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ABSTRACT

In this article we present a simulation tool
for Visible Light Communications. This tool is
based on MATLAB and uses the principles of
ray launching methods for its calculations.
The simulation tool uses a single LED as a
transmitter and a single photodiode (PD) as a
receiver. It allows for the assessment of different
LED and PD characteristics and positions
while considering both direct rays and first-
order reflected rays. Subsequent versions of
this program will focus on the study of VLC
communications in an outdoor environment.

Keywords: VLC, ray tracing, ray launching,
photodiode, LED.

1.- INTRODUCTION

Visible light communications (VLC) are a
subset of optical wireless communications
(OWC) technologies. Whereas OWC refers in a
generic way to the communication in which
light is used to carry a signal, VLC employs
visible light that occupies the spectrum
from 380 nm to 750 nm corresponding to a
frequency spectrum of 430 THz to 790 THz [1].

Visible light communications' origins can be
traced back to the ancient signal fires, followed
by the Alexander Graham Bell's photophone
in 1880. However, it was the emergence of
solid state light sources that triggered the
development of this novel technology [2].
At the beginning of the 21st century, a first
approach to these applications can be found
in the Nakagawa Laboratories. This ground-
breaking research used white LEDs and
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different modulation schemes to conclude
that it is feasible to use LED lights for wireless
optical communications [3].

VLC offers multiple advantages compared to
other technologies such as radio frequency
(RF). Amongst these advantages, the most
important ones are the possibility to use non-
licensed channels, high bandwidth and low
power consumption.

On the other side, some challenges that need
to be overcome include the interference with
the ambient light sources, the interference
between VLC devices and the integration of
the VLC with the existing technologies [1].

Just like any telecommunications system, a
VLC system mainly consists of a transmitter,
that utilizes the visible light source as a
signal transmitter, air as a transmission
medium (whether indoor or outdoor), and the
appropriate photodiode as a signal receiving
component [4]. There are several possible
technologies to constitute each subsystem.

1.1 Transmitter

One of the key aspects of VLC is that it
supports illumination and communication
simultaneously. LEDs  (Light Emitting
Diodes) are the most extended option for
the transmitter. Over the last decades, the
development of LEDs has led to the gradual
replacement of the incandescent and
fluorescencelightsourceswith solid state LEDs.
The latter offer a bigger reliability, lifespan and
efficiency. In addition to this, LEDs are capable
of switching to different light intensities very
fast, thus allowing the encoding of data.




There are several ways to generate white light
from an inherently monochromatic device
such as a LED. The main methods are based
on a monochromatic LED utilizing yellow
phosphor or a trichromatic approach (such as
red, green and blue LEDs). Several advantages
and disadvantages are bound to each method.
Therefore, the appropriate transmitter type is
selected based on the channel model.

The VLC data rate is dependent on the
LED's modulation bandwidth. Although VLC
systems have been demonstrated with both
options, monochrome and trichrome, in
[5] and [6], there are significant differences
between them. While phosphorus-based
white LEDs are less complex and less expensive
compared to the RGB LEDs, they offer a
lower modulation bandwidth, caused by the
slow response of the phosphors (for a typical
commercial LED, a bandwidth of 2MHz for
the white component, and TOMHz for the blue
component have been measured [7]). On the
other side, RGB LEDs offer higher modulation
bandwidths (around 180 MHz on the setup in
[6]) at the expense of a bigger complexity.

There are several options to overcome the
bandwidth limitations. Different methods, or
a combination of them, that help to improve
the data transmission rates are:

1) Digital signal processing (DSP), as in [8]
and [9], where it is shown that the usage of
DSP techniques can significantly enhance
the performance of the VLC by improving the
resilience to noise.

2) High-order modulations, such as a
combination of DMT, multi-level modulation
(QAM) as in [10].

3) Transmitter and receiver equalizations,
as seen in [11], where blue-filtering and a post-
equalization circuit achieves a better response.

4) Parallel transmissions like Single-Input-
Single-Output  (SISO) or Multiple-Input-
Multiple-Output (MIMO), as in [12], which
uses a combination of MIMO and OFDM
techniques.

1.2 Receiver

There are mainly two types of VLC receivers:
photodetectors (PD) or imaging sensors.

A photodetector (PD) is a semiconductor
device that converts the received light into
current. Commercial photodetectors with
good responsivity are, for example, the silicon
photodiode (Si PIN-PD) and the silicon
avalanche photodiode (Si APD). Regarding the
bandwidth, there are many photodiodes with
bandwidths over 200 MHz (wider than the VLC
LED transmitter) [4]. In [13] and [14], an analysis
of the characteristics and performance of the
different types of photodiodes is done.

Imaging sensors are basically multiple
photodetectors arranged in a matrix on
an integrated circuit. Already in [15] a
2-dimentional image sensor is proposed as
a receiver, to overcome the limitations of an
APD in terms of field of view (FOV). Other
experiments have been carried out even by
using the camera sensor of a smartphone [16].

One advantage of the CMOS image sensor
usage is, due to the massive number of pixels
available,itsability to spatially separate sources,
like noise sources from LED transmission
sources [17]. A downside of the commercially
available imaging sensors is the frame rate,
around 40 frames per second [18]. Higher rates
would require high-speed cameras (e.g. 1000
fps as in [19]), thus increasing also the cost of
the equipment.

1.3 Outdoor optical channel

VLC applications can be classified into two
categories: indoor and outdoor.The outdoor
optical channel has some characteristics that
need to be considered, when considering VLC
on the outdoor environment. Although VLC
systems are preferably based on line-of-sight
(LOS) configurations, in outdoor conditions
there are many external light noise sources
such as sun light or road and streets lights
that may deteriorate the transmitted signal,
and both natural and artificial ambient lights
could induce shot noise on the receiver side.
In addition, propagation characteristics of
VLC drastically change with the atmospheric
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conditions, which will condition the use of
different modulation techniques. The work
in [20] presented a VLC system suitable for
outdoor applications, which allows a low
data rate communication link ranging up
to 40 m using commercially available LEDs
and [21] used LED-based headlamps for V2V
communication, reaching a distance of 20
m at a data rate of 2 Mbps. An experimental
characterization of a traffic light to vehicle VLC
link performance was carried out in [22].

To conclude this introduction, it should be
pointed out that with respect to visible light
communications, the outdoor applications
are less explored when compared to those
indoors. This is due to the fact that i) the
dual use of LEDs (light and data) is not
always practicable outdoors, ii) the level of
interference and noise is considerably higher,
iii) the alignment of transmitter and receiver is
more complicated with high mobility, and iv)
there are other technologies that adapt better
to the outdoor environment, among others
[23].

However, due to the great potential of VLC
for vehicle applications it is important to
understand and try to overcome these
limitations. Current challenges regarding VLC
usage in vehicular communications are:

i. increasing robustness to noise,

ii. increasing the communication range,
iii. enhancing mobility,

iv. increasing data range and

v. developing parallel
communications [24].

visible light

Most of the current and past investigations
available have focused on indoor
communications. However, the potential
impact of VLC in outdoor environments,
especially for vehicular communications,
requires the extension of available models
used in indoor for the outdoor case. The
first phase into this direction consists in
establishing a valid model with one or more
LEDs as transmitter and one photodiode as
receiver.
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In this paper a MATLAB simulation tool for VLC
modeling is presented. First, we introduce the
ray launching method, which is the basis of our
application, the modeling of the transmitter
and the receiver elements and we explain the
mathematical model of the LED-based VLC
communications and how these models are
applied in our program. Then, we show a block
diagram of the whole application together
with a description of the various subroutines,
input and output data and internal structures.
Lastly, we present the results of our simulations
with different configurations and compare
them with measurements done by other
authors.

2.- SIMULATION TOOL

In  this section, our simulation tool to
reproduce the communication between an
LED and a photodetector is presented. This
tool is developed in MATLAB. In the first part,
we present the two ray models that exist and
the one chosen for our program. Then, we
explain how the various elements of the VLC
system are modeled and the block diagram
or the program.

The main difference between our method
and other researches that focus on MATLAB-
based simulation tools for VLC applications
like [25] is that the purpose of our tool is not to
obtain results based on the direct application
of mathematical models, but to take them as
a base and apply the ray launching principles.

2.1 Ray launching

With  wavelengths smaller than the
surrounding obstacles, electromagnetic waves
can be approximated by rays, applying the laws
of optics. Mechanisms of reflection, diffraction
and scattering have to be considered [26].

Ray models are usually based on one of the
two ray construction techniques called ray
tracing and ray launching. Whereas in ray
tracing methods the paths are found by
tracing a straight line joining the transmitter
to the receiver, or to their respective image
and checking if the reflection point lies within
the limits of the considered reflector, in the
ray launching method, a large set of rays is




launched from the source in 3D directions.
Each ray represents a beam around its
direction and the whole set of beams covers
the 4 steradians solid angle of the sphere
without holes or overlapping [27]. This
simulation tool is based on the ray launching
technique.

The identification of which rays eventually
reach the receiver (and are considered for the
received power calculations) is carried out
through line-plane intersection methods. The
straightforward option would be to check if
any point of the line defined by an originating
pointand a directionis also a point of the plane
that forms the receiver. However, this method
would require a bigger effort compared to the
algorithm that is used.

In [28], Moller and Trumlbore describe an
efficient algorithm for determining whether
a ray intersects a triangle. In [29], Lagae and
Dutré follow a similar approach but using
quadrilaterals instead of triangles, which s,
at least, as fast as the method with triangles.
Although at first it can appear more logical
to follow the second approach due to the
geometry of the objects used by the simulation
tool, our algorithm uses a tailored version of
the method described in [28].

2.2 Modeling of the elements
2.2.1 Transmitter

As mentioned in the previous section, our
simulation tool is based on the ray launching
method. For this reason, the emitting LED is
modeled as a large set of rays with a common
origin. This origin is the position of the LED. For
our purpose, the rays will not be launched in
all directions of a sphere as stated before (4
steradians). Due to the shape and the emission
pattern of an LED, only a hemisphere will be
considered.

According to [30], the emitted light from an
LED is assumed to have a Lambertian emission
pattern,inwhich the radiantintensity depends
onthe angle of irradiance. The radiant intensity
can be thus modeled using a generalized
Lambertian radiant intensity

R,(8) ="~ cos™ ().

where 6 is the irradiance angle and m is
order of Lambertian emission, which can be
calculated

In2
m=—-——-
Incos®y,
being ®,, the semiangle at half power of a
LED.

In addition to @, our simulation tool uses
the total optical power of the LED, P, _, for the
calculations.

total’

Having the total optical power of the LED, and
considering that the LED will be represented
by a number of individual rays, each of them
must have a power that adds up to the power
of the LED. The sum of the powers for every ray
that reaches the receiver would result in the
total power of the LED.

2.2.2 Receiver

At this stage of development, the receiver is
modeled simply by a plane. The only purpose
of the modeled receiver is to determine how
many of the emitted raysortheircorresponding
reflections reach the receiver. The coordinates
of the central point, the dimensions (width
and length) and the normal vector of the
receiver plane are part of the configuration
parameters.

Other aspects that have to be considered
in general according to Komine in [30] are
the area of the receiver, A the distance from
the transmitter to the receiver, D, the angle
of incidence, ¢, the gain of an optical filter,
T.(¢) and the gain of an optical concentrator,
g(¢). If the incidence angle is bigger than the
receiver's field of vision (FOV), 7, then the
received power for that incidence angle is O.

2.2.3 Optical link

Summing this up, Komine states that the
received power, P, is derived from the

r

transmitted optical power, P, as follows:
P=H(0)P,
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where H(0) is the channel DC gain of an For reflected rays, other aspects like the
optical link reflection coefficient of the reflective surface,
) = DA cosm(8) T,GP)g () cos(h), 0 << W o, and the total distance traveled by the

p>w ray must be considered. Also, according to
Komine in [15], it is acceptable to make the
assumption that all reflectors are Lambertian,
so the angles involved in the reflection should
also be considered in the calculations [30].
In the following equation, @ is the angle of
irradiance to a reflective point and 8 is the
angle of irradiance to the receiver

For our simulator, we consider no gains at the
moment so, T, (¢)=1 and g(¢)=1. The area of
the receiver, A, is also not important for our
purpose, since our calculation of the received
power is based on the count of incident rays
and the sum of their corresponding optical
powers. The distance from the transmitter to
the. receiver,. D, is ca.IcuIated by the triangle- B..(6) = 271(;;7211;329 cos™(8) cos(a) cos(B) cos(yp) P,(8).
ray intersection algorithms.

2.2.1 Direct and reflected rays At the end of the simulation we obtain the

There is a significant difference between the total received power as

way direct and reflected rays are handled. B = Yo Pra(8) + Yo P (6).
For each direct ray that reaches the receiver
(O=¢<¥ ), our simulation tool calculates its 2.3 Blockdiagram
received power as In this section we describe the overall process
P..(8) = (;;12) cos™(8) cos(ip) P, (8). of the simulation tool.
d
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<z
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Find direct rays i2 (id of the 2nd intersected object)
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~z

p3 (2nd intersection point)
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]
J
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RX power from reflected rays

id
Total received power Plot ] faces
Plot vertices

Figure 1: Block diagram of the simulation tool
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On the left side of the figure we can see the
input values that the program needs for the
calculations:

Number of rays: Configurable depending
on the desired level of precision. This value
determines how many rays will be launched.

Position of TX: Cartesian coordinates of the
position of the LED.

TX characteristics: Values that describe the
LED such as optical power and semiangle at
half power.

Position of RX: Cartesian coordinates of the
position of the receiver plane (photodetector).

RX characteristics: Values that describe the
PD such as width, length and FOV.

The most important output values of the
program are:

RX power from direct rays: Total power
received from the direct rays that reach the
PD.

RX power from reflected rays: Total power
received from the reflected rays that reach the
PD.

Total received power: Sum of the two values
mentioned above.

Plot: A figure generated by MATLAB
showing the scenario and the rays that reach
the receiver.

On the right side of the picture we see the
two structures that are used by the program:
rays and objects. The rays structure contains
all the data from the launched rays. The
content of this structure is updated by several
subroutines (depicted with a green border on
the central part of the figure).

The objects structure contains the details
of the different objects of the scenario:
transmitter, receiver, walls and floor. Every
object has a unique identifier and the list of
faces and vertices (Cartesian coordinates) that
form the object. This structure is updated
by the subroutines depicted with an orange
border on the central part of the figure.

The central part of the figure describes the
different subroutines that are executed:

Creation of the TX rays: This subroutine
creates the set of rays that will be launched.
All rays have a common origin given by the
coordinates of the transmitter. The function
that generates the rays does a linear spacing
with the given "number of rays" value for the
corresponding azimuth and elevation ranges.
This ranges depend on the orientation of the
LED. For instance, for a LED installed on the
ceiling, azimuth €[0,2m], elevation: €[,0].
Then, each point of the mesh (currently
in spherical coordinates) is converted to
Cartesian coordinates. These points together
with the center of the TX determine the
direction of the ray. These values are stored in
the rays structure.

Creation of the TX object: An entry for the
transmitter is stored in the objects structure.

Creation of the RX object: With the given
position, orientation, width and length of the
receiver, the program generates the section
of the plane that models the PD. This plane is
split into two triangles and the corresponding
coordinates of the vertices are stored in the
objects structure.

Creation of the room: Similar to the step
above, given the position, orientation, width
and length of the floor and walls, the program
generates the corresponding planes and the
vertices are stored in the objects structure.

Find direct rays: Together with the following
step, these two routines form the core of the
program. For each ray in the rays structure,
the triangle-ray intersection algorithm is run.
The triangle-ray intersection function takes
the ray origin and direction and returns the
intersected object (i1), the intersection point
(p2) and the distance from the origin of the ray
to the intersection point (t1). These values are
updated in the rays structure.

On this step the program calculates the
corresponding received power of each ray, as
described in section 2.2.4.

Find reflected rays: For each ray in the rays
structure that is not a direct ray (that means,
that hasn't intersected with the receiver yet),
the triangle-ray intersection algorithm is run.
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Another loop runs through the rays structure
and looks for the rays that have intersected
a reflective surface (wall or floor). Given the
intersection point and the direction of the
ray, a function calculates the direction of the
corresponding reflected ray. The program runs
the triangle-ray intersection for this new ray
and checks if it intersects the receiver. If that
is the case, the intersection point (p3) and the
distance from the origin of the reflected ray to
the intersection point (t2) are updated in the
rays structure.

The calculation of the corresponding received
power, as described in section 2.2.4, is also done.

Calculate received power: For each received
ray, the corresponding received power is
added up and the received power (direct,
reflected and total) is found.

Plot: Finally, a plot with the transmitter,
receiver, room and received rays (direct and
reflected) is generated and shown.

3.- RESULTS AND DISCUSSION

In this section we present some results
obtained with our simulation tool in order to
prove the viability of using it for the simulation
of real VLC scenarios.

We consider multipath environment in an
empty room. The topology for the simulation
is a cubic room (5 x 5 x 3 m) with plaster
walls (0 =0.83). The transmitter is a single LED
source with @ ,=60°and P, =1 W.The LED is
located on the center of the ceiling (2.5, 2.5, 3).
The receiver is a photodetector with FOV = 85°

and area=1cm?2

In order to validate that the simulation tool
delivers correct results, a comparison between
these results and calculations with the
mathematical model is done. Two scenarios
will be considered: a scenario where the
photodetector is positioned right under the
LED and a scenario where the PD is positioned
in a different position. Simulations have been
done with 250 000 launched rays.

As stated in section 224, the total power
received by the PD is the sum of the
contribution of the direct rays and the
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reflections in walls and other objects. In this
case:

Pr=Prd+Prr1+Prr2+Prr3+Prr4:

where P, is the contribution of the direct rays
and P is the contribution of the first-order
reflections on each wall.

Scenario 1: Photodetector positioned right
under the LED

In the first scenario, the photodetector is
positioned right under the LED. That means,
the PD is on the direction of maximum
radiation of the LED. Due to the symmetry of
the scenario, the individual contributions for
the reflections on each wall will be the same.

Considering the direct rays' contribution and
according to the mathematical model

_ (m+ DA,

Pg=P 2702 cos™(8) cos(yp) = 3.5368 uW

In2
Incos 60

where P, =1W,m = — =1,A,=1cm? Dy =3m,0 =0andyp = 0.

This contribution, according to the result of
the simulation is 3.5359 pW.

Considering the reflected rays' contribution on
any ofthewalls, according to the mathematical
model

(m+ 1A,

Dz P cos™(8) cos(a) cos(B) cos(yp) = 0.022 uW
1Vaz

Fre = Pomanz bz,

In2

reses = L Ar = 1cem?, p = 083, Dgy = 291m. Dyp = 291 m, 6 = 59.03,

where P, =1W, m=—

¥ =59.03, a = 30.96 and 8 = 30.96.

Due to the symmetry of the scenario, the total
received power due to reflections is P =0.089
MW. This contribution, according to the
simulation is 0.0914 pyW.

Table 1 shows the total received power in
Scenario 1. From this outcome it can be seen
that the results of the simulation are very
close to the mathematical model. In addition,
it is also evident that, in scenarios with Line-
of-sight (LOS), the main contributors to the
received power are the direct rays.




Table 1: Received power (direct and reflected)
with the mathematical model and the
simulation tool for Scenario 1.

Model Simulation
Direct rays 3.5368 yW | 3.5359 pw
Reflected rays 0.089 pW | 0.0914 pW
Total received power | 3.6264 uW | 3.6273 yW

Scenario 2: Photodetector positioned in a
different position (0.5, 1, 0)

In the second scenario, the photodetector is
positioned at a different position, in this case,
at position (0.5, 1, 0), that is, away from the
direction of maximum radiation of the LED.
For the calculations, a similar approach as in
the first scenario is followed, but considering
that in this case there is no symmetry:

po= (m+ 1A,
0=
et onDE

cos™(0) cos(yp) = 1.232 uW

m2_ _

wherePt=1W,m=—m—

1,4, = 1cm?, Dy = 3.905m, 6 = 39.80 and 3 = 39.80.

This contribution, according to the result of
the simulation is 1.2341 pW.

The reflected rays' contributions can be
calculated with the mathematical model
knowing the angles of irradiance, incidence
and reflection. For the following calculations,
these angles have been obtained also with the
simulation tool. Table 2 shows the parameters
that have been used for the calculations and also
the received power from reflected rays, obtained
both with the model and the simulation.

Table 2: Received power and parameter values
used for the calculations of the reflected rays

Left wall Back wall Right wall | Front wall
Reflection | (0,125, (173, 5, (5,1.96, (1.07, O,
point 0.50) 1.84) 1.93) 0.86)
Irradiance | ;g 1go 77.69° 67.27° 53.34°
angle, 6
Angles on
the reflec- | ;g0 1231° 2273° 36.66°
ting point,
a,p
Incidence |, g1go 77.69° 67.27° 5334°
angle, ¢
Received
power, P, | 02613 uW | 0.0021 uW | 0.0056 uW | 0.0728 pW
(model)
Received
power (si- | 0.2101 uW | 0.0061 pW | 0.0053 pW | 0.0548 pw
mulation)

Table 3 shows the total received power
obtained with the model and the simulation.
It can be seen that, again, the contribution
of the reflected rays is much lower than the
contribution of the direct rays. In addition, by
comparing the total received power of the
two scenarios it can also be seen that the
power received in scenario 1 is higher than in
scenario 2. This is due to the fact that the LED's
direction of maximum radiation is normal to
its surface, that is, right below it.

Table 3: Received power (direct and reflected)
with the mathematical model and the
simulation tool for Scenario 2.

Model Simulation
Direct rays 1232 yW 1234 pW
Reflected rays 0.342 pwW 0.276 W
Total received 1574 W 1510 W
power

The following drawings show the plotted
outcome of the ray launching for the two
scenarios. Only rays that eventually reach the
receiver are shown. The walls and the ceiling
of the room have not been plotted for the
sake of clarity.

Z-Heght(m)

2-Height (m)

' 1 f i
Y -Lengin (m) R 3 X-Width (m) Y- Length (m) S o X- Wit (m)

Figure 2: Results of the simulation. a)
Photodetector positioned on the floor right under
the LED (direction of maximum radiation) b)
Photodetector positioned at a different position,
in this case, at position (0.5, 1, O)

To finalize this section, Figure 3 shows the
received power distribution for the LOS path.
As it can be seen, it has some symmetry and
the peak power is observed at the center
of the room (right below the LED). For this
simulation, the receiver has been positioned
in 1 024 different positions around the room.
For each position, an individual simulation of
the received power has been run. Lastly, the

Waves - 2019 - year 11/ISSN 1889-8297




total received power position (normalized) has
been plotted.

0.98
0.96
0.94

0.92

2O

Figure 3: Spatial distribution of the received
power (normalized)

4.- CONCLUSIONS

In this paper, we have reported the simulation
program for visible light communication
environment based on MATLAB. The program
considers direct rays and first-order reflections
at each wall. The results obtained by the
simulations are accurate enough to conclude
that this tool has a great potential in the study of
VLC communications. Although the first results
might indicate that the ray launching method is
not as efficient as the mathematical models, it
must be pointed out that the latter might face
difficulties if the scenario gets more complex
than a simple empty room. As the purpose of
this tool is to be used for outdoor environments,
which might not be easily covered by simple
mathematical models, we think that it is worth
continuing with this line of research.

However, to reach this purpose, some aspects
need to be improved:

Currently only a few part of the
launched rays reaches the receiver. That means
that most of the resources of the program are
lost. The solution to this problem is to estimate
which angle ranges (azimuth and elevation)
should be used for the ray launching, so the
most part of the launched rays reaches the
receiver. This improvement is currently under
development and will be included in next
versions of the program.
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Although the results obtained with
the simulation tool are close to the results
of the mathematical model, it would be
recommendable to calibrate the tool with
real components. This leads us to the need for
carrying out measurements in the lab, with a
real hardware setup.

The possibility to simulate MIMO
configurations must be introduced, as it
is a key aspect overcome the bandwidth
limitations of the LED and increase the data
transmission rate.
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