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Abstract: Color shift keying is a modulation scheme for visible light communication that uses
fixtures with three or more narrow-spectral light-emitting diodes to transmit data while fulfilling
the primary function of illumination. When this modulation is used indoors, the reflectivity of
the walls strongly affects the inter-channel interference and illumination quality. In this paper we
present an indoor channel model that takes into account multi-wavelength propagation. This model
is available as an open-source Python package. The model calculates the inter-channel interference,
illuminance, correlated color temperature, and color rendering index at the receiver position. The
Python package includes a module for estimating the symbol error rate. To validate the model,
we computed the received power at each color photodetector for four different indoor scenarios.
The model demonstrated a color rendering index of less than 15 when using IEEE-based color shift
keying and non-uniform illumination on a horizontal plane. The simulation determined the required
luminous flux to achieve a symbol error rate of less than 10> when the photodetector is at the center
of the indoor space and vertically below the light source. To maintain a symbol error rate less than
1073, the luminous flux increases when the photodetector is displaced in a diagonal direction from
the center of the plane.

Keywords: color shift keying; indoor channel model; recursive algorithm; lighting quality

1. Introduction

Visible light communication (VLC) is a wireless method for transmitting data via
the modulation of visible light intensity. VLC offers several advantages over traditional
radio frequency (RF) wireless technologies [1]. One of its primary benefits is the substantial
bandwidth available within the visible portion of the electromagnetic spectrum. VLC is also
a cost-effective wireless solution for two main reasons: first, the electronic components uti-
lized for VLC are simpler and less expensive compared to the specialized circuits required
for RF modulation; second, VLC can be implemented using commercial light-emitting
diodes (LEDs) already deployed in lighting systems, obviating the need to develop new
optical antenna devices. Additionally, VLC is immune to electromagnetic interference
(EMI), as the visible spectrum is not impacted by such interference. Therefore, VLC can be
effectively utilized in environments such as hospitals, where where RF technologies are
restricted due to the potential for EMI to interfere with and disrupt monitoring instruments.
The IEEE 802.15.7 standard [2] was introduced with the objective of standardizing the
various schemes for communication with visible light and defining the modulation tech-
niques. This standard presents three IM/DD modulation schemes: on—off keying (OOK),
variable pulse position modulation (VPPM), and color shift keying (CSK). It should be
noted that there are other techniques not presented in this document, including metameric
modulation and orthogonal frequency division multiplexing (OFDM).

CSK employs three or more distinct wavelengths for data transmission, effectively
leveraging spectral diversity to encode information. This modulation technique utilizes
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WDM alongside a constellation of symbols to represent bits of information [3]. The block
diagram in Figure 1 illustrates a CSK modulator based on three LEDs and three photode-
tectors. The digital-to-analog converter (DAC), driver, and LEDs constitute the analog
front-end on the transmitter side, while the photodetectors (PD), signal adapter, and analog-
to-digital converter (ADC) form the analog front-end on the receiver side. Additionally,
the color coding, color-to-intensity conversion, and channel estimation sequence represent
the logical components required to implement the CSK modulation scheme. The channel
depicted in this diagram highlights the potential interference that may arise among the
three color bands.

The modulation process of CSK is carried out as follows. First, a bit stream at the input
of the color coding block is mapped to a specific point in the CIE 1931 color space. In the CIE
1931 color space, a set of points represents symbols of the constellation, such as M -QAM or
M-PSK. Each color point represents a combination of bits. This indicates that four symbols
are needed to encode two bits per symbol, eight symbols to encode three bits, and sixteen
symbols to encode four bits, with the number of symbols increasing correspondingly as
the bit count per symbol increases. Figure 2 shows the CSK format for 4, 8, and 16 color
points and their corresponding mapping rules according to the IEEE 802.15.7 standard
[2]. As shown in the 4-CSK mapping image, the vertices of the triangle are the intrinsic
color points of each band, that is, the intrinsic color point of each RGB-LED. The output
of the color coding is the (x4, ;) coordinate of the corresponding color that is mapped,
which forms the input for the color-to-intensity coder block. Because the color point must
be generated with a specific combination of the three ijk-bands, this block encodes each
[x4,y4] value to the corresponding [P;, P;, Py]; values, where P; represents the optical power
of band i (red LED) to generate the d-color point, P; represents the optical power of band j
(green LED), and Py represents the optical power of band k (blue LED). The relationship
between the color coordinates and optical power values is expressed as follows:

Xi Yi
(xa yal =[P Pj Py |x% v 1)
Xk Yk

where (x;,;) are the intrinsic color coordinates of band i, (x;,y;) are the intrinsic color
coordinates of band j and (xy, yx) are the intrinsic color coordinates of band k. Based on
this linear relation, the color-to-intensity encoder computes the optical power in each band
to generate a specific color by including a constraint of constant total optical power, which
can be expressed as

P+ P +P =1 )

CSK is a promising modulation scheme within the realm of VLC, primarily due to
its ability to enhance spectral efficiency by utilizing wavelength division multiplexing.
This enables the transmission of more data within a given bandwidth, resulting in higher
data rates, making CSK suitable for applications requiring substantial data throughput [4].
Regarding lighting performance, one of its key strengths lies in its capacity to modulate in-
formation by varying the intensity of multiple colored LEDs, typically red, green, and blue,
without altering the overall luminous flux. This ensures non-flickering light, providing a
seamless user experience for illumination while facilitating efficient data transmission. A
distinct feature of CSK is its ability to deliver tunable perceived color by modifying the
constellation design, which allows for adjustment of the light’s color temperature to meet
various aesthetic or functional requirements in indoor environments. This flexibility in
color tuning makes CSK particularly well suited for smart indoor lighting systems, where
both communication and lighting quality are paramount. Furthermore, CSK schemes
can achieve a color rendering index (CRI) greater than 80 [5], ensuring that the lighting
accurately represents the colors of objects within the space. This is a critical factor in
environments where high-quality lighting is essential, such as retail spaces, healthcare
facilities, and art galleries.
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Figure 1. Functional block diagram of the CSK modulation format.
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Figure 2. Color point mapping for 4-CSK, 8-CSK, and 16-CSK.

For indoor VLC applications, the power received by the photodetector depends on
both line-of-sight (LoS) and non-line-of-sight (NLoS) components. The spectral power
distribution (SPD) of the NLoS component is modified according to the spectral reflectance
of the objects and walls inside the indoor space. Due to the wide spectral emission of
LEDs and the wide spectral response photodetectors, the power radiated by an LED at a
central wavelength is detected by the photodetectors at different wavelengths. This effect
is known as inter-channel interference, or cross-talk [6]. According to [2], the inter-channel
interference in CSK can be modeled as a gain matrix, and determines the communication
performance of the communication system; on the other hand, VLC systems for indoor
applications must fulfill lighting quality requirements such as illumination level, color
temperature, and color quality. These parameters also depend on the SPD of the light
received from LoS and NLoS. Therefore, an adequate analytical estimation of cross-talk and
lighting parameters for indoor CSK systems must consider both LoS and NLoS components.

Different channel models are widely used for indoor applications. More specialized
channel models can compute the channel impulse response (CIR) function, which com-
pletely characterizes the channel performance. These models consider realistic geometries
such as walls, objects, people, and furniture [7-10]. Simpler models only calculate some
characteristics for empty rooms with rectangular, cylindrical, or spherical shapes [11-16].
Concerning the models used to study the CSK performance, several limitations of CSK
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channel models have been identified: (i) the models do not consider the spectral response
of emitters, detectors, and walls when computing the received power; (ii) the models do not
compute the photometric and colorimetric characteristics of the illumination; and (iii) there
are no open-source computational tools to simulate these kinds of indoor WDM-VLC
systems. To address these limitations, we implement a simple indoor channel model consid-
ering multi-wavelength propagation. This model was designed as a Python package and
is available at PyPI. Using the recursive algorithm presented in [17], the steady-state gain
for each color channel and the normalized interference gain matrix were computed for a
rectangular empty room. The same model was used to compute the illuminance, correlated
color temperature, and color rendering index at the receiver position. The model includes a
module for estimating the symbol error rate based on the interference gain matrix and the
dark current of the photodetector.

The following section defines the model of the transmitter, receiver, and light prop-
agation, while Section 4 describes the implementation of the model in Python, Section 5
presents the simulation results and model validation, and Section 6 presents a discussion
of the results.

2. Recursive Channel Model

The comprehension of the diverse behaviors of light is derived from two fundamental
principles: the manner in which light waves propagate through space, and the manner in
which these waves interact with matter [18]. The geometric optic is a simplified model for
the propagation of light. It is employed to describe the reflection and refraction of light by
objects, mirrors, and lenses, assuming that the wavelength of light is much smaller than
the scale of the objects with which light interacts. This model forms the foundation of the
ray-tracing technique, which we employ to model indoor optical channels. The recursive
channel model is founded upon the principles of geometric optics and offers a valuable
methodology for simulating the propagation of light in indoor settings, including empty
rectangular rooms. This method can help to simulate the effects of light transmission and
reflection within the space, providing a framework for analyzing communication systems
such as VLC.

The model presented in this work extends the original model introduced in [17],
incorporating several key features essential for the analysis of CSK modulation. First, it
estimates the power received by the detector across multiple central wavelengths. Second,
the model simplifies the computation of received power at each wavelength, allowing for
calculations up to ten orders of reflections. Third, based on the received power at each
wavelength, the model estimates the spectrum received by the photodetector. Fourth, it
evaluates inter-channel interference by analyzing the received spectrum and the spectral
responsivity of the photodetectors. Fifth, photometric and colorimetric metrics such as the
illuminance, colorimetric coordinates, correlated color temperature, and color rendering
index are derived from the spectrum estimation. Sixth, the model accommodates custom
CSK constellation designs to calculate the received spectrum and associated photometric
and colorimetric metrics. Finally, the model estimates the symbol error rate as a function of
the source luminous flux. These advancements represent the primary contributions of the
current model compared to the original work.

The following section presents the underlying logic of the recursive model. The
recursive model accounts for two types of responses when calculating the power received
by the photodetector: the line-of-sight components between the light source and the
photodetector (1°), and the non-line-of-sight components (/*). In Figure 3, the direct ray
from the light source over a distance d represents the LOS component. A ray emitted by the
light source and reflected by a single reflective element before reaching the photodetector
(with distances d; and d») is classified as a first-order NLOS component. If the ray reflects
off two surfaces before reaching the photodetector, it becomes a second-order NLOS
component. Thus, the CIR can be expressed as the superposition of the LoS and the
infinity reflections:



Photonics 2024, 11, 988

50f18

hn(t} Su, Rn) = h(y]l(t; Su, Rn) + Z hly(z(t; Sn, Rn) (3)
k=1

where KX (t) is the CIR of the components undergoing exactly k reflections, 1) (t) is the
LoS response, and the sub-index n indicates that the CIR is computed for multiple wave-
lengths; thus, h,(t) represents the CIR at the n-th central wavelength and the symbol ¢
represents the variable representing time. S, = {rs, ns,m, Lg, A¢, fwhm} is the following
set of transmitter parameters:

* rg: Light source position vector

* ng: Normal vector tx position

e m: Mode number Lambertian emission

*  Lg: Luminous flux emitted by the light LED
e A Central wavelengths of LEDs

e fwhm: Full width at half-maximum

and R, = {rg, 1, Ag, FOV, R, } is the set of receiver parameters:

*  rg: Photodetector position vector

¢ ng: Normal vector receiver position
e  Ag: Sensitive area

e FOV: Field of View

*  R,: Spectral responsivity.

Figure 3 shows the geometry notation. The LoS and NLoS expressions are raised from
this notation.

2.1. LED Source Model

VLC uses LEDs as the light source. The spatial distribution of the radiation intensity of
the LED is modeled using the generalized Lambertian radiant intensity, defined as follows:

m+1 m - s
_ [ Grcos™(9) F<¢<3
Pra(¢) { 0 elsewhere @)
where m is Lambert’s mode number defining the directivity of the source. The order of the
Lambertian emission  is related to the LED semi-angle at half-power ¢ /»:
—In(2)

"= In(cos(¢1/2)) ©)

2.2. Receiver Model

The receiver is modeled as an active area that collects optical radiation in incident
angles smaller than the detector’s field-of-view (FOV).

[ Apgcos(8) 0<6<m/2
Acsr(0) = { 0 elsewhere ©)

2.3. LoS Propagation Model

The power received at the photodetector directly from the LED is h%(t), which is
calculated according to Equation (7):

m+1
0.6) = Pru () cos (gy) - Arcos(6o) - 6(¢ — do/c) %
27tdg
where d represents the distance between the transmitter and the receiver. This equation
assumes that the irradiance over the detector’s active area is constant, as d is large com-

pared to the detector’s size. The CRI of the LoS is an impulse function with time shifting
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and modified amplitude. The LoS response is equal for n wavelengths, as the right part of
this equation does not depend on #.

I0309[JRI- 1Y

) 1St¥reﬂeétdr

Figure 3. Geometric notation for the indoor channel model: tx and rx represent the RGB LED and the
three photodetectors, respectively, d represents the distance between the corresponding two points, ¢
denotes an output angle of a light ray at a specific point, and 6 denotes the input angle of a light ray
at that specific point.

2.4. NLoS Propagation Model

This recursive model computes the NLoS components by dividing the walls into
smaller areas or cells €;, assuming a Lambertian scattering in each cell. Each of these smaller
areas plays the role of an elemental receiver (¢/) and an elemental source (e!). It is crucial
that these smaller areas be sufficiently small to ensure optimal model accuracy, although this
refinement increases computational time. This method serves as an approximation of the
actual propagation process, which involves an infinite number of rays traversing the space.
One of these smaller areas is designated the LED source and another is designated as the
photodetector, while the remaining segments represent reflective elements on each of the
six walls. Figure 3 identifies the areas corresponding to the light source, photodetector, and
reflective elements in yellow, blue, and gray, respectively. The channel impulse response
for the reflection k can be calculated as

N
WP (55, R) ~ Pr(9) Y (1,6 « 'V (¢, R) ®)

i=1
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where N, is the number of cells and * is the convolution operation. The convolution can
be computed as a scalar multiplication, as h,(f)> and hg,k_l) are impulse functions. The term
h,(f)> (t;S,¢€%) can be replaced for the LED model as follows:

(m+1)

27Td§j T

Ne de:
B (55, RA) = Pra(@) Lo o cos (9)cos(6)g (6) - rect (29) M (t ~Sie, R) AA ©)
=1

In accordance with [19], this definition can be expressed as follows:

Ne G di+doy+--+d
h,Sk)(t,A):PT,n(@Z[Lle...LkH]~rect( k“)~5<t—1 = "“) (10)
i=1

AA(m +1)cos™ (¢q)cos(01)

L= 11
i AA 0
L= Pjn COS(GZZ)COS( 2),.” (12)
mds
0j,n ARCOS(Pry1)c08(Op41)
Lip1 = = 7 - (13)
Ty q

where p; represents the reflectance factor at wavelength  of cell j (¢;) and its AA value. With
N, as the total number of cells and k reflections, the number of elementary computations
performed to calculate the CIR is equal to NX.

3. Channel Characterization Metrics
3.1. DC Gain Channel and Received Power

The DC channel gain represents the DC value of the frequency response CIR () [20].
It can be expressed as

How = [ ha(t)dt (14)

where H ,, represents the DC gain for each wavelength. The average power received by the
photodetector P, can be computed using the DC gain and the average power transmitted
by the light source Pr,, as illustrated by the relationship in Equation (15).

PRy = Hoy - Pry (15)

3.2. Inter-Channel Cross-Talk Matrix

VLC systems utilizing WDM techniques are subject to inter-channel interference,
primarily due to the non-ideal spectral emissions of the LEDs and the spectral responsivity
of the photodetectors (PDs). In the specific case of CSK modulation, the use of three
distinct color channels in both the transmitter and receiver (typically red, green, and blue)
introduces interference. For instance, when the green channel is activated to represent a
particular symbol in the constellation, the receiver may not solely detect the signal in the
green channel, as the red and blue channels may also capture part of the emitted radiation.

Estimating the inter-channel interference in WDM-based communication systems is
essential for maintaining signal integrity, optimizing system performance, and reducing bit
error rates. Accurate estimation allows for better channel separation, improved spectral
efficiency, and enhanced modulation schemes such as CSK. Additionally, it enables the
design of more advanced receivers capable of mitigating interference, helping to ensure
reliable communication. In VLC systems where communication and illumination coex-
ist, estimating the interference is crucial for balancing lighting quality and efficient data
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transmission. The system’s inter-channel cross-talk is determined by computing the in-
ner product between the spectral power distribution received on the active area and the
responsivity of the photodetector for each central wavelength, as follows:

= | Rn(2)Prs (1) (16)

where h;, ,, represents the optical-to-electrical conversion of the n-th LED radiation that ar-
rives at the m-th photodetector. The interference cross-talk matrix is defined in Equation (17).

hipg hip o iy
hp1 hop -+ hyy

= . ) . (17)
hm,l hn,Z v hm,n

The spectral distribution of the received power from each LED is estimated by assum-
ing a Gaussian shape:

p 1A )?
Pra(A) = R o3 (%) (18)
T 03/2
where 0, represents the full width at half-maximum, A, is the central wavelength of the
LED, and Py ), is the received power at the central wavelength.

3.3. Illuminance

Illuminance is a photometric measure that quantifies the amount of luminous flux
incident on a surface per unit area. It is expressed in lux (Ix), where 1 lux equals one lumen
per square meter. The illuminance represents the intensity of light perceived by the human
eye on a given surface, which affecta visibility and visual comfort in different environ-
ments. In indoor lighting applications, appropriate levels of illuminance are essential for
tasks requiring specific visibility conditions, contributing to both efficiency and occupant
wellbeing. The total spectral power distribution received by the photodetector is computed
as follows:

Pr(A) = Y Pri(A). 19)
i=1

The illuminance E (photometric quantity) can be calculated as

K 780nm

E-— / Pr(A) - V(A)dA, (20)
n- AR J38onm

where V(A) means the relative spectral luminous efficiency of the human vision as char-

acterized by the photopic luminosity function and K;;, is a constant that establishes the

relationship between the (physical) radiometric unit (Watts) and the (physiological) photo-

metric unit (lumens).

3.4. Correlated Color Temperature

CCT refers to the color appearance of light, expressed in Kelvin (K), ranging from
warm hues (lower CCT) to cool tones (higher CCT). In indoor applications, CCT is critical
for optimizing visual comfort, task performance, and influencing psychological wellbeing.
Appropriate CCT settings can create conducive lighting environments, improve produc-
tivity, and ensure accurate color representation, particularly in professional settings such
as offices, retail spaces, and healthcare facilities. Additionally, tunable CCT in modern
lighting systems supports energy efficiency and enhances user wellbeing. The correlated
color temperature is calculated from the spectral power distribution received on the active
area of the photodetector Pg(A). The Pr(A) is represented in the CIExy 1931 color space
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using three coordinates (x,y,z) [21]. The CCT is calculated using the method presented
in [22].

3.5. Color Rendering Index

The CRI is an important colorimetric quantity that measures the fidelity with which a
light source reproduces colors relative to an ideal light source of a given color temperature.
By definition, a black body has a CRI of 100, making it an ideal light source. The color
rendering index is determined based on the spectral power distribution received on the
active area of the photodetector Pg(A). The CRI is calculated using the method outlined
in [23].

3.6. Symbol Error Rate

The SER is estimated according to the model for a CSK transmission shown in
Equation (21). In this expression, s; represents the values of luminous flux at each color
LED for the i-th symbol, #; is the value of the three currents at the photodetectors for the
i-th symbol, H is the cross-talk interference matrix, and #; is the noise.

ri=H-s;+n; (21)

Following Equation (21), the model under consideration represents a noise communi-
cation channel concerning the optical-to-electrical conversion in each channel of the color
detector. The thermal and shot noises are included in the received symbols. According
to [24], these noises can be modeled by a normal distribution, with the standard deviation
of the total noise expressed by Equation (22):

o=1/G- (03 +03) (22)

where G represents the gain of the transimpedance amplifier commonly used to obtain a
voltage signal from the photocurrent, oy, is the standard deviation of the thermal noise, and
oy, is the standard deviation of the shot noise. The variance of the thermal noise depends
on the temperature T, the bandwidth B, and the scaling factor G, defined as follows:

4kpTB
G

where kp is Boltzmann’s constant. The variance of the shot noise ‘Ts2h depends on the
corresponding color channel current i, and the dark current iy as follows:

0F, = (23)

02, = 2q.(in +14)B. (24)

4. Implementation of the Indoor Channel

The model was implemented as a Python package (version 1.0.0) Python package
URL: https://github.com /jufgutierrezgo/python-vlc-rm.git, accessed on 8 October 2024.
Figure 4 shows the corresponding block diagram, and the following subsections explain
each block in detail.

4.1. Transmitter

This block represents the transmitter, defined by six input parameters: the position g,
the normal vector ns, Lambert’s number for the LED radiation m, the central wavelengths
Ay for each color LED, fwhm for each color LED, the specification of symbol constellation
S;, and the luminous flux emitted by each symbol Lg. The transmitter block provides
functions that plot the spatial power distribution of the LED. Additionally, it computes the
inverse luminous efficiency of the LEDs, that is, the average radiometric power emitted
by each color LED according to the modulation. The encapsulation of the transmitter’s
parameters is represented by T in Figure 4.
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Figure 4. Block diagram of the Python-based model.

4.2. Photodetector

This block represents the elements of the photodetector: its position rg, normal vector
nR, active area Ag, field-of-view FOV/, spectral responsivity Ry, dark current i;, and gain
G. Similar to the transmitter block, the photodetector block uses multiple detectors tuned
at different wavelengths. This block plots the spectral responsivity and prints the string
representation of the input parameters defined by the user. The encapsulation of the
photodetector’s parameters is represented by P, in Figure 4.

4.3. Indoor Environment

The indoor environment block represents the indoor space of the VLC system. This
block is defined by the user from a set of input parameters: the size Dg, number of
reflections k, reflectance of each wall Ryy, and resolution AD. The resolution establishes the
size of the smaller areas used to compute the NLoS propagation. An indoor environment-
type object method was developed to create a grid of points on each wall. Each point is a
3D Cartesian coordinate representing the center of a smaller area. This block computes the
pairwise parameters of the grid of points, including the Euclidean distance and the cosine
of the two angles formed between two points. Figure 3 shows that the angles ¢ and 6 are
formed with respect to the normal vector at each point and the vector between two points.
The indoor environment block computes the cosine of these angles. The encapsulation of
the indoor environment’s parameters is represented by IE in Figure 4.

4.4. Recursive Model

The recursive model block represents the algorithms used to estimate the DC gain and
received power at the different wavelengths along with the spectral power distribution,
cross-talk matrix, illuminance, CRI, and CCT. The input parameters of this block consist of
data encapsulated from a transmitter block, photodetector block, and indoor environment
block. A description of these three sub-blocks is presented below.
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4.4.1. Recursive Algorithm and Spectral Estimator

This block calculates the equations of the recursive model presented in Section 2. To
do this, the differential power between cell i and cell j is calculated using Equation (25).

~ AAcos(¢i)cos ()

dP(i, j) —
)

(25)

The result of dP(i, ]) is represented as a matrix. The /K (#) response is determined
by computing the LoS response between the transmitter and each of the cells, the LoS
response between each of the cells and the detector, and the matrix of differential power
between the cells. The model computes the 1*(t) function for each reflection order k using
N? elementary computations for k > 1; it uses 8N, bytes of memory for k > 0. The
block returns the received power at different central wavelengths (Pr 1, ..., Pr »). A second
part of this block estimates the spectral power distribution. Because the model assumes
that the received power at the detector has a roughly Gaussian shape, Equation (18) was
implemented based on the input parameters of the transmitter block and the received
power for each central wavelength. In Figure 4, the estimation of the spectral power
distribution of the received power is represented as Sg, .

4.4.2. Cross-Talk Interference

The cross-talk block implements the discrete version of the Equation (16) to create the
cross-talk interference matrix. The spectral resolution in the discrete version is equal to
1 nm in an interval of 380 nm and 780 nm.

4.4.3. Lighting Parameters

The lighting parameters block represents the three algorithms used to compute the
illuminance, CCT, and CRI. The input parameters of this block consist of the previously
estimated total SPD received on the detector. The LuxPy Python library is employed to
compute these lighting indexes [25].

4.5. SER Estimator

The SER estimator block represents the algorithm used to estimate the SER from the cross-
talk interference matrix. The received symbols are estimated according to Equation (21). This
block plots the SER against the flux in the transmitter and saves the results to a text file.

5. Results

The channel model implemented in Python was employed to characterize the received
power of the four indoor scenarios presented in [17]. The results obtained with the Python
package were compared with the results presented in [17] to validate the model. Addi-
tionally, the SER of a CSK modulation with sixteen symbols was estimated based on the
cross-talk matrix, spectral responses of the LEDs, detectors, and reflectance of the walls
over an AWGN channel.

5.1. Recursive Algorithm Validation

In [17], the authors simulated four configurations (A, B, C, and D) by varying the
parameters of the room, the transmitter, and the detector. They reported the received power
of the LoS and the first three reflection orders for configurations A and B. For configurations
C and D, only the total received power was reported. Our Python-based model was used to
simulate these same four scenarios; however, we kept the number of cells used to compute
the recursive equations equal for all reflection orders. The results are presented in Table 1
together with the results from [17]. Table 2 shows the relative error between the results
of the two models. The low relative error validates the correct operation of our recursive
algorithm. Furthermore, because the Python-based model can compute the received power
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without exponentially increasing the amount of memory used, the received power of
configurations A and B were simulated for ten reflections. Table 3 illustrates these results.

Table 1. Simulation results of the received power of the four indoor configurations.

Received Power [uW]
Configuration A B C D
LoS 1.23 0.239 - -
k=1 0.505 0.0185 - -
Model [17] k=2 0.43 0.0399 - -
k=3 0.269 0.0098 - -
Total 2.434 0.307 0.284 0.69
LoS 1.232 0.239 0.205 0
k=1 0.506 0.0183 0.014 0.507
;ﬁ‘g"b”e‘l k=2 0.433 0.039 0.052 0.093
k=3 0.263 0.0097 0.015 0.046
Total 2.434 0.307 0.286 0.69

Table 2. Relative power error between the model from [17] and our Python-based model.

Relative Error [%]

Configuration A B C D
LoS 0.16 0.00 - -
k=1 0.20 —1.08 - -
k=2 0.70 —2.26 - -
k=3 —2.23 —1.02 - -
Total 0.00 0.00 0.70 0.00

Table 3. Simulation with ten reflection orders for Configurations A and B using our Python model.

Received Power [uW]
Configuration A B

LoS 1.232 2.39 x 101
k=1 0.505 1.83 x 1072
k=2 0.433 3.9 x 1072
k=3 0.263 9.7 x 1073
k=4 0.185 39 x 1073
k=5 0.124 12 x 1073
k=6 0.086 404 x 1074
k=7 0.059 1.28 x 1074
k=8 0.041 428 x 107>
k=9 0.028 1.39 x 10>
k=10 0.019 461 x 107°
Total 2.976 3.128

5.2. Cross-Talk and Lighting Characterization

Our Python model simulated an indoor environment for computing the received
power, normalized cross-talk interference, and lighting parameters. Figure 5a shows the
configuration for the indoor CSK-based VLC system. These parameters were simulated for
six different positions of the photodetector on the receiver plane. In accordance with the
specifications outlined in the IEEE standard for CSK modulation, the system employed a
symbol constellation design based on a sixteen-point configuration [2]. The luminous flux
per symbol was set at 5000 Im. The simulation considered the spectral power distribution
of the LEDs, the spectral response of the photodetectors, the reflectance of the walls at the
LEDs’ central wavelengths, and up to ten reflection orders to calculate the received power.
Figure 5b shows the spectral response of the three LEDs, the spectral responsivity of the
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three color photodetectors, and the spectral response of two materials as presented in [7].
The walls and the floor of the rectangular room used these materials. The active area of each
color detector was set at a value of 0.33 cm?. Tables 4 and 5 show the simulation results.

—— Red-LED
| — Green-LED
Ceili | RGB —— Blue-LED
eiling “ — 1.0 — - Red-Detector
1 LED ---- Green-Detector
Il \ --- Blue-Detector
—— Walls-Reflectance
--- Floor-Reflectance

3m

Receiver
Plane

0.85m
o

400 450 500

550
Wavelength [nm]

(@) (b)
Figure 5. Description of the indoor environment dimensions, receiver’s position, spectral response of
the transmitter and photodetectors, and reflectance of the walls. (a) Indoor VLC environment with
Configuration A. (b) Spectral response of RGB-LED and photodetectors and reflectance of the walls.

Table 4. Characterization results of the DC gain and cross-talk for an indoor environment.

Crosstalk DC-Gain [uW]
Position
R G B R G B

X 2.5 R 0.305 0.000 0.000

P1 y 2.5 G 0.005 0.166 0.077 3.166 2.898 2.773
Z 0.85 B 0.002 0.027 1.000
X 1.5 R 0.333 0.000 0.000

P2 y 1.5 G 0.005 0.171 0.077 2.003 1.7320 1.606
zZ 0.85 B 0.002 0.028 1.000
X 0.5 R 0.401 0.000 0.000

P3 y 0.5 G 0.006 0.184 0.077 1.215 0.937 0.808
Z 0.85 B 0.002 0.030 1.000
X 0.5 R 0.371 0.000 0.000

P4 y 1.5 G 0.006 0.178 0.078 1.456 1.178 1.048
Z 0.85 B 0.002 0.029 1.000
X 1.5 R 0.319 0.000 0.000

P5 y 2.5 G 0.005 0.169 0.078 2432 2.163 2.037
z 0.85 B 0.002 0.028 1.000
X 0.5 R 0.359 0.000 0.000

P6 y 2.5 G 0.005 0.176 0.078 1.605 1.326 1.195
Z 0.85 B 0.002 0.029 1.000
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Table 5. Characterization results of the indoor lighting parameters.
Position Lighting Parameters
Illuminance [1x] CRI Color CIE (xy)
P1 442 14.5 (0.249, 0.201)
P2 267 14.3 (0.257, 0.205)
P3 148 14.4 (0.277,0.214)
P4 184 142 (0.268, 0.210)
P5 331 14.4 (0.253, 0.203)
P6 206 14.2 (0.265, 0.209)

5.3. Symbol Error Rate Characterization

Based on the results of the received power and cross-talk interference, we estimated
the SER with respect to the total luminous flux emitted by the RGB-LED at three pho-
todetector positions. The Python package includes a module that performs a sweep of
the luminous flux emitted by the LED source and then calculates the corresponding SER
values. A simulation was conducted with a dark current of 1 pA for each color detector.
In order to ensure that the received symbols fell within an appropriate operational range
for analog—digital converters, the gain factor defined in the photodetector noise modeling
(Equation (22)) was set to a value of 2 x 10°. The bandwidth was defined as 3.5 MHz under
the rise time reported by the photodetector manufacturer. The estimation of the SER was
conducted for CSK with sixteen symbols based on the IEEE 802.15.7 standard. Figure 6
shows the SER performance of the CSK-based VLC system in the indoor environment.

0 |
10 —— Position P1
@ Position P2
10-14 ->-Position P3
8
o
10724
o
0
S 1034
£
>
(7p]
1074 X
10—5 \\\5(
0 2,000 4,000 6,000 8000 10,000 12,000

Luminous Flux [Im]

Figure 6. SER of CSK modulation with sixteen symbols against the luminous flux emitted by the
RGB-LED for three photodetector positions.

6. Discussion

According to Table 2, the received power calculated by our Python recursive algorithm
presented a relative error of less than 3% for the four indoor configurations for the reference
model presented in [17]. Based on these results, the recursive algorithm’s performance
is considered to be validated. Additionally, the Python algorithm computed the received
power with more than three reflection orders due to the reduced memory compared to [17].
The simulation with ten reflection orders for Configurations A and B revealed additional
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information and features that could not be elucidated in the simulation with three orders of
reflection. In the case of environments with high-reflectance walls, such as Configuration A,
the received power at the detector position increased by approximately 22% of the received
power computed with three reflection orders. In Configuration B, however, there was an
increase of only 2%. It is essential to consider high-order reflection (>3) for high-reflectance
indoor environments, as the communication and illumination characteristics are strongly
dependent on high-order NLoS components.

Concerning the characterization of cross-talk in the indoor Configuration A, Table 4
shows the numerical variation of the normalized cross-talk matrix when the photodetector
position changes. If the cross-talk is compared between positions P1 and P3, the index /11
changes by roughly 30% and the index /1y, changes by roughly 13%. The other photodetector
positions also show that /11 and hy; increase if the detector is closer to the walls. Because
the walls are more reflective at larger wavelengths and the received power from NLoS is
greater near the walls, the photodetected current of the red and green channels increases in
comparison with the blue channel. The index /33 is always the greater value of the cross-talk
matrix, as the radiometric power emitted by the blue color LED is the greatest. This occurs
because one restriction of CSK modulation is that all transmitted symbols must produce the
same luminous flux. The radiometric power of the blue LED for producing 1 Im is greater
than the radiometric power of the red and green LEDs. This means that the luminous
efficiency of the blue LED is the lowest; thus, the photo detected current generated by the
blue color detector is the greatest. The inter-channel interference represented by the hiy, hi13,
hy1, ha3, h31, and h3; indexes is significantly low due to the narrow spectral responses of
LEDs and effective alignment of these responses with those of the detectors. The importance
of cross-talk characterization is that the optimization of the VLC must consider the cross-
talk matrix in order to maximize the minimum Euclidean distance between the received
symbols. The solved design of the CSK constellation depends on establishing certainty
regarding the inter-channel interference and the DC channel gain. Until now, previous CSK
optimizations have only considered a unique cross-talk matrix.

Table 4 shows the received power for every color channel when the detector’s position
changes. The power reported for the receivers corresponds to a radiated power of 1 W at
every color LED. The red channel presents the greatest power and the blue channel the
lowest received power according to the spectral response of the wall’s reflectance. For
Configuration A, as illustrated in Figure 5a, displacement of the photodetector by 1 meter
with respect to the center of the receiver plane results in a reduction of received power
by more than 20% across each color detector channel (red, green, and blue). The lighting
parameters shown in Table 5 reveal three critical problems in the illumination quality: non-
uniform illuminance over the receiver plane, low color rendering, and saturated perceived
color. The non-uniform illuminance problem must be solved using more than one RGB-LED
source; on the other hand, the problems regarding color rendering and perceived color
depend on the CSK constellation design. These simulations were carried out using the
constellation design proposed in IEEE 802.15.7. Consequently, with low luminous efficiency
of the blue LED, users will perceive a saturated blue color with very low color rendering
quality. The design of the CSK constellation must be studied as an optimization problem
that improves the symbol error rate and ensures color rendering quality.

The communication performance of the VLC indoor system was analyzed by simu-
lating an AWGN channel model while incorporating the effects of shot noise and thermal
noise observed in the photodetector. A simulation was conducted to estimate the luminous
flux required to achieve an SER of approximately 10> for IEEE-based CSK modulation with
sixteen symbols. With the receiver positioned vertically below the light source (position P1
in Figure 5a), a luminous flux of approximately 4000 Im is required to achieve an SER of
approximately 107°. At positions P2 and P3, the luminous flux increases to about 7000 Im
and 12,500 Im, respectively. The final analysis demonstrates the degradation of commu-
nication quality as the light detector is moved away from the light source. The estimated
luminous flux corresponds to the smaller active area of the photodetectors. Enhancing
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the optical power on the active area can be achieved using lenses or optical concentrators,
which allow for managing reduced luminous flux at the transmitter while maintaining an
appropriate SER. Additionally, the observed SER curves are based on the IEEE-standard
constellation design; however, the Python package also supports customized constellation
designs. Consequently, the performance of an optimal constellation design tailored to the
indoor channel characteristics can be demonstrated using our Python-based model.

7. Conclusions

The primary contribution of this work is the development and validation of a novel
open-source Python-based indoor channel model for CSK in visible light communication
systems. The model successfully calculates the received power at each color photodetec-
tor, along with the inter-channel interference and lighting parameters within an empty
rectangular room, assuming Lambertian reflective walls. Validation against a reference
model demonstrated a relative error of less than 3% across four indoor configurations, with
enhanced performance in handling high-order reflections (up to ten orders). Notably, for
environments with high-reflectance walls, the model revealed that higher-order reflections
substantially impact the received power, contributing to an increase in detected power
of up to 22% in certain configurations, which emphasizes the need to account for these
components in highly reflective environments.

The model also enables a detailed cross-talk analysis across different photodetec-
tor positions, showing significant variations in inter-channel interference, particularly
in configurations where the photodetector was positioned near walls. These findings
are essential for optimizing CSK constellations to minimize symbol error rates while
maintaining acceptable illumination quality. Moreover, the model simulated the spectral
responses of commercial LEDs and photodetectors, capturing key illumination challenges
such as non-uniform illuminance, low color rendering index (CRI), and saturated perceived
color when using the IEEE 802.15.7 standard constellation. Addressing these issues re-
quires optimizing the CSK constellation design, particularly to improve color quality and
communication performance.

In terms of communication performance, the model simulated an AWGN channel to
estimate the symbol error rate (SER) under realistic noise conditions. The results showed
that for a target SER of approximately 10~°, the required luminous flux increased signifi-
cantly as the receiver was moved away from the light source, demonstrating the spatial
sensitivity of the system. The findings also suggested that optimizing the receiver’s design
through techniques such as optical concentration can reduce the required luminous flux
while maintaining adequate communication quality. Additionally, the model’s flexibility
allows for the simulation of custom constellation designs, offering a powerful tool for
optimizing CSK systems to meet both communication and lighting performance goals in
various indoor environments.
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