spatial location of the 3D scenario is the 
notion of specific intensity, in which the DE approach is 
based. In 2D, the specific intensity can be described as a 
function of three input arguments: one angular coordinate 𝜉, 
providing the azimuthal direction of the average Poynting 
vector, and two spatial coordinates 𝜌 = (𝑥, 𝑦) ≡ (𝑟{, ∅), 
where 	𝑟{ is the radial distance and ∅	is the azimuthal angle. 
The specific intensity, after normalization, is given by 
𝐼(𝜌, 𝜉) = 𝑈~(𝜌) + 𝒔�	𝑭��⃗ (𝜌) 𝜋⁄  , where 𝑈~ is the average 
intensity (units of Watts/m), the flux density vector (units of 
Watts/m) is 𝑭	���⃗  and 𝒔� = 𝒙�𝑐𝑜𝑠𝜉 + 𝒚�𝑠𝑖𝑛𝜉. Their relation is given 
by: 

𝑈~(𝜌) =
`
:P ∫ 𝐼(𝜌, 𝑠)𝑑𝜉:P

D                               (5) 
 

𝑭��⃗ (𝜌) = `
:P ∫ 𝒔�𝐼(𝜌, 𝑠)𝑑𝜉:P

D                               (6) 
 

Following the formulation stated in [11], based on transport 
theory, the excess loss on a dB scale can be expressed as  

 

𝐿<�n (𝑟{)~
`D√:���9 ��� <

�9
𝑟{ − 5 log �

P�9��@2
√:�9

�	           (7) 
 
where 𝑝D is the obstacle occupational density, 𝐴D is the 
average obstacle cross sectional area, 𝜎� [m] is the 
geometrical cross section of the obstacles per unit length and 
	𝑟{ is radial TX-RX distance. 
 

 
 
Fig. 4. Schematic view of the new considered approach. 
 

For those horizontal or vertical planes which behave 
diffusively, the DE model has been applied, as it is shown in 
Fig. 4. As stated in section II, it is important to stress that the 
whole 3D scenario is divided into a grid, leading to a number 
of cuboids of fixed size. In the algorithm, we can define 
cuboid volume as input parameters. Depending of this cuboids 
size, the vertical and horizontal 2D planes are created, which 
could be different determined by the layout of the entire 
scenario. The methodology has been to calculate the obstacle 
density for each 2D vertical and horizontal plane. Afterwards, 
the planes with an obstacles area density bigger than 10% 
have been treated with DE. Considering the large size of 
obstacles when compared to the investigated wavelength, it 
can be assumed that the transmission and absorption cross 
sections are approximately equal to the geometric cross 
section [42].  
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IV. SIMULATION RESULTS AND VALIDATION OF THE 
ALGORITHM 

 
First, different simulations of typical complex indoor 

environments have been done with the different approaches. 
The considered scenarios are represented in Fig. 5, which 
shows three different environments: (a) an office environment, 
(b) a first floor of a house with eight rooms, and (c) a floor 
with several meeting rooms and offices. These three scenarios 
have been chosen because they represent typical complex 
indoor environments. All scenarios have several obstacles, 
such as tables of different dimensions and shapes, chairs, 
furniture, computers, shelves, etc. The dimensions of the 
scenarios are (13mx7mx4.2m), (9mx7.25mx2.6m) and 
(29.5mx20.45mx3.8m), respectively. Every obstacle within 
the scenarios have been considered in simulations, as well as 
the walls of different materials, which are also shown in the 
schematic view of the scenarios. The values of permittivity 
and conductivity employed in the simulated scenarios are 
defined in Table I [45]. 

 
TABLE I 

RAY LAUNCHING MATERIAL PROPERTIES 
Parameters Permittivity (εr) Conductivity (σ) [S/m] 

Air 1 0 

Plywood 2.88 0.21 
Brick wall 4.11 0.0364 

Glass 6.06 10-12 
Concrete 5.66 0.142 

Metal 4.5 4*107 
Polycarbonate 3 0.2 

 
Table II presents the considered simulation input parameters 

for the GO/UTD/DE approach. The different cuboids 
resolution has been chosen according to a convergence 
analysis of cuboids size comparing with the dimensions of the 
scenarios [45]. The cuboid mesh resolution of the office 
environment generates to 84 horizontal XY-planes, 260 
vertical YZ-planes and 140 vertical XZ-planes, the story house 
generates to 9 horizontal XY-planes, 25 vertical YZ-planes 
and 31 vertical XZ-planes and the third scenario generates to 4 
horizontal XY-planes, 21 vertical YZ-planes and 30 vertical 
XZ-planes. In the case of the first scenario (office 
environment), only the horizontal plane that considers tables 
and chairs exceeds the obstacle area density of 10%, with an 
obstacle density in this particular plane of 15.49%.  For the 
story house, several planes exceed the obstacle density of 
10%. In these 2D horizontal and vertical planes, DE have been 
applied in order to obtain precise results for those planes.  The 
third scenario does not have any plane with an obstacle 
density larger than 10%. Because of that, it has been treated 
also with DE to show that in this case the mean error is larger 
when DE is applied to those planes with a density smaller than 
10%. Thus, only those planes with a larger obstacle density 
than 10% must be treated with the DE approach [43]. 

 

 
(a) 

 

 
(b) 
 

 
(c) 

Fig. 5. Aerial view of the considered scenarios: (a) typical office environment 
(b) first floor of a house (c) floor with several meeting rooms and offices. 
Ceiling has not been shown for illustration. 
 

TABLE II 
SIMULATION  PARAMETERS IN THE RAY LAUNCHING SOFTWARE 

Frequency 2.4GHz 

Transmitter power 0dBm 

Antenna gain 5dBi 

Horizontal plane angle resolution (∆Φ) 1º 
 Vertical plane angle resolution (∆θ) 1º 

Reflections 7 

Cuboids resolution 5cm / 30cm /1m 
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Fig. 6. XY plane of received power (dBm) for 0.8m height taking into account 
all the furniture in the office environment. 
 

 
Fig. 7. XY plane of received power (dBm) for 0.8m height taking into account 
only the tables in the office environment. 
 

 
Fig. 8. XY plane of received power (dBm) for 0.8m height without obstacles 
in the office environment. 
 

Firstly, simulations have been done in the office environment scenario, 
where the impact of furniture has been assessed. The impact of the furniture in 
the radio wave propagation in indoor scenarios has a large impact in the 
weakening of the signal. Fig. 6, 7 and 8 show the XY-planes of received 
power for a height of 0.8m. For these simulations, the GO/UTD/DE fully 
approach has been used, and results show that the high influence of furniture 
in the environment related with radio wave propagation, showing that when 
more obstacles are taking into account, the interference is bigger.  

Fig. 9 shows the received power distribution as a function of obstacle 
density variation, along the X-axis at Y=5.75m. Higher fading losses are 
observed as the propagating paths encounter higher furniture density, as 
expected.  

The objective is to assess the impact of the scattering in this complex 
indoor scenario.  For that purpose, several simulations have been developed 
with the implementation of the DE modeling. Then, a comparison has been 
made between the GO only approach, the GO with edge contributions and full 
method considering GO/UTD/DE. The comparison of received power for the 
different techniques along the X-axis for Y=4.5m is shown in Fig. 10 and Fig. 
11. Fig. 10 presents the comparison between GO/UTD and GO/DE 
approaches. It can be seen that the edge contributions can enhance the channel 
performance in certain points as the received power is higher on the whole 
than the GO/DE approach. However, the scattering and absorption due to 
obstacles, which is always present in practical situations, reduces the received 
power in almost every spatial point of the space. In the light of this, it can be 
concluded that is really important to take into account scattering phenomena 
in order to achieve precise results to characterize adequately the wireless 
channel.   

 

 
Fig. 9. Distribution of received power for the three cases considered: all the 
furniture, only tables and without furniture in the office environment.   
 

 
Fig. 10. Comparison between received power lines in dBm for the GO/UTD 
and GO/DE methods in the office environment. 
 

 
Fig. 11. Comparison between received power lines in dBm for the GO only 
approach and the fully GO/UTD/DE method in the office environment. 
 

Fig. 11 presents the comparison between GO only approach 
and the full GO/UTD/DE technique. It can be observed that 
the GO only approach predicts bigger levels of received power 
along the entire radial. However, the full method which 
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considers into account all electromagnetic phenomena predicts 
lower values because it considers more losses mainly due to 
scattering and diffraction, showing higher accuracy. The 
figure also depicts the location of obstacles, given by the 
vertical dashed lines, in which larger variability in estimated 
losses can be observed.  
 

 
(a) 

 
(b) 

 
(c) 

Fig. 12. Measurement points for the scenarios considered: (a) office 
environment (b) one-story house and (c) floor with different rooms with the 
position of the transmitter. 

V. MEASUREMENT RESULTS AND DISCUSSION 
A campaign of real measurements in the three scenarios 

considered has been done in order to validate the results 
previously shown. For that purpose, the methodology has been 
to connect a transmitter antenna to a signal generator at 
2.4GHz frequency. The transmitter antenna has been placed at 
the coordinates depicted with a red triangle in Fig. 12 in the 
three scenarios considered. A portable Agilent N1996A has 
been employed as signal generator and an Agilent N9912 
Field Fox as spectrum analyzer. Both antennas, transmitter 
and receiver, are omnidirectional antennas (Picea 2.4GHz 
Swivel Atennas from Antenanova). Measurements have been 
performed in the measurement points represented in Fig. 12 
for the three scenarios respectively, at a height of 0.80m in the 
three cases.  
Simulation and measurement results for the different 
simulation techniques are represented in Fig. 13 for the first 
two scenarios, which have planes with obstacles densities 
higher than 10%. For the three scenarios considered, the 
bandwidth considered for the measurements were 100MHz, 
and the measurement time was 60 seconds at each spatial 
point, considering the peak power detected values. The 
comparison has been made for the same spatial samples with 
the received power estimated by simulation and by the real 
measurements. From Fig. 13, it can be seen that all the 
proposed methods follow the received power measurement 
trend. 
 

 
(a) 

 
(b) 

Fig. 13. Comparison between the 3D RL simulation results and real 
measurements for 2.4GHz frequency for the different simulation approaches: 
(a) Office environment (b) One-story house. 
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TABLE III 
MEAN ERROR AND STD. DEVIATION FOR THE DIFFERENT APPROACHES 

   CASE 
1 

CASE 2 CASE 3 CASE 4 

 Obstacles Density  GO GO+UTD GO+DE GO+UTD+DE 

Office 
environment >10% 

Mean error (dB) 3.01 1.37 0.89 0.62 
Std. Deviation (dB) 2.30 0.81 0.96 0.73 

One-Story 
house >10% 

Mean error (dB) 2.30 1.30 1.23 1.01 
Std. Deviation (dB) 2.04 1.91 0.49 0.65 

Floor with 
several rooms        <10% 

Mean error (dB) 2.86 1.89 8.29 9.09 
Std. Deviation (dB) 1.98 1.44 9.27 11.19 

 
 

Table III shows the mean error and standard deviation 
between the different approaches for the three considered 
scenarios, the first two with planes with an obstacle density 
larger than 10% and the third one, with obstacles density 
smaller than 10%. It can be seen that the full GO/UTD/DE 
technique is the most accurate for the first two cases with a 
mean error of 0.62dB and a standard deviation of 0.73dB for 
the office environment and a mean error of 1.01dB and a 
standard deviation of 0.65dB for the story house. However, it 
is observed that in these two scenarios, that for the GO/DE 
approach, the mean error only increases by 0.27dB in the case 
of the office environment, and 0.22dB in the case of the one-
story house, while the computational time is reduced 40% and 
90% respectively, with respect to the full GO/UTD/DE 
approach. Fig. 14 shows the computational time required for 
the four considered techniques, for the first two scenarios 
considered. It can be seen from Fig. 14 the inclusion of the 
analysis of the diffracted rays takes a large amount of time. 
However, the novel technique GO/DE, which does not take 
into account the impact of edges because it considers the 
averaged received power field due to the different obstacles in 
the whole 3D environment, produces reasonable results. Table 
III shows the mean error and standard deviation for the third 
scenario considered, which does not have any plane with an 
obstacle density larger than 10%. It can be seen that the mean 
error and standard deviation for the fully GO/UTD/DE 
approach and the novel technique GO/DE increase 
significantly in this third scenario. Thus, it is shown that DE 
approach does not work in this scenario, with planes with 
obstacles densities smaller than 10%, as it is shown in [43]. It 
can be concluded that it is highly important to achieve a trade-
off between precision of the results and simulation 
computational time, when these hybrid approaches are 
employed. In this sense, it is shown that the novel technique 
GO/DE is precise for a complex indoor environment while a 
considerable amount of computational time is reduced, when 
compared with the fully GO/UTD/DE approach. 
 

 
(a) 

 

 
(b) 

Fig. 14. Computational time required for the complete simulation of the 
considered scenarios for the different simulation approaches: (a) Office 
environment (b) One-story house. 
 

VI. CONCLUSION 
 
In this work, a new technique which combines a 3-D Ray 

Launching with a Diffusion Equation (GO/DE) method based 
on the transport equation has been presented and validated in 
different realistic complex indoor environments. The new 
approach has been compared with the reference solution, 
Geometrical Optics with edge contributions and Diffusion 
equation (GO/UTD/DE), in different simulations of real 
scenarios.  The results show that there is a small increase in 
mean error values when applying the combined approaches, in 
the order of 1dB. The new approach considerably decreases 
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computational saving, up to 90% in simulation time, with 
similar accuracy levels. 

Currently, a full 3D approach of scattering and absorption 
losses handled by diffusion equation is being considered, with 
the aim of not needing to take into account the orthogonal 2D 
planes. This will be presented in future work. 
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