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Abstract: Optimization of the light source layout is an important issue for indoor visible light
communication systems, as it affects the received optical power distribution and user perception.
In this paper, we propose a local optimization strategy for the light source layout that balances
optimization effectiveness with optimization efficiency. First, we divide the optimization region into
multiple sub-regions with different sizes and optimization priorities, where the sizes and optimization
priorities of the individual sub-regions are determined based on the effect minimization principle
among the sub-regions. We then calculate the pre-bias factor based on the equivalent mapping, which
can compensate for the effect of the light sources in the latter optimized sub-region on the source
layout optimization in the current sub-region. Finally, we search for the coordinate of a single light
source for each sub-region using the variance of the squared distance between the projection of the
light source on the receiving plane and the received point as a fitness function. Simulation results
show that the proposed optimization strategy performs well when the vertical distance between the
ceiling and the receiving plane is not less than 2.85 m.

Keywords: visible light communication; light source layout; optical power; region partition; pre-bias

compensation

1. Introduction

In recent years, with the rapid development of wireless communication services such
as big data, smart home, and shared bicycle, there is a growing demand for high-speed
communication. However, the traditional mobile communication system, its capacity, and
spectrum resource limitations have been unable to meet the requirements of increasing
information capacity and transmission rate. In order to achieve high-speed and high-
quality communication and solve the problem of the increasingly exhausted electromag-
netic spectrum, utilizing new spectrum resources has become one of the trends of mobile
communication. As a promising short-distance transmission technology, indoor visible
light communication (VLC) has attracted a growing amount of attention [1,2]. VLC is a
communication method that utilizes light-emitting diode (LED) as the signal transmitting
node, free space as the transmission medium, and receives the signal through photo-diode
(PD). Compared with conventional radio frequency (RF) communication technology, VLC
has the characteristics of large modulation bandwidth, high security, high signal-to-noise
ratio, and no electromagnetic interference. To date, VLC technology has been considered
as a complement to other wireless communication technologies. In addition, indoor VLC
must satisfy both illumination and data communications. Due to these unique dual char-
acteristics, it can be applied in communication scenarios such as airports, train stations,
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offices, homes, and underwater. And in order to realize the application of indoor VLG, it is
essential to arrange the light source.

In indoor VLC systems, light signals are transmitted and received by light-emitting
diodes (LEDs) and photo-diodes (PDs) [3]. Because of the propagation characteristics of
the visible light, the line-of-sight (LOS) component is dominant compared to the reflection
components. In this way, the optical power distribution in the receiving plane is determined
by the light source layout. In indoor VLC, the light sources is placed on the ceiling of the
room, and the user would appear at any random point. It is obvious that users always
want better unobstructed light and a good communication experience. In a typical indoor
environment, multiple LEDs are usually used to satisfy the illumination requirements.
These LEDs are often placed at the center of the room’s ceiling, which can lead to uneven
illumination and optical power reception on the receiving plane and even blind spots.
In this situation, both the illumination and optical power decay rapidly from the center to
the edge of the receiving plane. Moreover, the non-uniform received optical power will
affect the quality of service (QOS) of indoor VLC systems [4-7]. Therefore, the optimization
of the light source layout is one of the key issues for indoor VLC systems.

Several light source layout optimization schemes have been reported in the literature so
far. Komine and Nakagawa analyzed the illumination distribution under indoor VLC array
light sources by numerical simulation, and studied the influence of the multi-path effect
and signal-to-noise ratio (SNR) of a room of typical size (5 m x 5m x 3 m) [8]. On the basis
of this theory, some scholars have proposed different methods to optimize the light source
layout. Wang and Yu proposed a circular layout of 16 LEDs, and introduced a quality factor
Q to reduce the fluctuation in the SNR [9]. Pei and Jing proposed a new polygon layout
method in three-dimensional space, which further optimizes the circular layout [10]. Several
researchers have incorporated optimization algorithms into the optimization procedure of
light source layout. Liu and Tang proposed a square plus ellipse layout, optimized by using
the simulated annealing and particle swarm algorithms. The uniformity of the illumination
and SNR is further improved [11]. Che and Wang proposed a hybrid immune clonal bat
algorithm to optimize the layout of the light source, which enhances the fair distribution of
optical power among indoor users [12]. Wang and Xu proposed an optimization scheme to
improve the uniformity of the received optical power by optimizing the layout of the light
source based on an artificial fish swarm algorithm [13]. Zuo and Liu proposed a modified
gray wolf algorithm to optimize the typical square, rectangular, and circular layouts of the
light source, which further reduces the fluctuations of the received optical power [14].

Although much work has been carried out on the optimization of light source layout
for indoor VLC systems, there is still room for improvement. Most of the existing schemes
are based on the global optimization strategy, which requires searching over a huge number
of coordinates, leading to a complicated optimization procedure. Fitness functions based
on the received optical power are employed in these optimization schemes, which results in
a large number of computations and further reduces the optimization efficiency. Motivated
by the above analysis, we propose a sub-regional optimization strategy for light source
layout. The main contributions are summarized below.

1.  To reduce the limitations of local optimization, we propose a sub-region partition and
optimization priority selection scheme based on the principle of minimum influence
among sub-regions.

2. To address the unpredictable impact of the light sources located on the latter sub-
region, we propose a pre-bias compensation scheme based on equivalent mapping.

3. To reduce the computational complexity, the variance of the square value of the
distance between the projection of the light source on the receiving plane and the
received point is employed as the fitness function in the optimization of the single
light source layout in the sub-region.

The remainder of this paper is organized as follows. The model of the indoor VLC
system is described in Section 2. The design of the sub-regional light source layout optimiza-
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tion strategy is presented in Section 3, followed by simulation results and a comparative
analysis in Section 4. Finally, the conclusions are drawn in Section 5.

2. System Model
2.1. Channel Model

In indoor VLC systems, several reflecting propagation paths, also known as non-line-
of-sight (NLOS) paths, can coexist with LOS communication. These reflections can be
viewed as multiple distortions. The NLOS component is the sum of the contributions from
all non-LOS links that are due to one or more reflections between the wall surfaces [15].
In the following, the LOS channel, NLOS channel, and overall optical channels are discussed.

The geometry of a point-to-point VLC downlink is shown in Figure 1. According to
the Lambert radiation model, the LOS channel gain between the LED and the PD can be
modeled as [16]

A(m+1)
hros = { 277 Cosm0(4>) cos(¢),0 <$><‘1§C (1)
7 c

where A is the effective area of the PD, m is the order of the Lambertian emission given by
m = —log(2)/log(cos(®1,7)), such that &y, represents the semi-angle of the LED [17],
d is the Euclidean distance between LED and PD, ¢ and ¢ are the angle of incidence and
irradiance, respectively, and ¥ is the receiver field of view (FOV).

X

Figure 1. System model.

Assuming that the LED is placed downward and the PD is placed upward, the values
of cos ¢ and cos ¢ can be determined as [18]

L L
COSPp =COS QP = - = —(——— 2
L A AN @
where 7 is the distance between the projection of the light source on the receiving plane

and the PD, and L is the vertical distance between the ceiling and the receiving plane.
Substituting C :A(m+7T)LM+1 and Equation (2) into Equation (1), we can obtain another

expression of the LOS channel gain:

h_{ —C _—, 0<p<¥,

(r24+12) 2 3)
0, p>Y.

It can be seen from Equation (3) that for given m and L, & is a function of r.
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The NLOS link is the sum of the contributions from all reflecting propagation links
that are due to one or more reflections between the wall surfaces. A discrete reflector model
was obtained by dividing the walls into small surface elements. The impulse response
hnLos is approximated by the sum of the contributions from reflections up to a given order
Nref [15]:

Nief
hntos ~ Y his 4
NLOS ~ DIFE* ( )
k=1

where hg(I)FF is the response after k-reflection to the LED source that is given by [15]. Studies

show that the NLOS component accounts for about 7% of the total received power [11].
Moreover, there is no clear linear relationship between r and Ni¢. Therefore, we do not con-
sider the NLOS component in the design of the light source layout optimization strategy.

2.2. Received Optical Power Model

For a multi-source system, the optical power received by the PD is the sum of the
optical power transmitted by the light sources within its FOV. To simplify the analysis, we
set the transmitted optical power of each light source to 1W, and then the received optical
power of the PD can be expressed as

N C
P: Z m+3 (5)
n=1 (1’% + Lz) 2

where N is the number of light sources within the PD’s FOV, and r,, is the distance between
the projection of the light source n on the receiving plane and the PD.
For a single-light source system, the optical power received by the PD can be ex-

pressed as

Pu) = — S (6)

m+3

(u+1L12)2

where u = r2. We can see from Equation (6) that P is a monotonically decreasing function
of u and P is completely determined by u for a given L. It can be concluded that the
fluctuation of P can be approximately estimated by the fluctuation of u.

3. Design of the Sub-Regional Light Source Layout Optimization Strategy

To balance the efficiency and performance of light source layout optimization, we
propose a sub-regional light source layout optimization strategy, which consists of a sub-
regional partition and optimization priority selection scheme, a pre-bias compensation
scheme, and a distance-based sub-regional single-source layout optimization scheme.

3.1. Sub-Region Partition and Optimization Priority Selection Scheme

In order to reduce the mutual influence between sub-regions, we propose a sub-
regional partition and optimization priority selection scheme, which divides the optimiza-
tion region into multiple sub-regions with different areas and optimization priorities. It
is important to note that the choice of the number of sub-regions is not the focus of this
papet, as this issue has been extensively studied in the relevant literature. We mainly focus
on the sub-region partitioning and optimization priority selection under a given number
of sub-regions. Considering that the edge sub-regions are less affected than the center
sub-regions, we set larger areas and higher optimization priorities for the edge sub-regions.
More specifically, the distance between the center of the sub-region and the center of the
overall region is used to determine the area and the optimization order of each sub-region.
The larger the distance, the smaller the area and the higher the optimization order of the
sub-region. Sub-regions with the same distance have the same area but have different
optimization priorities. The optimization priority of these sub-regions with the same area
is designed as follows. First, anyone is selected as the reference sub-region and the highest
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optimization priority is set on it. Then, the other sub-regions are assigned optimization
priority based on the distance between the center of those sub-regions and the center of the
reference sub-region; the larger the distance, the higher the optimization priority.

Figure 2 shows two examples of the sub-region partitions for a 5 m x 5 m region.
The numbers listed in Figure 2 indicate the optimization priority of the sub-regions; the
smaller the number, the higher the optimization priority. Since the centers of sub-regions
1-4 are equally distant from the center of the overall region, these four sub-regions are
assigned equal area and any of them can be chosen as the reference sub-region. Considering
the symmetry of positions between different sub-regions, the optimization orders for the
sub-regions exhibited in Figure 2a,b seem different, but they are essentially consistent.
The proposed sub-region partition strategy provides a partitioning principle but does not
specify the size of the region. The area of each sub-region is a flexible variable that can
be set according to the size of the room. In this work, we present two examples of the
sub-region partitions for a 5 m x 5 m room. In these two examples, sub-regions 14 are the
first priority, with the same area, 1 m?Z, sub-regions 5-12 are the second priority, with the
same area, 1.5 m2, and sub-regions 13-16 are the third priority, with same area, 2.25 m?2.

5 ! : ‘ & ‘ :
F3 11 5 1 1 5 11 i3
§ Frrreerdereerees . — L e e S
-7 13 15 9 -9 15 | 13 | 8
| S S—— B—— — - O —
10 16 14 8 L7 14 16 10
9 SR N S S TN S
f2 6 | 12 4 F4 12 6 2
0 - ‘1Im‘ — ‘2.‘5r'|n‘ - |4‘m| | I5m 0 - ICI.‘mI = ‘2.I5n‘1| - ‘4|m‘ | ‘Sm
(@) sub-region partition (b) optimization priority selection

Figure 2. Examples of sub-region partition and optimization priority selection.

3.2. Pre-Bias Compensation Scheme

Since the light source layout in the sub-regions is optimized sequentially, the influence
of the light source located in sub-region j on sub-region i (i < j) is uncertain, as the
light source layout optimization in sub-region j has not yet been implemented. In order
to minimize as much as possible the optimization error due to such uncertain effects,
we propose a pre-bias compensation scheme based on equivalent maps. This scheme
approximately equates the effect of a light source located in the unoptimized sub-regions
to that of a virtual source located in the center of the overall region, and adjusts this effect
for different sub-regions with different factors. The specific implementation procedure is
presented below.

When optimizing sub-regioni (i =1,2,--- ,N — 1), we assume that the other N — i
unoptimized sub-regions all have a virtual light source located in their centers. Since the
ranges of each sub-region have been determined by the proposed sub-regional partition
scheme presented in the previous subsection, the projections of their center on the receiving
plane can be determined accordingly. Then the square value of the distance between the
projection of these virtual light sources on the receiving plane and the center of sub-region

i can be written as
N—i

Ue; = Z (ij - xCi)z + (ij - yCi)z @)
j=1
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where (xcj, Ye;s z) and (x;, Yc,, z) are the projections of virtual light source j and the center
of sub-region i on the receiving plane, respectively.

Meanwhile, we assume that there is a virtual light source located at the center of the
overall optimization region, and the square value of the distance between its projection on
the receiving plane and the projection of the center of sub-region i can be written as

ﬁci = (xc - xci)z + (]/c - ]/ci)z (8)

where (xc, Y., z) is the projection of this virtual light source on the receiving plane.
Consequently, the pre-bias factor corresponding to the impacts of the light sources
located on the other N — i unoptimized sub-regions on sub-region i can be obtained as

Qi = uci/aci )
The specific application of the pre-bias factor is described in the following subsection.

3.3. Single-Light Source Layout Optimization Scheme for Sub-Region

It can be seen from Equation (6) that the computation required by P is much greater
than that of u. When the NLOS component of the channel link is considered, the compu-
tation required by P would be greatly increased. To reduce the computation complexity,
we propose a single-light source layout optimization scheme, where the variance of the
squared distance replaces the receiving optical power as the new fitness function. Moreover,
in the optimization of the single-light source layout for the sub-region, the possible impact
of the unoptimized sub-regions is simulated through a pre-bias factor.

Assuming (x;,y;,z) is the projection of the light source located in sub-region i on the
receiving plane, then the square of the distance between this projection and the receiving
point (x,y,z) can be written as

wi=(x—x)+ (y—y)* (10)

When i = 1, only the impacts of the latter optimized N — i sub-regions need to be
considered. Therefore, we revise u; through the pre-bias factor as follows.

wp= (x =2+ (y —yi)? + Qi((x = x)* + (y — yc)?) (11)

When1 < i < N, besides the impacts of the light sources located in the latter optimized
N — i sub-regions, we need to consider the impacts of the light sources located in the former
i — 1 optimized sub-regions. Assuming that the projection of the light source located in
optimized sub-region k(k = 1,2, --- ,i — 1) on the receiving plane is (x, Yk, z1), 4; can be
revised as

i—1
= (=) =y + Qi -2+ (v + L (-1t + ()t (12)
k=1
When i = N, only the impacts of the light sources located in the former N — 1 opti-
mized sub-regions need to be considered. Therefore, u; can be revised as

N-1

wp=(x =)+ -v)?+ ¥ (x—x0)*+ (y—w)’ (13)
=1

where u; can be seen as a random variable and its fluctuations can be described by its
variance, which is calculated as

[ (u; — ;)2ds

(14)



Photonics 2023, 10, 1344

7 of 14

where C; and S; are the range and area of sub-region i, and #; is the mean value of u;, which
can be calculated as
[ wids

S
Si
The minimum fluctuation of P can be achieved by searching for the (x;, y;) that mini-

mizes the value of D(ii;). Thus, the optimization of the light source layout can be trans-
formed into an optimization search problem, as presented in the following:

U = (15)

min  D(#;)
XiYi (16)
s.t. (xi,yi) e G

This is a non-convex problem for which closed-form solutions cannot be obtained.
However, it can be solved through optimization algorithms, such as genetic algorithms
(GAs) and bat algorithms (BAs). GA is an optimization method that simulates the principles
of biological inheritance and evolution in nature. By simulating the natural evolution
process, it searches for the optimal solution in the global range. In the search process, there
is no strict requirement on the objective function and constraints, and at the same time,
it has strong parallel processing ability, global search ability, and fast convergence ability.
Therefore, it has been widely used in many fields.

4. Simulation Results and Discussion

In this section, we evaluate the performance of the proposed light source layout
optimization strategy (denoted as the distance-related scheme). The room size we consider
is 5m x 5 m and the total number of light sources is 16, as set in [12]. Therefore, the sub-
region partition and optimization order for each sub-region are the same as shown in
Figure 2. The GA is applied to solve the optimization problem presented in Equation (16),
whose parameters are described in Table 1. The Python software is used to realize data
processing. And the entire strategy flowchart is shown in Figure 3.

Table 1. Genetic algorithm parameters.

Population size Maximum genetic generation Individual length
40 50 16

Generation gap Cross probability Mutate probability
1 0.5 0.01

Region partition the optimization space
sequentially under the criterion of least influence

Obtain pre-bias factors based on equivalent
channel mapping strategy

Simplified objective function

v

Sequential optimization of sub-regions to
obtain light source position coordinates

End

Figure 3. The flowchart of the proposed optimization strategy.
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GA provides a general framework for solving a nonlinear program. It encodes the prob-
lem parameters as chromosomes, generating an initial population and then using iterative
choose, cross, and mutate operations to exchange the information of the chromosomes in
the population, ultimately generating a chromosome that meets the optimization objective.
In genetic algorithms, chromosomes correspond to data or arrays, usually represented by a
one-dimensional string structure, and each position on the string corresponds to the value
of the gene.

Taking GA as an example, Figure 4 shows the process of single-light source layout
optimization. It is noteworthy that the fitness function employed in the proposed distance-
related optimization scheme is independent for the vertical distance between the ceiling
and the receiving plane. Each step of the genetic algorithm is briefly described below:

Generate initial population

v

—> Assess fitness function

Mutations

Satisfying termination
conditions

Figure 4. The process of single-light source layout optimization (GA).

e  Generate initial population
N initial coding strings are randomly generated, each coding string is called an
individual, and N individuals constitute a population. The GA uses these N coding
strings as the initial point to start the evolution. N is the population size.
e  Assess fitness function
The fitness indicates the superiority or inferiority of an individual or a solution.
As the genetic algorithm proceeds, the quality of the solution improves, the fitness
increases, and the genetic algorithm is terminated once a solution with a satisfactory
fitness value is found. The design of the corresponding fitness function varies from
different problems.
e  Choose
The purpose of choose is to choose the best individuals from the current popula-
tion so that they have the opportunity to reproduce as parents for the next generation.
Genetic algorithms embody this idea through the process of choose, which is based
on the principle that a well-adapted individual has a high probability of contributing
one or more offspring to the next generation. Choose reflects the Darwinian principle
of survival of the fittest.
e  Cross
Cross is the most important operation in the genetic algorithm. Through the cross
operation, a new generation of individuals can be obtained, and the new individuals
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combine the characteristics of their parents. Cross embodies the idea of information
exchange. This step makes the chromosome sequence change greatly; the final chro-
mosome mapping to the real number will also change greatly, making the population
dispersed, reflecting the characteristics of the algorithm’s global search.
e  Mutations

Mutation begins by randomly choosing an individual in the population, and for
the chosen individual, the value of one of the strings in the coding string is ran-
domly changed with a certain probability. This step causes the chromosome sequence
to fluctuate within a small range, reflecting the local search ability. As in biology,
the probability of a mutation occurring in GA is low and usually takes on small values.

4.1. Performance Analysis

First, we present the optimization results of the proposed optimization strategy.
For comparison, the light source layout determined by the scheme proposed in [12] (de-
noted as immune clonal bat algorithm (ICBA)) is also presented in Figure 5. We can see
that the light source layout determined by the proposed optimization strategy is different
from that determined by ICBA.

5 *— ¢ o K
45 ® |CBA scheme
’ *  Distance-related scheme
* *
351 ]
(] [ ] [ ] [ ]
3L ]
E
= 25 ]
>
oL ]
(] [ ] [ ] [ ]
15[ b
* *
0.5
e (] . e, e
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
X/m

Figure 5. Light source layout of different schemes.

Next, we display the received power distribution determined by the proposed opti-
mization strategy and the ICBA scheme in Figure 6. Of special note is that the received
power consists of two component: the LOS component and NOLS component. Considering
the spatial differences of rooms in different scenarios, we set the vertical distance between
the ceiling and the receiving plane (denoted as L) as 2.5 m, 2.85 m, 3.15m, and 3.5 m, respec-
tively. For the proposed optimization strategy, the FOV is set to 90° and the semi-angle at
half power of the LED is set to 60°. The parameters used for the ICBA scheme are the same
as those presented in [12]. We can see that the proposed optimization strategy has a larger
fluctuation in the optical power distribution fluctuation compared to the ICBA scheme
when L = 2.5 m. However, the range of fluctuations decreases as the distance increases.
When L = 2.85 m, the optical power distribution of the proposed optimization strategy is
lower than that of the ICBA scheme. The greatest challenge for the proposed optimization
strategy is the uncertain impact of the latter optimized sub-regions on the current optimized
sub-region. However, this uncertain effect decreases as the vertical distance between the
ceiling and the receiving plane increases. Therefore, the proposed optimization strategy
performs well when L > 2.85 m. In scenarios such as airports, train stations, and shopping
malls, the vertical distance between the ceiling and the receiving plane is always larger
than 2.85 m. This proposed optimization strategy is recommended for these scenarios.
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Figure 6. Received optical power distribution.
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In addition, Table 2 presents the power indices obtained using the two different opti-
mization methods. It is observed that the fluctuations of the maximum and the minimum
optical power value in the receiving plane at different heights in the proposed scheme are
large compared to the ICBA scheme. However, the power fluctuation range in the proposed
scheme becomes limited with the increase in the height, which shows that the receiving
optical power distribution is improved when the vertical distance between the ceiling and
the receiving plane is not less than 2.85 m, providing a better service quality for users at
different positions in the given receiving plane.

Table 2. Powervalues for different schemes.

L (m) Scheme Maximum Power (dBm) Minimum Power (dBm) Power Fluctuation (dBm) Power Variance
25 The Proposed scheme —16.3448 —17.8917 1.5468 0.0888
' ICBA scheme —15.0258 —16.4085 1.3828 0.0456
285 The Proposed scheme —16.7525 —18.0286 1.2761 0.0444
' ICBA scheme —15.2625 —16.8194 1.5569 0.0678
315 The Proposed scheme —17.3268 —18.5515 1.2247 0.0318
' ICBA scheme —15.4781 —17.1271 1.6490 0.0825
35 The Proposed scheme —17.6989 —19.0047 1.3058 0.0380
' ICBA scheme —15.7962 —17.5427 1.7466 0.1001
In addition, by traversing L in the range of [2.5 m 3.5 m] with an interval of 0.35 m, we
compare the proposed optimization strategy with the ICBA scheme in terms of average
performance over a 5m x 5 m x 1 m space in Table 3. We can see that the the proposed
optimization strategy is is more robust against ICBA.
Table 3. Power values over 5m x 5m x 1 m space with L =2.5mto L =3.5m.
Space Scheme Maximum Power (dBm) Minimum Power (dBm) Power Fluctuation (dBm) Power Variance
5% 5x1 ICBA scheme —15.3907 —16.9744 1.5838 0.0740
The Proposed scheme —17.0308 —18.3691 1.3384 0.0508
To analyze the impact of sub-region partition on the proposed optimization strategy,
we also evaluate the other two sub-region partitions for a 5 m x 5 m room, denoted
as sub-region partition 2 and sub-region partition 3, respectively, as shown in Figure 7.
In sub-region partition 2, sub-regions 1-4 are the first priority, with the same area, 1 m?2,
sub-regions 5-12 are the second priority, with the same area, 1.5 m2, and sub-regions 13-16
are the third priority, with the same area, 2.25 m?. In sub-region partition 3, sub-regions
1-16 have the same priority, with same area, 1.5625 m?. The power values on the receiver
plane (L = 2.85 m) for different sub-region partitions are shown in Table 4, where sub-
region partition 1 is the sub-region partition shown in Figure 2. We can see that sub-region
partition 1 used in our work has a clear advantage over the other two.
Table 4. Power values for different sub-region partition schemes.
L (m) Scheme Maximum Power (dBm) Minimum Power (dBm) Power Fluctuation (dBm) Power Variance
Sub-region partition 1 —16.7525 —18.0286 1.2761 0.444
2.85 Sub-region partition 2 —17.1149 —18.9374 1.8224 0.1818
Sub-region partition 3 —16.8796 —18.6252 1.7456 0.0644
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Figure 7. Two examples of sub-region partition for a 5 m x 5 m room.

4.2. Complexity Analysis

To demonstrate the low complexity and high efficiency of the proposed optimization
strategy, we compare the computational complexity of the power-related fitness function
and the distance-related fitness function. In the NLOS channel model, the walls in the
room are divided into many small surface elements and each surface element itself acts as
a radiator by reflecting the impinging light. Usually, each wall is divided into more than
50 small surfaces. The total gain for all NLOS links is the sum of the contributions from
reflections up to a given order. Consequently, obtaining the NLOS component requires a
significant amount of computation, which is about a hundred times more than that of u
employed in the proposed optimization strategy. Therefore, the proposed optimization
strategy has a simple fitness function, which reduces the optimization complexity.

In addition, we compare the convergence of different fitness functions through simu-
lation. Figure 8 shows the iterative diagram of the distance-related fitness functions and
the power-related fitness functions. It can be seen from Figure 8 that the distance-related
fitness function reduces the fitness value to the target value after about 10 iterations, while
the power-related fitness function reduces the fitness value to the target value after about
30 iterations. The latter is three times more than the former. In addition, we compare
the computer execution time of the two fitness functions: 15.198 s for the distance-related
fitness function and 49.317 s for the power-related fitness function. The former reduces the
computation by about 70% compared to the latter. Moreover, the proposed optimization
strategy does not require diversity in the semi-angle at half power of the LED, which helps
to improve the optimization efficiency and expand the applications.

1® T T T T

—— Objective function: d
—— Objective function: h

per-generation optimum(normalized)

0 10 20 30 40 50
Iterations

Figure 8. Convergence curves of two objective functions.
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5. Conclusions

In this paper, we introduce an optimization strategy based on pre-bias compensation
to improve the reliability and effectiveness of light source layout optimization for indoor
VLC systems. Under this optimization strategy framework, we propose a sub-region
partition scheme to minimize the mutual impacts between sub-regions as much as possible,
a pre-bias compensation scheme to help offset some of the impacts of the latter optimized
sub-regions on the current optimized sub-region, and a distance-based sub-regional single-
light source layout optimization scheme to improve the optimization efficiency. Simulation
results have shown that the proposed optimization strategy has an obvious advantage
over the ICBA scheme when L > 2.5 m, which means that the proposed optimization
strategy performs well in rooms with open spaces, such as airports, train stations, and
shopping malls. Moreover, the proposed optimization strategy is low-complexity and
high-efficiency, as it employees a simple distance-related fitness function and does not
require diversity in the semi-angle at half power of the LED. Comparison results in terms
of performance and complexity further validate the reliability and effectiveness of the
proposed optimization strategy.
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