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ABSTRACT This paper presents the development and improvement of a high-performance validated
radio propagation simulation platform. The design and implementation process of the proposed wireless
network planning tool aims to achieve the best human-computer interaction. It takes as a base a previously
developed version that allowed the visualization of geospatial data and the use of empirical and semi-
empirical algorithms to analyze macrocellular environments. Now, the application also allows the use of the
ray launching technique to obtain accurate predictions in urban environments, visualize multiple raster data
and display the results dynamically while they are being calculated. The implementation of a 3D geometry
reconstruction system has also been included to allow the automatic loading of geospatial information
provided by open-source tools such as OpenStreetMap and LiDAR. The 3D reconstruction system allows
the user to run simulations of any part of the world. The proposed platform can optimize the position of base
stations providing the best coverage based on the constraints provided. The optimization module allows the
design and planning of new cellular networks and also the extension of existing networks. The result is an
innovative high-performance radio propagation simulation platform that can provide multiple functionalities
through a friendly and interactive web interface.

INDEX TERMS Ray launching, user experience design, radio propagation, radio network planning.

I. INTRODUCTION
Recent years have seen a huge increase in the use of
simulation tools for radio network planning and this trend
seems to continue in the future. Software applications
are used as an alternative to the expensive and humdrum
measurement campaigns that, in the past, would have been
required to study signal propagation in a particular area.
Some of these applications have been developed [1], [2]
using empirical and deterministic algorithms. Traditionally,
empirical algorithms [3] have been chosen over deterministic
ones to model mobile telecommunication systems for both
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rural and urban zones. With these algorithms, specific data
of the area under analysis is interpreted statistically using
variables like the average building height, average street
width, etc. Some assumptions are made to simplify the
models: antennas are assumed to be placed over elevated
terrain and the receptors are treated as if they were behind
a certain number of obstacles like buildings or mountains.
In these situations, empirical algorithms provide reasonably
good predictions. However, when the assumptions are
critically opposed to reality, such as when the antenna is
placed low enough, statistical simplifications do not work as
well. In these cases, signal propagation is obtained through
in-site measurements or using deterministic models, which
require a realistic geometric and physical analysis of the
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environment. One of the main types of asymptotic techniques
for full-wave computational electromagnetic modeling is
constituted by the ray tracing approach. This is based on
the theory of geometrical optics. According to this theory,
the electric field is discretized into rays and two different
methods can be used in the ray tracing simulations: the image
theory method and the shooting and bouncing ray method.
The image theory method is more accurate since it computes
the exact propagation paths from the transmitting antenna
to the receiving antenna. The computational complexity is
O(N k ) where k is the number of specular reflections and
N is the number of facets in the geometrical model. This
is why the image theory method is not suitable to simulate
large scenarios. On the other hand, the shooting and bouncing
ray method launches rays from the transmitting antenna
in every direction. This is also called the ray launching
method. The rays propagate according to Snell’s law and
only the rays that intersect a receiving sphere are taken
into account in the electric field calculation. A disadvantage
of this method is that, since the receiving sphere has a
certain radius, some ray paths can be inexact. Regarding
the computational complexity, it is O(NK), where K is the
number of specular reflections and N is the number of
rays generated. It is substantially lower than the complexity
of the image theory method. In addition, in situations of
non-line-of-sight, ray launching methods are chosen since
the image theory method usually includes only a limited
number of specular reflections [4]. Also, while ray tracing has
typically been used for point-to-point multipath simulations,
ray launching is more suitable for multipoint calculations.
Another advantage of the shooting and bouncing ray method
is that it allows the inclusion of diffraction and refraction,
which the image theory method alone cannot accomplish. All
this makes the shooting and bouncing ray method the best
choice when analyzing large scenarios. This work focuses on
the improvement of the user experience in cases when the
user needs to analyze a large, complex environment. In these
cases, the user has to wait to visualize the results because the
calculations may take some time.

The proposed work aims to address this inconvenience
by developing an interactive system that can display partial
results (25%, 50%, 75%) even before the whole simulation
has finished. As an example, one of the modules of the
developed web simulation tool presented in this work pro-
vides antenna positioning optimization mechanisms, whose
convergence process can be visualized in real-time. The paper
describes how the developed simulation tool can perform this
type of calculation and visualize the results interactively for
the user, with a user-friendly and clean interface.

The first version of the radio propagation simulation
platform developed by the authors was validated and
presented in [5]. The main advantage of this tool was
that the information on the environment was obtained from
OpenStreetMap [6]. This platform provides very detailed
geographic data from any part of the world required to
calculate the propagation losses. Although it was initially

based on a semi-empirical approach, it was improved by
including several empirical methods and a ray launching
module. This module takes advantage of the ray tracing
programmable framework OptiX [7], through the PlotOptiX
API (Application Programming Interface) package [8], opti-
mized for massively parallel processing on GPUs (Graphics
Processing Unit).

This paper describes the design and implementation
process of the developed simulation platform from a human-
computer interaction point of view. A review of the different
tools available to improve the visualization of both geospatial
data and the results of the radio propagation calculation is
presented. The rest of the paper is organized as follows.
Section II describes the state of the art of similar tools
and equivalent simulators, both commercially and publicly
available, and focuses on the contribution of the proposed
simulation platform. Section III-B presents the main features
of the high-performance radio propagation simulation plat-
form and discusses the technology stack and libraries used.
Finally, Section IV presents conclusions and future lines of
work.

II. STATE OF ART
Besides the academic ray tracing simulators published
in the literature, there are several recognized commercial
simulators used by both industry and academia. The tutorial
by He et al. [9] summarizes the features of the most relevant
commercial and publicly available academic ray tracing-
based simulators. There are also many professional software
tools, both commercial [10], [11] and free [12], [13] normally
based on geographic information systems [14] that use
empirical methods to calculate the radio propagation. Table 1
includes a comparison of other similar applications that offer
similar functionality, according to the following criteria:

1) Provides free access
2) Provides web or multiplatform access. It can be

accessed from any web browser and also from mobile
devices.

3) Allows interactive use
4) Allows easy to handle and edit map data.
5) Includes empirical or semi-empirical radio propagation

algorithms
6) Includes ray launching or ray tracing algorithms
7) Uses graphics or visual methods to show simulation

results
8) Considers multiple transmitting antennas
9) Uses 3D maps

10) Optimizes antenna positioning
According to these ten analyzed items, the most complete

tool is the one proposed in this paper, since it combines all
the evaluated functionalities. As it can be seen in Table 1, the
optimization of the antenna’s positioning (item number 10)
is a feature included in the proposed tool that is not present
in most of the other tools. That option has been implemented
to design and plan new cellular networks and also to extend
existing networks. It allows for optimizing the position of
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certain antennas while keeping one or more antennas in fixed
locations. The only tool in Table 1 that includes this feature is
Forsk [15], rated with 8 points, which provides an automatic
cell planning module for radio access network planning.
The next highest-rated tool is WinProp [16], a commercial
tool that allows representations on 2D and 3D maps and
provides multiplatform access. Like Forsk, WinProp uses
empirical and deterministic techniques to analyze both urban
and indoor environments. A quite similar tool to the one
developed is CloudRF [17], rated with 7 points. It offers a
limited free web version but can be extended by paying a fee.
After studying it, it is concluded that it does not offer a great
user experience: the edition of elements that have already
been created is quite difficult, and it is easier to delete them
rather than edit them. On the other hand, it includes a large
number of empirical algorithms that can be configured by
the user. It also allows different layers to be displayed, but
not in a very efficient and user-friendly way. Another similar
tool is Xirio [18], rated also with 7 points. Like CloudRF,
Xirio does not include ray-based methods to calculate radio
propagation. It also includes various empirical models. The
free version of the tool provides limited functionalities. One
of its strong points is the option of working on several
projects simultaneously. Among the free web-accessible tools
are also Radio Mobile [19] and TowerCoverage [20]. The
disadvantage of these tools is that they display the radio
propagation results in only two colors, so scarce information
is obtained from the simulations. In addition, when multiple
base stations are considered in a simulation, the results are not
displayed clearly due to the overlapping values. The results in
those areas covered by two or more antennas are displayed
in dark colors that do not correspond to any color scale.
After analyzing some of the existing similar tools, the goal of
the proposed tool is to cover all the evaluated functionalities
and also to improve the user experience by developing an
interactive system that overcomes the limitations of the other
tools described above.

III. OVERVIEW OF THE HIGH-PERFORMANCE RADIO
PROPAGATION SIMULATION PLATFORM
The first version of the radio propagation simulation platform
was validated with measurements in a real environment.
Two different routes were measured and simulated and
a good agreement between simulations and measurements
results was found [5]. The first version included several
empirical and semi-empirical models [2] and pursued the
goals analyzed in Table 1. In the current version, the following
functionalities were implemented to provide added value and
to differentiate the proposed tool from the rest of the tools
analyzed:

1) Display terrain-related information, e.g., height values,
population density, terrain type, or any other raster
input that the algorithms could require [14].

2) Improve the visualization of the results of radio
propagation simulations inmacrocellular environments
based on empirical and semi-empirical algorithms.

TABLE 1. Comparative table of similar tools and the developed tool.

Represent the path loss on the map using color scales
and graphs.

3) Make the interface more interactive by allowing
interaction with the map and the configurations dynam-
ically.

4) Make the manipulation of the elements created on the
map easier.

5) Perform advanced antenna positioning optimization,
by means of several types of genetic algorithms using
additional libraries like jMetal, to provide the best
coverage on a certain area [37].

6) Support incremental gathering of the data. For large
calculations, the data may be processed in batches
containing partial results. These batches are displayed
on the map as they are being obtained so that the user
can see the progress of the calculations.

7) Include a fast and accurate ray launching method to
simulate both indoor and outdoor environments.

8) Reconstruct and visualize 3D maps for urban areas,
in the case of using a ray launching propagation
calculation.

9) Visualize ray launching simulation results on the 3D
environment where they are calculated.

10) Display the elements involved in a ray launching
simulation: emitter/s, receiver/s, a geometrical model
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of the 3D environment, and the different types of rays:
direct, reflected, transmitted, or diffracted.

11) Support interactions with the ray launching results. The
user can inspect the rays through manual selection on
the web interface. Filtering them with a simple query
to only display the queried rays is also supported.

In the following subsections, these improvements are
described in detail.

A. INTERFACE INTERACTIVITY IMPROVEMENTS
It is important to remark that the element manipulation in the
current version is more flexible than in the first version. In the
first version, the user created the areas and could not edit
them, only delete them. Additionally, there was a problem
with raster requests when two areas were overlapping. In the
case of two or more large overlapped areas, they contained
duplicated and redundant data, overlapping the images and
creating a worse user experience. In the current version, if two
areas are overlapping, they can be merged if the use case
makes sense. For example, in requests for terrain heights
or path loss. The areas can also be treated separately. This
improves memory usage and reduces requests since only the
data that are not already in the newly drawn area will be
requested.

Regarding the interactive interface, many similar tools
have an interface based on filling in forms with the required
data and sending it to the tool’s server. The results arrive
in a report detailing the characteristics based on the request
in an atomic way. However, in the current tool version, this
interaction is dynamic. The users select and drag where they
want to place the intervening elements. They can also draw
the areaswhere the calculationwill be performed. Geometries
such as lines, circumferences, or rectangles encapsulating the
desired area are used. Additionally, the application supports
the use of forms to fill in the details of the simulation:
geopositioning of the antennas or intervening elements,
frequency of the antennas, polarization, and some additional
characteristics. There is a button to switch between the use of
forms and the interface on the map. Thus, the users are free
to use the most convenient way to interact according to their
use case.

This interface has been made possible thanks to the
new stack of technologies employed. OpenLayers is used
for moving the image processing responsibility from the
server to the client. React is used to control and switch
between different panels dynamically to provide a better
user experience. The microservices that provide raster and
optimization data have been refined. They can provide the
data in different response types, so the web client can request
partial responses for large areas.

B. ADVANCED ANTENNA POSITIONING OPTIMIZATION
Concerning the optimization of antenna positioning, it is
performed by genetic algorithms. A back-end server receives
the area where the transmitting antennas can be positioned,
and the area to be optimized, providing the best coverage

FIGURE 1. The blue points represent the positions that have been
analyzed and the red points represent the current antenna positions that
are being analyzed.

and the minimum path loss. This functionality allows for
optimizing the position of certain antennas while keeping one
ormore antennas in fixed locations. It is important to point out
that, since there can be several transmitting antennas, signals
from these antennas may be out of phase with the candidate
antenna, leading to destructive interference.

Genetic algorithms have been used to optimize the position
of the base stations. The objective function is defined to
minimize the path losses in the selected area, which are
provided by the empirical/semi-empirical algorithms. The
candidate positions are established in a grid throughout the
area indicated by the user. This means that the candidate
antenna positions can be any point within the area indicated
by the user. Genetic algorithms are especially suitable for
this type of application since input and output parameters are
modeled by gens (the candidate locations). To carry out an
optimization, the user selects the area to be optimized, which
will display a form to be filled in with the necessary data.
Additionally, the user can draw the area on the interactive 2D
map.

Once the form is filled or the area is selected on the map,
the data are sent to the server. The server returns the result,
displaying a new area representing the partial optimization
results, as shown in Figs. 1 and 2. As can be seen, the
optimizations are displayed in real-time as they are being
performed, showing the current best antenna locations. Note
that the red points represent the current antenna positions,
whereas the blue points represent the positions that have been
previously analyzed during the optimization process. For this
particular example, the positions of three antennas have been
optimized.

The tool offers the possibility of selecting these two
different areas since, normally, the transmitting antenna
locations are restricted to certain zones. When performing
the simulation, the genetic algorithm server sends instances
of the evolution of the algorithm used. The client processes
them and displays them dynamically and interactively on the
map for the client’s visualization. In the current version, the
server uses the jMetal library [43], [44], [45], [46], [47], [48],
a Java framework for multi-objective optimization using
metaheuristics, for the computation of genetic algorithms.
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FIGURE 2. Optimization animation in another instant. The minimum
distance between two candidate antenna positions in the optimization
process is 30m.

The use of jMetal allows the use of evolutionary and
genetic algorithms that are already developed and tested.
jMetal is an open source project (https://github.com/jMetal).
This implies that the algorithms have already been tried and
tested not only by the creators themselves, but by other
people who can contribute by improving the code, reporting
bugs, etc. Another advantage is that development time is
shorter, since that if these algorithms had to be programmed
from scratch, it would take much longer. In addition, the
algorithms included in jMetal have been proved to be efficient
for the optimization of antenna locations. As demonstrated
in [48], where a radio network design problem is addressed,
satisfactory results are yielded using amulti-objective version
of the algorithm CHC, which is a metaheuristic included in
the jMetal framework. The experiments carried out in that
work reveal that the algorithm provided by the framework
is particularly adequate, because the existing results have
been improved: the optimal solutions are obtained using a
lower number of function evaluations and, instead of a single
solution, the Pareto optimal set is obtained, thus allowing the
decision maker to choose the best coverage solution.

Figs. 3 and 4 show two examples of this advanced
functionality. In both cases, there is a fixed existing antenna
depicted in black color. In Fig. 3 the best position for a new
antenna (represented in red color) has been found and in Fig. 4
three new antennas have been located so that the path losses
are minimum in the selected area.

C. RECONSTRUCTION OF THE 3D ENVIRONMENT
With respect to the 3D maps required to perform the ray
launching simulations, they are integrated into the 2D maps
of the application in a user-friendly way. Thus, if the users
want to run a ray launching simulation, they only have
to select the area to analyze, the position of the emitter/s,
and the position of the receiver/s. When a user selects a
rectangular area within an urban environment on the map,
the buildings adjacent to the boundary of this rectangle are
included since buildings and other objects near the boundary
can have an impact on radio coverage. Additionally, the
user can configure basic and advanced simulation parameters
such as the frequency, polarization, or electromagnetic
properties (electrical conductivity and relative permittivity)

FIGURE 3. The position of a new antenna has been optimized.

FIGURE 4. Results of the antenna optimization process.

of the materials that compose the buildings. Then, the
application downloads the urban data of the selected area
from OSMBuildings [49] and LiDAR [50].

These data are in 2D, so a 3D reconstruction of the
geometries is applied to obtain the 3D scenario that is going
to be simulated [39]. An example of this functionality is
displayed in Figs. 5 and 6, where a comparison between the
3D reconstructed geometry and the real view of the center of
Madrid can be observed. The main benefit of the developed
method is that any area of the world can be recreated in
3D almost instantaneously. Therefore, any part of the world
can be analyzed by applying the ray launching approach
without the need of having the geometrical model of the
scenario under analysis; the simulation tool automatically
generates it if there are OSM data available for that area.
After this, the simulation parameters and the reconstructed
3D urban environment are sent to the ray launching server.
The server processes the data and runs the simulation. After
that, it returns the results to the client interactively (25%,
50%, etc.) until the results are received completely. Since
this process may take several seconds or even a minute, the
user experience is improved by receiving the results in this
way. When the simulation is completed, the user receives a
notification. If the notification is clicked, the 3D environment
will be shown displaying the results (path loss or received
power). The 3D visualizer shows the rays launched from the
emitter/s that have reached the receiver/s.

D. DATA AND REQUESTS HANDLING
For the application to achieve the defined accomplish-
ments, there must be communication between the web
application and the different servers that provide data.
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FIGURE 5. 3D view obtained from google earth.

FIGURE 6. 3D reconstructed geometry.

This communication interface uses REST requests to gather
data from the different servers in a single response and
WebSockets [51] to request the data in fragments as they are
being calculated. In the previous version, all communications
were executed over REST APIs and HTTP. This limits
communication in cases where partial information is to
be sent. The WebSockets protocol allows sending partial
information to the client. This provides more flexibility in the
communication between the back-end and the front-end.

To manage REST requests, a module has been developed
in which these requests are processed through different
queues. This allows having a priority queue for requests,
as well as managing attempts and failed requests, adding
error resilience. This sub-module has been implemented in all
Docker servers. Thus, request queues are used to allow retries
in case the requests fail. These retries are configurable, so that
the time interval between retries, the maximum number of
retries, etc. can be defined. Each possible action on the map
has a defined request associatedwith it. For example, drawing
an area to display geospatial data is associated with a request
for geospatial data for that area to the corresponding server.
Encapsulating request handling and retries in a single module
that can work with both REST and WebSocket requests
allows implementing this functionality once, and reusing it
multiple times along the application both in the front-end and
in the back-end servers.

To manage the storage efficiently, a DataStore module
has been developed. This module acts as a database in

the browser. The development and implementation of the
DataStore provide three main advantages:

• Unlike conventional browser storage systems, such as
LocalStorage, the DataStore storage is not limited. The
limit becomes the available local memory of the device
from which the application is accessed.

• The DataStore has a notification system.When a request
is made, a result object is registered in the DataStore.
This object supports subscriptions that execute a call-
back function when its state changes. Therefore, when
the results arrive from the server, the state of the object
changes from waiting to completed and the results are
written in the DataStore, so the client can read them.
Then, those classes subscribed and waiting for results
are notified and execute the associated callback.

• The subscription system of the DataStore allows sub-
scribing to groups of objects that match certain criteria
as well as to a single object. This is ideal to maintain
updated lists of objects of the same type in the user
interface, such as a record of the simulation results or
a record of the optimizations that have been carried out.

Using the DataStore, the lifecycle of animations and
drawings on the map is managed efficiently. In the case of
a request to the server of geospatial data to display the terrain
heights, the following sequence of actions would be followed:

1) The area is drawn on the map.
2) A ‘‘waiting for data’’ animation is executed.
3) The associated heights object is added to the DataStore.
4) The area drawn on the map is subscribed to the height

object in the DataStore.
5) The request is made to the server by the controller

linked to the area.
6) When the data arrives, the DataStore object is updated,

and the subscribed objects are notified.
7) The area waiting to be drawn will be updated when the

data are available, so it reads the data and draws the
image representing the height information on the map.

E. USE OF GeoJSON
To represent the areas that are displayed on the 2D interactive
map, the GeoJSON specification is used. This same data
representation is also used to store the geometries in a
file to save the current state of the application and to
communicate with the back-end servers. The GeoJSON data
format allows for representing 2D vector geometries such
as lines, rectangles, circles, polylines, and polygons. Thus,
another benefit of using this format is that it allows indicating
concrete areas with irregular shapes on the map that need to
be analyzed, as shown in Fig. 7.

To include the results of the calculations, the properties
section of the GeoJSON objects is used. This section is
extended with a data object that can contain a matrix of data.
That matrix represents the raster information alongside some
metadata that describes the resolution of the raster, and the
type of information that it contains, such as heights, path loss,
population density, or terrain type. The properties’ field is
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FIGURE 7. Example of an irregular polygon represented on the map to
obtain results on a particular area.

FIGURE 8. The specification objects are used to describe any 2D vector
geometry.

also used to represent circular areas, which are expressed as
a Point type geometry with a radius field on the properties
object.

On the other hand, specification objects are used to
create and describe the 2D vector geometries. With the
same specification, multiple objects can be created, such as
animations, areas to be drawn on the 2D map, or requests to
the server’s data for that specific area in that specific shape.
The data model of the specification objects is shown in Fig. 8.

F. CREATING NEW AREAS
In the current version, the workflow to create new areas has
been slightly modified. This has been possible due to the use
of OpenLayers, the introduction of the DataStore, and the use
of a single specification format for the 2D vector geometries.

To create a new area, which for the interactive 2D map
is presented as a Drawable object, a builder is used. This
builder can be controlled from direct interaction on the map
or from a form that is being filled. While the Drawable is
under construction, an animation will exist representing the
current state of the partially created area. The builder will
store the information of the new area in a specification, which
when completed will be translated into a Drawable object by
making use of a factory, as can be seen in Fig. 9.
Once an area has been created, it is ready to be included

in the DataStore. The area will be linked to a controller
that will subscribe to changes over it and to one or more
Drawables that represent the area on a layer of the interactive

FIGURE 9. Diagram concerning the creating a new drawable object.

2D map. Depending on the state of the area, the controller
will make sure that the missing raster data that the area
requires are requested and that the Drawables are displaying
the most updated version of the data. Other components
of the application can also make use of the DataStore to
receive updated information on the areas. The most common
use cases are displaying the current state of an area on the
interface and displaying a list of the areas that currently
exist on the application. The subscribed components will be
notified with updated information once an area changes or
when a new area is created.

This new architecture allows components to be upgraded
in a clean, integrated, and scalable way. Instead of having
to employ polling techniques or use dependencies that add
load on the client side, the DataStore mechanism provides
a resource-efficient, easy-to-scale, and easy-to-add new
functionality for updating areas and components.

G. RAY LAUNCHING VISUALIZATION MODULE
As mentioned before, the application allows the calculation
of the radio propagation in microcellular environments using
a fast ray launching algorithm.

The ray launching server receives a 3D environment
in an .OBJ format. It also receives the coordinates of
the transmitter(s) and the receiver(s), along with other
simulation parameters. The most important ones are the
frequency, the maximum number of ray segments to consider,
the polarization, and the electromagnetic properties of the
materials that compose the buildings.

Each transmitter is implemented as a point source of rays,
while the receiver has to be a solid object or at least a plane
to allow the ray-launching algorithm to find an intersection
with it. Two options for the receiver are provided:

1) A sphere or various spheres allow the calculation of
the field at a narrow location, approximating the point-like
receiver with the small radius of the sphere (see Fig. 10).
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FIGURE 10. Using a sphere as a target.

FIGURE 11. Using a plane as a target.

2) A plane allowing for the collection of large statistics of
rays over the selected area. This option is computationally
more efficient due to the higher probability of hitting the
receiver. The receiver is transparent and can be hit multiple
times in a single path. The received power along the
measurement plane can be displayed as shown in Fig. 11.
This capability provides direct observation of coverage in a
typical urban environment and takes into account the 3-D
nature of buildings and other structures in the propagation
environment.

To implement the ray launching algorithm, the server
makes use of the PlotOptix library [8]. This library, written in
Python, is an interface that allows running Nvidia Optix [7]
code. Nvidia Optix is a framework that encapsulates a ray
tracing engine, making use of the GPUs to perform and
accelerate ray tracing in a scalable, efficient, and faster way
than other alternatives [52]. PlotOptix allows the combination
of components prototyped in a high-level language with the
optimized workflow of the underlying OptiX ray tracing
engine. Nvidia OptiX handles compute-extensive tasks such
as traversal of the scene and provides the GPU-oriented
infrastructure for launching user-defined rays or executing
custom code to determine the ray-object intersection and
calculations when the intersection is found. PlotOptiX API
allows for interaction with the OptiX engine from the
level of the Python code. It handles initialization, provides
functionality to define custom blocks of ray tracing code,
and collects data required for further processing of the field
coverage [57].

PlotOptix also includes a visualization tool to display the
3D environment that has been received as input and to show
the rays that have been used by the algorithm to calculate
the path loss or the received power at the receiver locations.
However, this visualization tool cannot be integrated into the
developed web tool as it is, since it is a desktop application.
The most important disadvantage is that the interaction with
the user is limited: it does not support either moving the
camera or zooming in or out.

Because of these limitations, a tailored web interface has
been implemented to allow the visualization of the simulation
results and to enable users to interact with them. Once
the results are calculated on the ray launching server, they
are returned to the web application. The web application
displays the simulation results on the 3D model of the
environment. The main benefit of this new module is that it
allows direct interaction with the results. The rays are colored
depending on the type of segment: reflected, diffracted,
transmitted, or direct. Users can select individual rays to
obtain detailed information about them. The type of ray, path
length, propagation time, electric field, direction of arrival,
and other properties are displayed on a panel. Users can also
filter rays according to several criteria, such as the type of
ray or the number of bounces. Another advantage of this
developed visualization module is that users can visualize
the results in the 3D environment in a user-friendly way.
Dragging and dropping are supported to move the camera,
and zooming in/out with the wheel mouse, among other
integrations. All these new functionalities, and specifically
the possibility of hiding certain rays, help to better understand
the results. This is especially helpful when visualizing a
simulation that may look messy if all the rays are shown at
the same time.

The ray launching visualization module has been designed
so that graphical representations can be easily created and
displayed on the web browser using JavaScript. Internally,
it usesWebGL [53], [54], which is a graphics API that is used
in web applications and is based on the OpenGL integrated
graphics language, as its rendering engine.

To represent the rays, cylindrical geometries have been
used instead of 3D lines. The rendering engine has limitations
when it comes to adding additional features to the 3D line,
mainly adding thickness to the line. It is desirable that the user
of the application can interact with the rendered environment.
A line thickness of 1 pixel complicates that interaction. The
mechanism by which the user interacts with the geometries is
called ray casting, and it works as follows:

1) When the user clicks on some point in the rendered
space, from the camera coordinates where the user is
located, multiple rays are cast to that point.

2) Any geometry that is intersected with the launched rays
is received in an array.

3) The closest geometry to the camera that has been
intersected is extracted.

Due to the way ray casting works, using lines of 1-
pixel thickness, a millimeter precision is required from the
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FIGURE 12. Ray launching visualization module.

user. To solve this problem, cylindrical geometries have
been used to represent each of the ray segments. These
cylindrical geometries have a configurable width, by default,
small enough to appear to be a line but thick enough to
provide adequate interaction with the user. The resulting web
interface can be seen in Fig. 12.

Finally, the interactions with the 3D visualization module
are performed using a simple query to select the filtered rays.
Then, the tool displays only the selected rays and hides the
rest. The filtering system is relatively simple and is based on
set logic. An example query to show the rays that suffer three
bounces coming from the second antenna and the diffracted
rays coming from the third antenna would be the following:
antenna = 2 and bounces = 3 or antenna = 3 and rays =
diffracted.

The library that has been used to implement this part of the
platform is ThreeJS [55]. ThreeJS is a JavaScript library to
create and display static and animated 3D computer graphics
in a web browser using WebGL. Some of its features are
the implementation of cameras, lights, materials, shaders,
objects, common geometries and import and export utilities.

Another benefit of using ThreeJS is that it allows loading
and displaying, among other file formats, Wavefront (.obj)
files [56]. OBJWavefront files are text files that contain mesh
geometry data. This feature is particularly relevant for the
developed tool since the ray launching server receives the
3D environment that is going to be analyzed in an .OBJ file
format.

H. REQUIRED SIMULATION TIME
The simulation time required for coverage prediction
mainly depends on the type of algorithm applied. When
empirical/semi-empirical algorithms are applied, the results
are obtained instantaneously. However, when a ray-launching
simulation is run, the results are obtained after a few seconds
or minutes. In this case, the required time mainly depends
on the size of the area under analysis, the number of
buildings within the area, and the maximum number of
segments per ray. Regarding the optimizations, the required
time also depends on the population size and the number of
generations.

Table 2 includes a comparison of the required time to
perform optimizations in the four areas depicted in Fig. 13.

FIGURE 13. Madrid areas used for measurement.

TABLE 2. Comparison of the required time in seconds to perform a
optimization in the areas depicted in Fig. 13.

Alcalá de Henares area covers 61.19 km2, Madrid North
covers 210.00 km2, Madrid South covers 950 km2, and the
entire Madrid City area spans 1215 km2.

As it can be seen in Table 2, three different configurations
were evaluated: a simple configuration with a population
size of 10 individuals and 10 generations, an intermediate
configuration with a population size of 50 individuals and
50 generations and a complex configurationwith a population
size of 100 individuals and 100 generations. The results are
immediately obtained for small and medium areas. A few
seconds are needed to obtain the results in the biggest area.

On the other hand, ray launching simulations were per-
formed in the city of Cartagena, Spain. A 500m x 500m area
was considered and two different point to point simulations
were conducted. In the first one, a total of 2,295 successful
paths were obtained between transmitter and receiver setting
5 maximum ray bounces (5 segments per ray). The consumed
time was 10 seconds. In the second one, a total of 27,085
successful paths were obtained setting 16 maximum ray
bounces (16 segments per ray). The consumed time in this
case was 56 seconds.

IV. CONCLUSION AND FUTURE WORK
In this paper, the improvement of an advanced radio
propagation simulation platform based on ray launching and
empirical/semi-empirical methods to provide a better user
experience is presented.

First, the different options considered for its imple-
mentation and improvements have been reviewed. From
this analysis, it was concluded that the next step for the
development of the new tool should be to start making use of
the library OpenLayers, together with the use of deterministic
methods in order to provide more accurate results.
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In addition, new design solutions have been developed,
improving the functionality and architecture of the applica-
tion. Some of them are the inclusion of elements that allow
the handling of data and requests, like the DataStore. The
DataStore allows storing and managing multiple types of
data through a seamless subscription-based interface. The
DataStore is flexible enough to handle the current data types
but can be extended to support any datatype that may become
necessary during the continuation of the development. Also,
a noteworthy feature is the request system developed. The
presented request system integrates well with the DataStore,
allowing it to manage errors on the requests through a
reasonable interface.

Other new design solutions that were introduced in the
second version have been the use of specifications to create,
store, and transmit spatial information using the GeoJSON
format. These specifications can directly be translated into
specific elements of the data model, like the areas or the
Drawables.

Finally, the solution adopted to represent ray launching
results on the map using the library ThreeJS has been
shown. As a result, an innovative high-performance radio
propagation simulation platform has been implemented to
provide fast and accurate results in a user-friendly way.

The next steps for the application will be to keep improving
the 3Dmodule to be closely integrated with the interactive 2D
map so that both can work seamlessly in an integrated way.
Additionally, the models of the buildings that are rendered
on the 3D view could be enhanced to be displayed over the
actual terrain that it is underneath them instead of over a flat
surface. Mesh material data could be added too, providing
information about the surface of the surroundings, like glass
or road materials. This would provide more precision in the
simulation and improve the visualization of the results. This
could also greatly improve the results of the ray launching
algorithm used to calculate the path loss when the selected
area is large enough. Moreover, the application needs to keep
improving its optimization algorithms for antenna placement,
which could make use of the ray-launching simulation results
as input. At the moment, they only use empirical/semi-
empirical path loss calculations from the first version of the
tool.
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