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Visible light communication (VLC) is one of the fastest wireless communication
systems compatible with 5G and beyond. Therefore, it was necessary to employ rapid
modulation systems compatible with intensity modulation / direct detection (IM / DD),
such as Flip-FBMC modulation technology. The distribution of illumination units
across the entirety of the room poses the greatest difficulty for the VLC distribution
system. Previous models suffered from dark spots or blind spots in the center of the
room, which is the user's mobility area, as well as high power consumption, which is
one of the most influential factors influencing the system. This is the first instance in
which the illumination units are distributed in new locations by five lights installed in
the ceiling in order to eradicate dark spots by using a laser diode (LD) instead of an
LED due to its high-intensity illumination. The optimal semi-angle and field of view
were calculated to be 43° and 45°, respectively, in order to obtain the best results in
terms of the received optical power and the preferred performance of the SNR
distribution in comparison to the previous models, as well as to improve the power
consumption of the illumination units. using the optimal values of the semi-angle at 43
and FOV at 45< the current findings indicate that Model 3 also attained the highest
optical power received and the best SNR distribution performance compared to the
previous models. In this way, a complete illuminate distribution is obtained for the

room.

1. INTRODUCTION

Communication  bottlenecks, especially in indoor
environments, occur; approximately 70% of communications
take place inside rooms and offices. Besides, the great
development in portable devices increases the demand for data,
and this puts narrow-spectrum RF communications in a
challenging position. Also, this gave an incentive to find an
alternative system for it in optical wireless communications
(OWC) and the best alternative to it in visible light
communications (VLC) because of its advantages [1, 2]. Such
as having an unlicensed spectrum characterized by large
bandwidth, high security, and harmlessness, besides the great
development in lighting systems that used solid-state optical
semiconductors, whether LED or laser diode (LD) [3, 4], due
to its on-off frequency speed without being noticed by the eye.

In order to provide acceptable communication performance
for the rapid growth in communication systems and
applications, SNR and power must be improved, along with
the transmission rate. Also, modulation systems in the VLC
system must be characterized by speed and a large bandwidth.
Therefore, the most efficient modulation techniques are used,
such as OFDM modulation technology, which gives
acceptable spectral efficiency. But this technique has
disadvantages due to the presence of CP [5, 6], which reduces
the bandwidth. Besides the large side lobes, which lead to
leakage in spectral efficiency, FBMC modulation technology
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was used, which is characterized by large bandwidth and high
spectral efficiency. In addition, Hermitian symmetry is not
used to obtain a real signal [7]. FBMC modulation technology
is the most efficient modulation technique in the VLC system
[6-8].

The VLC system can be divided into three main parts, which
are the optical transmitter, the transmitter channel, and the
optical receiver [9]. The optical channel is very important to
the performance of the VLC system, as the transmission
channel is modeled so that the illumination distribution is
uniform [10, 11]. The performance of the system is analyzed
based on the received power and the SNR; however, the
optimal positions for the lighting units were not given, as the
relationship between the planning of the lighting units and the
received power was studied. The illumination tool is utilized
in an indoor environment to accommodate numerous users.
Optical networks define this type of network [12, 13].
Furthermore, the dimensions of the illumination unit are made
of LED chips with dimensions of 60x60, where the gap is a
chip and the other is about 1 cm. Most conventional scenarios
in a typical room measuring 5x5x3 m? are carried out [1].

In most studies, typical room models are modeled using four
lighting units centered at the corners [9], in addition to some
studies using 16 square-shaped lighting units, while the last
studies used five lighting units [14], and all previous studies
aimed at optimal lighting distribution in the typical room and
better performance. Previous research neglected an important
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point, that it was the center of the room, known as a cold spot,
that is, relatively dark, and thus the distribution of internal
lighting is not proportional to the room.

In the current study, a scenario involving five illumination
units was modelled for the first-time using LD with novel
positions to obtain an optimal level of illumination distribution
by locating an optimal semi-angle and an optimal FOV to
achieve the best optical power distribution in a typical room.
According to the authors' knowledge, this is the first instance
in which the illumination units are distributed in new locations
by five lights installed in the ceiling in order to eradicate dark
spots by using a laser diode (LD) instead of an LED.

2. MODELLING VLC SYSTEM

The system modelling process can be explained in stages as
follows:

2.1 Modelling of the room and LD placements

In this sub-section, the authors presented the proposed
configuration of the illumination units applied in a typical
room with dimensions of 5x5x3 m3 [15]. The proposed
lighting units are also installed in the ceiling, as the dimensions
of the LD unit are shown in Figure 1, while the indoor area
space is divided into five networks to cover the indoor room.
The previous configurations with four illumination units, it
was noticed in this model that the distribution of lighting units
on the corners of the room with equal dimensions and provides
good lighting, but the middle of the room was vanished, which
generated a small semi-dark lighting area called the cold zone
[1-9], as well as 16 illumination units, are insufficient to
provide large cellular coverage. The lighting units were
distributed along the edges of the room without paying
attention to the distribution of lighting in the middle of the
room [14], as it is noticed that the power distribution drops in
the center of the room, the receiver power is high, and the SNR
is low. In addition, the proposed model consumes less power
compared to previous studies. The height of the illumination
units above the level of the optical receiving is 2.15m; in
addition to that, each lighting unit contains 25 LD, where the
transmitted power is 50 W, with a central lighting intensity of
162 cd.
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Figure 1. Proposed illumination with LD distribution
scenario at ceiling
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2.2 Light propagation

The engineering model for the configuration of the
proposed LD illumination units is shown in Figure 2, as the
LOS condition for illumination and communication was
considered in this paper [16]. The luminance intensity can be
expressed as follows:

Iy = I,cos™ () (1)
where, m is the Lambertian order which can be found by the
semi-angle of illumination as follows:

—In,/In (cosy,) 2)

Figure 2. Geometrical system model

The horizontal illumination at a distance of d can be given
as follows:

__Ipcos™

Enor =2 cos () (3)
The LOS path's channel DC gain is provided as:
Ho = {02 cos™(@)T,()g@cos@e) 0< Y < e (4)

where, A is the active area of the photodetector, while v is the
incidence angle, Ts is the gain of the optical filter, g(y) is the
gain of the concentrator, and v is refers to FOV at receiver.
The concentrate gain is determined as in Eq. (5) where n is the
refractive index of lens.

9 ={—

2
5 0SSV <Y 5)

whereas, the optical power received at the photodetector can
be found as follows.

P.=H, X P, (6)

The expression of the consumed power of lighting units [17],
which is an important parameter of the system:

K, K;

Pc KS XPt

()

Ks K

whereas, P and P; represent the consumed power and the
transmitted power, respectively, while K represents the



number of LD in the lighting unit. The LD power is 2W.
2.3 VLC signal to noise ratio (SNR)

The communication quality is highly proportional to the
SNR in VLC systems where the SNR is expressed as follows:

RZp?

SNR = — 59— ®)

Jshot"'o-tzherm
where, R is the responsivity of the optical detector, while Pr.g;4
describes the signal power and 0gp,0¢, and G¢permar 18 the shot

noise and thermal noise, respectively, expressed in Egs. (9)
and (10). All parameters defined in Table 1.

Tohot = 2q[RP. + Ingl;]B ©9)
I 2T"
Ohhermar = BT AB? (2 + g—:nAI3B) (10)

Table 1. Simulation characteristics

Parameters Values
Room dimension (L>W>H) 555>3 m?
LD array 56
LD power (Px) 2w
Irradiance intensity (lo) 162 cd
detector physical area (A) lcm?
Gain of optical filter (Ts) 1
Refractive index (n) 15
Field of View (FOV) 35-70
Semi-angle at half power 10-80
Speed of light (c) 3x108 m/s
Electronic charge (q) 1.602x10-19 ¢
Data rate 30Mb/s
Noise bandwidth factor(l2) 0.562
Noise bandwidth factor(ls) 0.0868
Boltzmann’s constant(k) 1.38066 23
Absolute temperature (TK) 295[K]
Open-loop voltage gain (G) 10
FET channel noise factor (I) 15
background light current (lbg) 5100e®
Fixed capacitance () 112[pF/cm?]
Responsivity of photodetector (R) 0.4 AW

3. RESULTS AND DISCUSSION

In this paper, the simulation is conducted to reach the best
performance of the VLC system in terms of illumination

distribution for the proposed scenario, besides finding an
optimal semi-angle and optimum FOV to obtain the best
optical power distribution and better SNR performance. As
mentioned earlier, all parameters used in simulating the
proposed scenario are given in Table 1.

3.1 llumination distribution in the typical room

Figure 3 shows the horizontal illumination of the Model 3
at the locations of the new lighting units as follows: (1,1,3),
(1,4,3), (4,4,3), (4,1,3), and (2.5,2.5,3). It was observed in
Figure 4 that it gives a light distribution over the indoor area
of the typical room. On the other hand, the previous scenarios
suffered from some dark spots, especially in the middle of the
room, which is considered the users' movement area. Figure 4
also illustrated the geometric distribution of the lighting units
in the typical room for previous models, as Model 1 is the
classic model and the composition of the lighting units
contains 3600 LEDs. in addition to the lighting distribution
that does not cover the middle of the room and consumes
additional power, while in Model 2, the geometric distribution
of units made a gap in the middle of the room, and this shows
the weak distribution of lighting and neglect of the room's
middle. Model 1 and this model are closer to the proposed
model, as is Model 3, which is the proposed model where LD
was used instead of LED due to its luminous intensity. As is
evident in Figure 4, the geometric distribution of the lighting
units covers the area of the middle of the typical room, which
gives better performance efficiency.
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Figure 3. Illumination distribution in typical room
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Figure 4. Previous model of illumination distribution units



Table 2. Display the consumed power of the lighting units for all models

Number of Sources

Total Power Consumption

Model Source Number of Units Per Unit_ All Units Power of Source Per Unit All Units
Modell LED 4 3600 14400 2 mwW 72W 288 W
Model2 LED 16 900 14400 2 mw 18W 288 W
Model3 LD 5 25 125 2W 50 W 250 W

As can be seen in Table 2, the number of LD contained
within the lighting unit has a lower power consumption
compared to the older models. The illumination distribution in
the room's middle is shown in Figure 5, which you can find
below. The proposed Model 3 demonstrated good efficiency
in terms of lighting distribution in the center of the room while
utilizing LD. It had a central illumination intensity of 162 cd,

which was supplied in Table 1, and it was within the ISO range.
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Figure 5. Illumination distribution at the center of the room

3.2 Power consumption

One of the objectives of this research is to reduce the power
consumed in the lighting units, as LD luminaires were used
with less power consumption than previous models that used
LEDs, as shown in Table 2. The number of lighting units and
the number of LDs and LEDs within each unit were displayed,
in addition to the power consumed for each model, where the
proposed Model 3 gives the least power consumed, which is
calculated based on Eq. (7).

The distribution of the received optical power is one of the
most important factors that affect the VLC system, as it is
affected by two main points, which are the semi-angle in the
optical transmitter and the FOV in the optical receiver, so the
optimum value for both must be obtained. The first step is to
study the semi-angle effect, as it is varied from 100 to 800 to
improve the received optical power distribution model and to
reach the highest received power at the level of the detector,
through two characteristics, which are the contrast between the
received power and the average optical power, to study the
differences in power. Therefore, it must be calculated the non-
uniformity power distribution (Nup) as well as the average
received optical power, where Nup can be defined as a
measure of the amount of power differences at the receiving
level, i.e., the ratio of the maximum and the minimum power.
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Figure 6. Showed the power distribution: (a) Nup power distribution; (b) Average power distribution

_ Pmax

Nup_P NUP =1

. (11)
min

It is observed that Nyp is close to uniformity since the semi-
angle increases, as in Figure 6(a). On the other hand, the
increase in the semi-angle also leads to a decrease in the
average received power distribution, as shown in Figure 6(b).
This seems challenging and calls for the need to improve the
average high power and low Nyp at the same time; therefore,
it was necessary to find the optimal semi-angle value, which is
calculated as in Eq. (12).
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Since the goal of optimization is to achieve the maximum
possible value of average power over the course of time,
Figure 7(a) depicts the ideal value of the semi-angle that
should be used. The lowest value of Nyp may be acquired at
the location where the best semi-angle of LD can be obtained.
In Figure 7(a), the angle that is considered to be semi-optimal
is between 38 and 48 degrees. As a result, a specialized
simulation was carried out to demonstrate the optimal angle,



which was determined to be 43 degrees and is shown in Figure
7 (b). The optimums were calculated for the angles to obtain
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the best lighting distribution for the interior room, but also this
gives the best distribution of the optical power.
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Figure 7. Optimize semi-angle: (a) Varied semi-angle from 30° to 80°; (b) Optimum semi-angle at 43°
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Locating the field of view (FOV) that provides the best
results in terms of received optical power is the second phase
in the process of enhancing the optical power that is received.
When altering the varied FOV, the behavior of the received
optical power in the center of the room for Model 3 for semi-
angle changes. This can be seen in Figure 8, which shows that
the received optical power reduces with increasing the semi-
angle until the low power is obtained. Optical signal received
at 1.3086 dB at a semi-angle of 80 degrees and a field of view
of 40 degrees. On the other hand, the optical power that is
received is 2.0834 dB when the field of view is 50 degrees and
the semi-angle remains the same. The received power of
5.5008 dB was attained when the semi-angle was set to 20
degrees and the FOV was set to 70 degrees. The maximum
received power was acquired when the semi-angle and FOV
were both set to low. In the meantime, 8.2774dB was
measured at a FOV of 50 degrees. As can be seen in Figure 8,
the most power was able to be produced at a small semi-angle
as opposed to a broad semi-angle for all FOVs; additionally,
the best results are given when the FOV is set to 50 degrees.
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Figure 9. FOV: (a) Optimum FOV at 45< (b) Optimum FOV received power compare with variety FOV

443



The best FOV for Model 3 to improve the received power
is at 50 degrees, but this is not a very realistic representation.
The optimal value was determined by first increasing and then
decreasing the angle by 10 degrees from its starting point of
50 degrees, and then computing the field of view from 43
degrees to 51 degrees. Figure 9(a) and Figure 9(b) illustrate
the simulation that was run to compare the optimal FOV to
many values of FOV and offer the optimum FOV value the
best results. On the other hand, the optimal FOV was
determined for Model 3, and it is at 45 degrees

4. CONCLUSIONS

VLC is one of the best types of wireless optical
communications in indoor environments because of its
advantages, such as communication speed and a wide and
unlicensed frequency spectrum, which is from 390 GHz to 780
GHz, making it the best alternative to RF communication. The
VLC system has suffered from dark spots in the center of the
room and high-power consumption. As models 1 and 2 spread
the lighting units, the first on the corners only, and the second
along the edges, and the center of the room was neglected,
which caused a cold area that affects the quality of the lighting
distribution in a consistent manner. The proposed Model 3
addressed these challenges through a new distribution of
illumination units by five illumination units, using LD as a
light source as an alternative to LED as it has a high
illumination intensity in order to distribute the lighting in all
areas of the room. The proposed Model 3 also achieved the
highest optical power received by using the optimum values of
the semi-angle at 43° and FOV at 45°, and it also achieved the
best distribution performance of the SNR compared to the
previous models. This model achieved the best illumination
distribution in the middle of a typical room. On the other hand,
Model 3 reduced the power consumption of illumination units
compared to previous models. Thus, it was concluded that the
Model 3 treated dark spots in the center of the room and
achieved the best optical power received besides high SNR.
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