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ABSTRACT A camera with an image sensor is an important alternative device to a photodiode-based receiver
of visible-light communication in outdoor scenarios. The intrinsic color separation capability of a camera
qualifies color shift keying (CSK) modulation as an intuitive solution to enhance the achievable data rate. The
symbol error rate (SER) of CSK modulation is considerably important to system design and performance
evaluation, and has not been extensively investigated for outdoor optical camera communication systems
from the viewpoint of camera-based channel and image processing-based demodulation. In this study, a two-
level channel model is proposed to characterize CSK transmission in a single pixel and in the entire image.
A general framework of SER analysis for arbitrary CSK constellations was proposed by directly calculating
the upper bounds from the empirical distribution of the noise light in the CIE 1931 color space. Through
numerical simulations, the influence of the image detector on CSK demodulation was evaluated. The results
indicated that an accurate target region is important for maintaining the SER, and an enlarged target region
is beneficial when the maximum ratio combination and selective combination algorithms are used in pixel
combination.

INDEX TERMS Color shift keying, image detector, optical camera communication, pixel combination,

symbol error rate, visible light communication.

I. INTRODUCTION

Optical camera communication (OCC) is a type of visible-
light communication (VLC) that uses a camera with an image
sensor (IS) as the receiver [1]. Compared to the traditional
VLC system based on a photodiode (PD) receiver, OCC has
several unique advantages [2]. First, the system implementa-
tion is simple because of the highly integrated photodetection
chains corresponding to the pixels in the IS. Second, a camera
is used in most smart devices, such as smartphones, automo-
biles, and intelligent home kits; therefore, a general-purpose
device with a camera could be fabricated as a receiver of the
OCC system. In addition, through image processing, noise
light sources can be effectively suppressed in the receiver
owing to the spatial separation capability of the IS, which
qualifies OCC as a feasible option in outdoor communication
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environments with strong and dynamic noise lights, similar
to the case of vehicle-to-infrastructure, vehicle-to-vehicle,
vehicle-to-pedestrian (V2X) communication scenarios [4].
However, OCC has a low transmission rate compared with
the PD-based VLC system [3]. In an OCC system, because
the transmitted information emitted by the light source is
captured by a camera as a series of images and recovered from
the pixel states in each image frame (i.e., color and intensity),
the data transmission rate is determined by multiplying the
information carried in each image frame by the frame rate.
For example, the transmission rate is typically 30 to 60 bps
for a typical OCC system composed of a white light-emitting
diode (LED) light source using undersampled modulation
and a complementary metal-oxide-semiconductor (CMOS)
IS receiver with a low frame rate [5]-[7]. Therefore, typi-
cal manners to increase the transmission rate of OCC are
(1) increasing the amount of information carried by each
image frame and (2) increasing the IS frame rate. In fact,
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FIGURE 1. Transceiver structure of OCC system using CSK modulation.

because the frame rate is largely limited by the imaging hard-
ware, adopting a high IS frame rate, such as a charge-coupled
device (CCD), significantly increases the system cost, which
eliminates the advantages offered by the camera receiver [8].
For the intensity modulation and direct detection nature
of VLC, another manner to increase the data rate is to use
m-ary modulation schemes on the basis of on-off keying
modulation, among which a viable option is color-shift key-
ing (CSK) modulation [9]. In CSK, the data bits modulate
the color of the light source at the transmitter to form a
CSK symbol corresponding to one of the constellation points
and are recovered from the pixel color output by the IS.
Owing to the inherent color separation capability of the IS,
CSK modulation is preferable in OCC system.

Compared with the indoor scenario, the outdoor envi-
ronment is more difficult to address for VLC systems
because of the strong ambient light and dynamic background
noise [10]-[12]. Owing to its spatial and wavelength sepa-
ration capabilities, the OCC system using CSK modulation
plays an important role in noise suppression and data rate
enhancement in outdoor V2X communications [13], [14].

In the literature, the system design and performance
analysis of CSK have been extensively investigated in VLC
systems. The CSK modulation was adopted and recom-
mended as a high-speed PHY specification in the IEEE
802.15.7 standard for VLC [15]. In this specification, 4-, 8-,
and 16-CSK constellations were designed within a triangular
area based on the International Commission on Illumination
(CIE) 1931 color space. Each constellation point represents
a 2-, 3-, or 4-order data symbol by emitting different col-
ored lights in the visible light spectrum. In addition, the
structures of a red-green-blue (RGB) LED-based modula-
tor and a triple-PD-based demodulator are also suggested.
Bai et al. optimized the power weight combination group
of an RGB LED light source and calculated the symbol
error probability for a certain constellation distribution [16].
Singh et al. proposed an enhanced CSK modulation
scheme using a four-color basis. The resulting symbol error
rate (SER) was first approximated for PD-based VLC sys-
tems [17]. Based on the four-color constellation design of
CSK modulation, Liang et al. proposed to transform the color
rendering index requirement into a set of linear constraints
on a LED source composition to enhance the minimum
pairwise Euclidean distance for communication performance
optimization [18]. With the assumption of additive Gaus-
sian noise, Jia et al. derived an exact SER expression for

VOLUME 10, 2022

Camera channel

Demodulator

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

P,y X |
> » !
, RGB [

dlr?a%er Pg= © derr\:‘bol 1 Bits
cector 1| cig1931 | v | COmE |
Py i
|
|

CSK modulation by converting the three-dimensional (3-D)
space of RGB signals to a two-dimensional (2-D) graphically
symmetric space [19]. Using a similar method of conversion
from 3-D to 2-D signal spaces, Tang et al. investigated the
exact bit error rate (BER) performance of CSK modula-
tion in a direct manner instead of deriving from SER [20].
Ndjiongue et al. presented an analysis of hybrid phase
shift keying-color shift keying systems in the hue-saturation-
value color space under the additive white Gaussian noise
model [21] and proposed a design framework consisting of
a mapping technique using amplitude phase shift keying
and CSK based on the kite and color wheel structure [22].
In 2019, Halawi et al. extended the performance analysis
from a PD-based VLC system to an OCC system, using a
camera as the receiver [23]. In [23], noise lights with different
spatial distributions within pixel coordinates were considered
in a 2-D camera-based channel model of OCC, similarly
to [24], which was different from that in the PD-based VLC
mentioned in the existing literature.

However, most existing performance analyses on the SER
or BER of CSK in the literature were performed for a tradi-
tional VLC system using a single PD as the receiver. Although
the transmitters are interchangeable, two major differences
make the existing conclusions inapplicable when a camera
with an IS is used as the receiver. First, the channel model is
2-D instead of one-dimensional (1-D). The IS can be regarded
as a dense 2-D array of photodetectors that contains a num-
ber of independent and integrated photodetection chains
(including a photodetector, trans-impendent amplifier, and
analog-to-digital converter). Each output is a digitalized light
intensity vector in terms of red, green, and blue components
corresponding to a pixel in the output image. Second, the spa-
tial distribution of background noise should be well modeled,
and the impact on the signal light should be considered in
the performance analysis, while the additive white Gaussian
noise is insufficient. Therefore, for outdoor OCC systems, the
camera-based channel should be modeled in both pixel and
image levels to simultaneously characterize the noise effect
on signal light reception in each pixel and the array processing
against noise light distributed in the image.

The existing investigations of OCC systems have laid a
solid foundation for optical camera channel modeling and
performance analysis of a specific CSK modulation scheme
when a camera is used as the receiver. Although a closed form
of the error probability has been derived for specific CSK
constellation designs, a general SER analysis for an arbitrary
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CSK constellation has not been fully investigated. In addition,
the impact of the spatial relationship between pixels (or image
processing) on CSK performance has not been well studied.

Based on existing research, the contributions of this study
are as follows:

(1) A two-level camera-based channel model was devel-
oped for an outdoor OCC system using CSK modulation.
At the pixel level, a general noise light with a random color
was considered, and the noise effect on the CSK demodu-
lation was represented by a linear deviation of coordinates
in the CIE 1931 color space. At the image level, the spatial
distributions of the signal light and noise light were consid-
ered in pixel coordination under the constraints of the camera
parameters;

(2) A general performance analysis framework for arbi-
trary CSK constellations was proposed by calculating the
upper bound of the SER based on the empirical distribution
of the Euclidean distance between the signal light and noise
light in the CIE 1931 color space;

(3) The influence of multipixel processing in the image
detector on the SER was investigated through numerical sim-
ulations. The results showed that accurate detection of the
target region is considerably significant for maintaining the
SER performance, and an enlarged size of the target region
only benefits the maximum ratio combination (MRC) and
selective combination (SC) algorithms.

The remainder of this paper is organized as follows.
Section II describes the typical structure of the camera CSK
transceiver. Section III elaborates on the channel model from
the single-pixel and multipixel levels. Then, the structure
model of the image detector is detailed in Section IV before
the derivation of the SER in Section V. Numerical simu-
lation results are presented in Section VI, and Section VII
concludes this paper.

Il. TRANSCEIVER STRUCTURE OF CAMERA-CSK

A typical transceiver structure for CSK modulation and
demodulation using an RGB LED as the light source and a
camera as the receiver is shown in Fig. 1. As a convention,
the color coordinates in the CIE color space are represented
in uppercase letters, whereas the pixel coordinates are repre-
sented in lowercase letters.

A. CSK MODULATOR
The modulator maps a stream of data bits to CSK symbols
according to constellations designed as coordinates (X, Y)
in the CIE 1931 color space [15]. The symbol set of
m-CSK modulation is denoted by A = {s1,52,...,Sm},
where s; = (Xj, ¥;) represents the coordinates of each CSK
constellation defined in the CIE 1931 color space. For exam-
ple, the coordinates of IEEE 4-, 8-, and 16-CSK constellations
are shown in Fig. 2.

Because each transmitted CSK symbol is conveyed by
emitting visible light with a specific wavelength from an
RGB LED light source, a CSK symbol s is converted into
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FIGURE 2. IEEE 802.15.7 standard (IEEE) constellation sets, (a) 4-CSK,
(b) 8-CSK, and (c) 16-CSK.

TABLE 1. Coordinates and wavelengths of basic color band combinations
(110,010,000) in IEEE 802.15.7 standard [15].

Center
Band Col
an oor wavelength *xy)
i Red 753 nm (0.734, 0.265)
J Green 509 nm (0.011, 0.733)
k Blue 429 nm (0.169, 0.007)

a normalized power vector to drive the RGB LED by

Pr X
P=|Ps|=M'|7Y], 1)
Pg 1

where Pg, Pg, and Pp are the power components for red,
green, and blue LEDs, respectively, under the total power
constraint P, = Pr + Pg+ Ppg, and M is the transformation
matrix defined as:

Xi Xj Xk
M= |y ¥y |, (2)
1 1 1

where the pairs (x;, y;), (xj, ), and (x¢, yx) are the coordinates
of the center wavelength of the chosen basic color band
combinations, i.e., i, j, and k, respectively, which are defined
in the CIE 1931 color space. In the IEEE 802.15.7 standard,
several sets of basic color band combinations are defined
using their center wavelength. For the same band combi-
nation, several sets of coordinates for the basic colors are
defined. Since this study is independent of a specific CSK
constellation design, a typical basic color band combination
@, j, k) = (110,010,000) was chosen for illustration without
loss of generality. The corresponding center wavelengths and
coordinates of the red, green, and blue basic colors are listed
in Table 1.

B. LIGHT SOURCE

The light source comprises a LED with independent red,
green, and blue channels, and the corresponding driver cir-
cuits that function as linearly controlled constant-current
sources. The color of the emitted light is determined by the
generated driving currents ig, i, and ig, which are positively

proportional to the elements of the input power vector P
ic xP., ce{R,G,B}. 3)
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FIGURE 3. Model of camera-based channel for CSK modulation.

Note that with the normalized power vector, the total driv-
ing current, or the illumination level, is maintained constant
owing to the linearity of the driver circuits, which guarantees
the dimming condition in the VLC.

C. CAMERA-BASED CHANNEL

The camera is used in OCC as a 2-D photodetector with
each pixel in the IS outputting a digitalized measurement of
the light intensities from red, green, and blue channels at a
specific coordination, called pixel coordination. In addition
to the intended signal light, other unwanted noise lights,
such as sunlight, illumination, and billboards, can also be
captured by the same camera, which interferes with the signal
light reception and degrade CSK demodulation. As shown
in Fig. 3,

Inxw = U, 9], xel[l,H], yel[l,W] “

denotes the image output by the IS, which contains a
2-D array of pixels with H rows and W columns. When an
image frame is output in the RGB format, the captured light
intensity for each pixel with coordinates (x,y) is a vector
containing the quantified values for the red, green, and blue
channels, respectively, as

I =y &, Ir.6, I B, ®)

where coordinates (x, y) are omitted for simplicity. The color
of the received light is determined by the relative intensities
of the RGB components. Thus, the pixel color in the output
image differs from the color of the light source if one or
more noise light sources interfere with the signal light at the
same pixel by adding an effective noise RGB vector upon the
received signal light. Generally, since the noise light source
has a wide spectrum beyond the image sensors detection
range (e.g., sunlight), an effective noise light is assumed with
a wavelength within the detection range of the IS. In addition,
the crosstalk between RGB channels, which exists in practical
IS detection, can be suppressed by channel estimation. Since
channel estimation is beyond the scope of this paper, the
crosstalk effect is neglected in Fig. 3 for simplicity. The
detailed camera-based channel model and noise model are
described in Section III.

D. IMAGE DETECTOR

Because the purpose of the demodulator is to determine
the transmitted symbol from the output images captured
by the camera, an image detector is required to find the
received color of the signal light, represented by a normalized
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RGB intensity vector P, according to the received image
data Iy xw. Therefore, the image detector combines the col-
ors of the image pixels into an “‘effective” color, which can
be modeled as a transformation Fjp, that is

P = [Pg, P, Pg]" = Fip(gxw), (6)
under the total intensity constraint
PR+ PG + Pp = P,. @)

In practice, to reduce the computation overhead, the image
detector is generally implemented using target area detec-
tion prior to pixel combination. Target detection is used to
determine a subset of pixels in the output image (or target
region) that covers the intended signal light source. Then,
the effective color vector P is generated by combining the
colors of these pixels in the subset using different combining
techniques such as equal gain combination (EGC), MRC,
and SC. However, beyond the scope of this paper, more than
one target area can be detected simultaneously by image
detection, which is useful in multiple-in multiple-out process-
ing, particularly for vehicular VLC systems using a pair of
headlights or taillights as the transmitter [25], [26], [30]. The
image detector model is described in detail in Section IV.

E. SYMBOL DETECTION

Because the color of each signal light is detected as an RGB
power vector P, the received light point p, in the CIE 1931
color space is obtained using the inverse version of (1) as

X, 1
=| Y | =—MP, 8
pr . P (®)

where 1/P, is the normalization factor of P.

In practice, with the impact of noisy light, the color of the
received light may be slightly different from that of the light
source, which is equivalent to p, deviating from the transmit-
ted CSK constellation point s in the CIE 1931 color space.
Therefore, when an equiprobable constellation is employed,
the maximum-likelihood (ML) decision criterion is equiva-
lent to finding the transmitted CSK symbol as the constel-
lation point with the minimum Euclidean distance to the
received point, that is

p = argmin [lp, — sl . )
Si€EA
Note that the third element in vector p, is omitted for
simplicity.

Ill. CAMERA-BASED CHANNEL MODEL

From the transceiver structure of camera-CSK shown
in Fig. 1, each pixel of the IS in the camera can be regarded as
an independent photoelectric detection chain, and the image
is the output from a 2-D array of photoelectric detectors.
Through the image detector, the image with 2-D information
is converted into an RGB intensity vector for output, upon
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which the transmitted CSK symbol is determined and recov-
ered from the impacts of noisy light.

The transmission channel can be modeled using two levels.
The base level is the single-pixel model, which is similar
to the traditional single-PD receiver, neglecting the spatial
distribution of the signal and noise lights on the photosen-
sitive surface. The top level is the multipixel model, which
describes the spatial distribution of signal light and noise light
based on the single-pixel model and enhances the demodu-
lation performance while realizing dimensionality reduction
through image processing.

A. SINGLE-PIXEL MODEL

As observed in Fig. 1, the modulation, transmission, and
demodulation of a camera-CSK symbol occur in the follow-
ing two spaces:

(1) Color spaces. At the transmitter, the CSK constella-
tion points correspond to the 2-D coordinates defined in the
CIE 1931 color space. According to the coordinates, the
currents to drive the red, green, and blue LEDs in the RGB
light source are generated to compose the emitting light with
a specified color in the RGB color space. At the receiver,
the IS restores the RGB components of the light sensed by
the pixels in the RGB color space, and converts them to the
CIE 1931 color space coordinates before symbol decision and
data demodulation

(2) Pixel space. After emitted by the light source, the signal
light arrives at the photosensitive surface of the IS through
free space propagation and is superimposed by the noise light.
According to the spatial distribution of signal light and noise
light, different illuminations are produced on the pixels at
different positions, which accounts for a projection of the
spatial distribution of the light intensity in the pixel space.

From the perspective of the channel model, the interference
of the noise light to the signal light occurs in the pixel space,
but its influence on the CSK symbol demodulation is reflected
in the color spaces (i.e., RGB and CIE 1931 color space).
Therefore, we translated the influence of noise light on signal
light into CIE 1931 color space for analysis, and established
a single-pixel channel model as shown in Fig. 4.

In the model shown in Fig.4, each light is represented by a
triple (X, Y, P), where (X, Y) represents the coordinates of the
signal light in the CIE 1931 color space, corresponding to the
color of the signal light, and P is the intensity (or power) of
the light. For example, S(X;, Y, Pr) represents the transmit-
ted signal light emitted by the light source, the coordinates of
its color in the CIE 1931 color space are (X, Y;), and the total
emission power is Pr. After propagation in free space, the
signal light received by a pixel on the IS photosensitive plane
is denoted by S’(Xy, Y5, aP;), which the transmitted signal
light because the received signal light experiences a path loss
of a to the light intensity but maintains the color because the
relative intensities of the RGB channels remain unchanged.
Similarly, we denote N (X,,, Y,, Py,) as the noise light received
by this pixel and S, (X,, Y}, P;-) as the received light used for
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FIGURE 4. Single-pixel channel model in CIE 1931 color space. The color
of the received light S; is a linear deviation away from signal light S and
S’ towards the color of noise light N in distance D by AD.

demodulation, and the following relationship is satisfied

X 1 af_)R + Pn,R
Yr = [TM al‘_)G +Pn,G ) (10)
1 r ClPB +Pn,B

where P, r, Py, and P, p are the RGB components of

the noisy light under the total intensity constraint P, r +

P, 6 + P, = Py, ais the pass loss factor of line-of-sight

propagation, and P, = aP; + P,, is the received light intensity.
Using (8) into (10), we obtain

)Y(r aPT 1 ;;R
= . — G
lr aPr + Py Pt Py
N VR ) I8 IR
—— - n,G | -
aPr + Py Py Pup
Denoting p = % as the signal-to-noise ratio (SNR),
we obtain
X P X 1 Xn
Y, |=— | Y| +—— | Yu . 12
=T | N T | (12)

As shown in Fig. 4, the coordinates of the received light
in the CIE 1931 color space are a linear combination of
those of the signal and noise lights. In other words, although
the signal light is superimposed on the noise light in the
pixel space, the noise impact in the CIE 1931 color space
is a linear deviation of the received signal point away from
the constellation point towards the noise point (i.e., from S’
to S,). The amount of deviation depends on the distance and
intensity ratio between the signal and noise lights. Therefore,
D denotes the Euclidean distance between points S” and N as
follows

D =X, — Xp)2 + (Ys — V)% 13)

This is a measurement of the color difference between the
signal light and noise light, and the linear deviation of the
color of the signal light caused by additive noise can be
measured by the distance between S’ and S,, that is, AD =
V(Xy — X,)2 + (Ys — Y,)2. Using (12), we obtain

D

AD = —. 14
1+p (1
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FIGURE 5. Perspective projection of signal and noise light sources.

B. MULTI-PIXEL MODEL

In contrast to PD-based VLC, OCC uses a camera as the
receiver, which leads to a 2-D channel composed of a 2-D
array of single-pixel models. A typical camera comprises an
IS that converts the light intensities received by each pixel
into a 2-D data structure (i.e., image) and an optical lens to
control the field of view. Essentially, the channel model of an
OCC is an imaging process that projects a 3-D space into a
2-D plane. Therefore, the structural parameters of the camera
were incorporated into the channel modelling process.

As shown in Fig. 5, denoting S(uy, vs, wg) and
N (up, vn, wy) as the signal and noise source in world coor-
dination, and the center positions in pixel coordination as
S’(xs,ys) and N’(xp, y,), respectively, the transformation
is [27]

Xs L/px  so o0 f 000
Js|l=1 0 1/py oy|| 0 f 0 O
Zs 0 0 1 0010
Us
% R3x3 t3x1 Vs ’ (15)
013 1 s

where (Xg, ¥s, Zs) is a homogeneous representation of the pixel
S’(xs, ys). px and py are effective pixel sizes defining the
aspect ratio of the captured image, and s,, is the skew parame-
ter describing any non-orthogonality between the image axes.
(0x, 0y) is the image center or principal point, and f is the
focal length. R and t are the rotation matrix and the translation
vector, respectively.

In addition to the image position, these parameters also
determine the image size of the light sources (i.e., signal and
noise lights) in the number of pixels as in [28]

ﬂ/
=
This indicates that for a light source with dimension I’ at

distance d, the image size in pixel / is proportional to the focal
length of the camera f* with respect to the pixel size e.

! (16)
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FIGURE 6. Image blurring model based on 2-D Gaussian functions.

Because of the blurring effect of the IS during imaging,
as shown in Fig. 6, the brightness distribution of the light
source in the image is not abrupt but expands slowly and
smoothly around the center position. Such a blurring effect
can be modeled as a 2-D Gaussian function as [29]

(x—x0)2+0’_}’0)2>’ (17)

202

I(x,y) = Ilpexp (—

where (xp, yo) is the center position of the light source in the
image and Iy and o are the intensity and standard deviation,
respectively, depending on the distribution of the light source,
such as the size, radiation pattern, direction, distance, and
intensity. Simultaneously, the saturation effect of IS produces
brightness clipping on pixels whose intensity exceeds a cer-
tain threshold.

C. CAMERA-CSK CHANNEL MODEL

From the single-pixel and multi-pixel models mentioned
above, the following characteristics can be drawn for the
camera-CSK channel model.

In RGB color space, the color of the signal light and noise
light can be determined by the relative intensities of the red,
green, and blue channels, namely P, whereas in the CIE 1931
color space, under a set of selected basic colors, they
are represented by coordinate points in 2-D space, namely
p(X, Y), In addition, the color of light is assumed unchanged
in free space propagation with path loss.

The influence of noise on signal light reception is mani-
fested as a color change. In the RGB color space, this impact
is manifested as a superposition of the RGB components,
whereas in the CIE 1931 color space, it behaves as a linear
deviation of the coordinates of the received light away from
the constellation point along the direction of the noise light
coordinate point, and the amount of deviation is related to the
SNR of the pixel.

The signal and noise lights are received by the photosen-
sitive plane with a 2-D array of pixels, and their intensity
distribution can be represented by a 2-D Gaussian function
with their position, intensity, and size depending on the light
source distribution and camera parameters. The signal light
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(%o, J’;j.

FIGURE 7. Square target region with edge length w; and deviation
distance d away from the center of the signal light spot (xo, yo).

intensity and noise light intensity distributions received by
each pixel on the IS are related to the light source size,
distance, and camera parameters.

IV. IMAGE DETECTOR
Because the light source is sensed simultaneously by multiple
pixels in the IS, the image detector is essentially a color
combinator that transforms the pixel colors within the target
area into a single-color output, from which the transmitted
CSK constellation is determined. As shown in Fig. 7, in an
image with a resolution of H x W, a square target region
St(wz,, dy) is defined around the signal light spot by the edge
length w; in the number of pixels and the deviation distance d;
between the centers of the target area and signal light.

Although the detection algorithm of the target region
(i.e., region of interest), which has been investigated in the
literature on vehicular VLC [30], is beyond the scope of
this study, we assume that a single target area is detected
and investigate the impacts of the area and deviation dis-
tance on the SER performance under different combination
algorithms.

Suppose that the general form of image detector is

Fippxw) = Z

(x,y)€Ss (wr,dy)

Clx, I (x, y), (18)

where I,(x, y) is the RGB vector of pixel color at (x, y) in
image Iy xw, and C(x, y) is the combination weight for each
pixel. Three combination algorithms are considered in this
study, which are EGC, MRC, and SC.

For EGC, C(x,y) = 1 /sz is a constant that refers to a
pixel-wise average of the colors within the target area.

For MRC,

px,y)

Cx,yy==——"_-—
Z(x,y)est Io(x’ Y)

(19)

where p(x, y) is the SNR in pixel (x, y), which indicates that
the pixel colors are combined by weighing their SNRs.
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For SC,
C(x,y) = 8(x = Xm, Y — Ym), (20)
where §(x, y) is the Dirac function and

argmax  p(x,y). (21)
(x,y)€St (W, dy)

(X, Ym) =

V. CALCULATION OF SYMBOL ERROR RATE
A. UPPER BOUND OF SER FOR CSK
From (11) and (12), a coordinate deviation from the transmit-
ted constellation point caused by noise contamination results
in errors in the CSK demodulation. Under the ML criterion,
when the received pixel color is too far from the transmitted
light color and is more likely to be the color corresponding to
another CSK symbol, demodulation error occurs accordingly.
Owing to the irregular shape of the color space deter-
mined by the chosen color bands, it is difficult to analytically
describe the exact boundaries of the demodulation regions for
each constellation point under the ML criterion as well as the
SER performance. However, the upper bound of the SER for
the i-th symbol can be described as:

P.; < Pr{AD > min{d;;/2}}, i,j € [0,m— 1]andi # j,

(22)

where AD is the deviation distance from the constellation
point under the noise light, and dj; is the distance between
the i-th and j-th constellation points in the CIE 1931 color
space. This indicates that for each CSK symbol, the error
probability is upper bounded by the minimum distance away
from other constellations and the distribution of the deviation
distance caused by random noise light. Although (13) is
difficult to derive because the random variable AD is not a
known distribution, we can analyze the upper bound of SER
for a specific constellation set as follows:

We assume that the intensities of the basis colors of
the noise light are independently, identically, and uniformly
distributed random variables with normalized power Py,
as defined in (1). This indicates that the noise light for a
pixel is a random point uniformly distributed within the entire
triangular region defined by the chosen basis color bands.

Suppose that a noisy light with a random color corresponds
to a point away from a constellation point with distance D.
From (11) and (12), it interferes with the signal light and
deviates from the constellation point with a distance of AD =
D/(1 + p); all such noise lights are uniformly distributed
on the arc within the triangle region, taking the center as
the constellation point and radius D. Therefore, the empirical
distribution of AD can be substituted by the distribution of
the effective arc length with radius D. From this point, (13) is
equivalent to:

P, < Pr{D > (1 + p) min{d;/2}} (23)

From (23), the upper bound of the SER for the CSK symbol
is determined by the following factors:
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(1) The color of the noise light, which is represented by
the distribution of noise light away from the constellation
point in the CIE 1931 color space. Apparently, the assumption
of a uniformly distributed RGB color vector of the noise
light is equivalent to leading to a uniformly distributed point
within the region of the chosen color triangle. Therefore,
although the distribution of the distance D from each con-
stellation point is unknown, it has a fixed probability density
function (PDF) and cumulative distribution function (CDF)
determined by the constellations, which can be obtained by
empirical calculations.

(2) Distance between constellation points. Using
ML detection criteria, half of the minimum distance d;; from
the i-th constellation to the others behaves as a threshold
to calculate the SER, given the CDF of the noise color
distribution. Evidently, the ratio between the signal and noise
(1 + p) is an adjustment factor for the threshold.

B. EMPIRICAL DISTRIBUTION OF D
Because the noise color is uniformly distributed within the
triangle region of the CIE 1931 color space, the empirical
PDF and complementary CDF (CCDF) of D with respect
to each constellation can be numerically calculated using a
statistic of the arc length arc(D). An example of the constel-
lation SO in 4-CSK is shown in Fig. 8. Using this method, the
empirical distribution of D for the IEEE 4-CSK constellations
is calculated and is shown in Fig. 9. Note that the distribution
of D is dependent only on the constellation design under the
assumption of random noise light. Therefore, these calcula-
tions can be performed offline.

Using the minimum distance data listed in Table 2 and (14),
the upper bound of the SER for the constellation point S; in
IEEE 4-CSK with uniformly distributed color noise light is:

Poi=F ((14 p)min{d;/2}). i.jell.ml i#j (24)

where F (-) is the empirical CCDF of D, as shown in Fig. 9.
When constellations are transmitted with equal probability,
the overall SER is upper bounded by

1 m
Pe=— > Pe. (25)
i=0

VI. NUMERICAL SIMULATIONS

In this section, numerical simulations of the performance
of the SER are conducted at the pixel and image levels.
The pixel level is based on the single-pixel model, without
considering the spatial distribution of the signal light or noise
light in the pixel space. At this level, the upper bound of the
SER for each constellation point is calculated under noisy
light with a random color, and the gaps between the upper
bounds and simulated results are investigated and illustrated
in the CIE 1931 color space. The image level is based on a
multipixel model with 2-D Gaussian distributed intensities
for signal light and random noise light. At this level, the
impacts of the area and deviation distance of the target region
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FIGURE 8. Illustration of the empirical distribution of D for constellation
SO in IEEE 4-CSK.
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FIGURE 9. Empirical PDF and CCDF of D for 4-CSK constellations.

TABLE 2. Constellation distance for IEEE 4-CSK.

d, j=0 j=1 j=2 j=3 min{d, / 2}
i=0 / 0.3088 0.6343 0.4695 0.1544
=1 0.3088 / 0.3884 0.3000 0.1500
=2  0.6343  0.3884 / 0.6211 0.1942
=3 04695  0.3000 0.6211 / 0.1500

and the combining algorithm on the SER performance of the
image detector were evaluated through numerical simulation.

A. PIXEL LEVEL

At this level, considering IEEE 8-CSK as an example, we cal-
culated the upper bounds of SER for each constellation point
using (24) and obtained the overall performance using (25).
In addition, compared with the upper bounds, numerical sim-
ulations on SER were performed for IEEE 4-, 8-, and 16-CSK
by generating a large number of random CSK symbols with
interference by noise light with a random color.

1) UPPER BOUND OF SER

To calculate the upper bound of SER for IEEE 8-CSK,
we first obtained the empirical CCDF of deviation distance D
for each constellation point with predefined coordinates in
the CIE 1931 color space as depicted in Figs. 8 and 9. Then,
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Symbol error probability

SNR, p (dB)

FIGURE 10. Upper bounds of SER of each constellation in the IEEE 8-CSK
modulation.

the halves of minimum distances (i.e., min{d;/2}) between
the constellation points were calculated. Using the CCDF and
min{d;;/2} with (24), the upper bound of the SER for IEEE
8-CSK was calculated for each constellation point, as shown
in Fig. 10. Moreover, the overall SER performance was deter-
mined using (25) under the equiprobable assumption.
Equation (24) indicates that the error probability is upper
bounded by the CCDF of D when D = (1 + p) min{d;;/2},
where min{d;;/2} are fixed given a specific constellation
design (refer to Table 2 for IEEE 4-CSK). Therefore,
as shown in Fig. 10, the upper bounds of SER for each
constellation point shrink as the SNR (i.e., p) increases. How-
ever, the interesting part is the difference between the con-
stellations. Evidently, some of the individual constellations
(e.g., SO and S1) exhibited a better SER performance than
that in the overall situation with equal probabilities among
the constellations. As we known from (23)-(24) and Fig. 9,
such a difference, particularly in the high-SNR region, orig-
inates from the distribution function of D with a large value.
Under the basic assumption of uniformly distributed data bits,
an optimization of the constellation design or a weighted
decision criterion is suggested to improve the overall SER
performance. In addition, in the low-SNR region, there are
constant gaps among the constellations, which indicates that
even if the noise light is strong, an error-free probability exists
for each constellation, which varies from the constellations.

2) SIMULATION RESULTS

In addition to the calculated upper bounds, the SER was
evaluated through simulation in three steps as follows. First,
a large number of CSK symbols were generated by selecting
from constellations with equal probabilities. Then, a signal
light was emitted with a color corresponding to the constel-
lation point within the triangle subregion defined by the red,
green, and blue bands in the CIE 1931 color space.

Second, the noise light source was assumed to have a ran-
dom color corresponding to a point with uniformly distributed
random coordinates within the same subregion as the signal
light.
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FIGURE 11. SER simulation results for IEEE 4-, 8-, and 16-CSK
constellations.
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FIGURE 12. Decision regions and their areas. (a) Circular decision regions
in bright color are used for upper bound calculation and irregular regions
in dark color are excluded. (b) Comparison of areas of decision regions in
bright color for each constellation.

TABLE 3. Simulation parameters.

Symbol Name Value or
distribution
HxW Resolution of image sensor 720%1080
(X0, ¥0) Center of signal light spot (W12, H/2)
O Standard deviation in pixels 30
Iy Max intensity of signal light 0.7
(X015 Vo) Center of noise light spot ~U(1,w), ~U(1,H),
O Standard deviation in pixels 30
1, Max intensity of noise light Variable

Third, the receiver (i.e., a pixel in the image) captured a
combination of the signal and noise lights with a given SNR p
and output a color vector with RGB components. The output
pixel color was then transformed into a received point in
the CIE 1931 color space, and the transmitted symbol was
estimated using the ML criteria by determining the shortest
Euclidean distance from the received point to the constella-
tion points. Finally, the SER was calculated by comparing the
received symbol with the transmitted ones.

Compared with the calculated upper bounds, the simu-
lation results of the SER for different CSK modulations
(e.g., IEEE 4-, 8-, and 16-CSK) are shown in Fig. 11. As the
modulation order increased, more errors occurred in the sym-
bol decision, owing to the shorter distance between the con-
stellations in the CIE 1931 color space. In addition, a gap was
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observed between the simulation results and upper bound for
each modulation scheme. This means that the actual decision
region where the received light lied around the constella-
tion point in the simulation was larger than that used in the
upper-bound calculation in (24). As an explanation, the deci-
sion regions are depicted in Fig. 12(a) in different colors for
each constellation. Here, the circular regions in bright colors
represent the decision regions used in the upper-bound calcu-
lations, which are circles with centers at constellation points
and radii equal to half of the minimum distance from the
constellation to the others (i.e., min{d;;/2}). In addition, the
irregular regions in dark colors are the actual decision regions
excluded from the upper-bound calculations, but included in
the simulations.

In fact, because of the linear deviation effect of noise
light mentioned in Section III, no error occurred when the
noise light fell within the decision region of the transmitted
constellation at any SNR, which means that the color of the
signal light did not change significantly by noise light with a
color similar to that of the signal light. Therefore, the decision
region determines the error-free probability for a low SNR.
Fig. 12(b) shows the areas of the decision regions in bright
color, which illustrates and explains that the constellation
with the larger decision region has a lower SER at a low SNR.

B. IMAGE LEVEL

Simulations were performed at the image level with emphasis
on the impact of the image detector on the SER performance.
The simulation parameters are listed in Table 3. A camera
with an IS and a resolution of 720 p was used as the receiver.
It was assumed that the signal light spot had a specific color
depending on the modulated CSK symbol, and the light
intensity distribution in pixel space was modeled as a 2-D
Gaussian function with the center located at the center of the
field of view and a standard variance of 40 pixels. In contrast,
the noise light spot had a random color and shared the same
spatial distribution as the signal light, except that the random
center location was uniformly distributed within the 2-D
pixel space. In addition, the maximum intensity was fixed as
Iy = 0.7 for the signal light but variable as I,, = Iy/n for the
noise light, where 7 is the effective SNR.

In the image-level simulation, the CSK modulation and
demodulation were the same as those performed at the single-
pixel level, except for the image detector, where the output
image was converted into an “‘effective” pixel by color com-
bination over the pixels within a determined target region.
To illustrate the impact of the image detector on SER, using
IEEE 16-CSK as an example, Fig. 13 shows the SER per-
formance as the deviation distance between the target region;
the signal light spot increased under a moderate noise level
n = 1. In addition, comparisons are provided for different
sizes of target regions and the combination algorithms.

The following observations were made: (1) With a fixed
size, as the target area deviated from the center of the signal
light spot, SER increased accordingly. Such performance
degradation accounts for the low accuracy of the target region
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FIGURE 13. SER of IEEE 16-CSK modulation with different target region
configurations using EGC, MRC, and SC algorithms and given n = 1.

detection. (2) For pixel combination, compared with the sim-
ple EGC algorithm, the SER performance could be improved
using sophisticated algorithms (i.e., MRC or SC) that rely
on the SNRs on each pixel, which can be regarded as the
estimated channel state information (CSI). (3) Without CSI,
expanding the size of the target region (i.e., edge length w;
from o to 20') does not ensure an improvement (e.g., EGC),
but introduces extra noisy pixels. However, when CSI is
available, using MRC or SC is more beneficial for an enlarged
target region because the high SNR pixels are more likely to
be maintained (for SC) or contribute (for MRC) to output the
“effective” pixel.

VII. CONCLUSION

In this study, the channel modeling and SER performance
were investigated for an OCC system using CSK modulation.
By introducing an image detector to the transceiver structure,
we proposed a two-level camera-based channel model. At the
pixel level, the influence of noise light with a random color
was represented by a linear deviation of the coordinates in the
CIE 1931 color space. At the image level, the spatial distri-
bution of the received light intensity was considered in pixel
space, including the parameters of the camera. Based on the
empirical distribution of the Euclidean distance between the
signal and noise lights, the upper bound of the SER was cal-
culated using the SNR and the minimum inter-constellation
distance as the threshold. Through numerical simulations,
the imbalanced SER between the constellations suggested
further optimization, and the gaps from the upper bounds
were justified and explained by the decision region under the
ML criteria. In addition, the simulation results indicated that
the accuracy and combination method of the image detector
had a significant impact on the SER performance of the
OCC system using CSK modulation.
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