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Abstract—In this paper, a new light source of visible light
communication (VLC) systems is firstly proposed for illumination
and data transmission simultaneously. The new light source is
composed of white light emitting diodes (LEDs) and one or
more sets of red, green, and blue (RGB) LEDs. White LEDs
provide the function of illumination, while RGB LEDs are
utilized as antennas for information transmission. There are
seven combinations of RGB LEDs used for communication. Six of
the seven combinations are investigated except the combination
of RGB LEDs, which are introduced in detail in the scenario
and light source model. Firstly, we investigate the quality of
light source using the color rendering index (CRI) of light
source. The signal-to-noise ratio (SNR) of the receiver is analyzed
theoretically from the perspective of communication. Finally, we
analyze the power ratio of RGB LEDs and white LEDs under
the constraints of CRI, SNR, and bit error rate (BER). The
simulation results show that the new light source can be used for
VLC. The power of the RGB LEDs can be adjusted to meet the
communication and illumination needs of different scenarios.

Index Terms—VLC, RGB LEDs,white LEDs,power ratio, SNR.

I. INTRODUCTION

Over the past few years, wireless communications have
been facing an increasingly serious spectrum crisis. VLC
occupies an extremely rich spectrum resource from 400 THz
to 800 THz [1]. VLC utilizes white LEDs or RGB LEDs
to offer dual functions of data transmission and illumination
simultaneously. What’s more, it has become an attractive
and promising technology to enhance the performance of
conventional wireless communication systems [2]. VLC is
playing an important role in the next generation of wireless
communications, especially as an alternate of indoor high-
speed wireless access.

Compared to the radio frequency (RF) wireless communi-
cation, VLC offers the advantageous properties of the high
efficiency, immunity to electromagnetic interference, high se-
curity, frequency license free, and relatively high modulation
bandwidth. Thus, it supports high quality communication at
a high data rate and has very wide and biologically friendly
applications [3]. In general, VLC as short-range optical wire-
less communication realizes communication function through
modulating the light intensity of LEDs at the transmitter.
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At the receiver, the photo-detector (PD) converts the optical
intensity into electrical current [2].

There have been many investigations on VLC systems.
Different categories of LEDs used for VLC systems were
introduced in [2] and recent representative research about VLC
were summarized in [4]. However, most of the investigations
focus on white LEDs or RGB LEDs used in VLC systems. The
combination of the two kinds of light source are still missing
in the literature.

The VLC system generally uses two traditional ways to
obtain the white light for illumination function. One of the
most commonly used methods is to combine one blue emitter
with yellow phosphor to get the white light, the other is to
combine the light from the three primary colors (red, green,
and blue) to generate white light [S5]. The former has a great
advantage on the illumination. However, the bottleneck for
white LEDs is that the low response speed of the phosphor-
based emitters limits the communication bandwidth and data
rate of VLC systems [6]. The latter spends too much cost
from the point of view of illumination, but RGB LEDs are
considered as a strong candidate for communication devices.
Because RGB LEDs can apply wavelength division multi-
plexing (WDM) and multiple-input-multiple-output (MIMO)
technology in VLC systems. These technology can provide
multiple independent communication channels to improve the
data rate and the capacity of the VLC systems [7].

To the best of our knowledge, it is the first VLC system
which combines the white LEDs responsible for illumination
and RGB LEDs used for communication. What’s more, it can
avoid the problem of illumination flickering. In order to better
realize functions of illumination and communications, the re-
lationship between them should be investigated. The influence
of different combinations of RGB LEDs used as antennas on
the illumination of white LEDs is theoretically analyzed. At
the same time, the effect of lighting on communication is also
studied. The available power ratio of RGB LEDs and white
LEDs from the point of view of CRI, SNR, and BER of the
VLC system are investigated.

The rest of this paper is organized as follows. Section II
describes the scenario and light source model. The tristim-
ulus values of light source and color rendering index are
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also introduced in this section. The optical channel model,
SNR of receiver, and optimal power ratio are investigated in
Section III. The numerical and simulation results are given in
Section IV. Finally, Section V shows the conclusions.

II. SYSTEM MODEL
A. The Scenario and Light Source Model

The room size is 4x4x3 m? as shown in Fig. 1. The light
source is installed at the middle of the roof. A PD is placed on
a 0.85 m high desk and connected to a computer. The vertical
distance between the transmitter and receiver is h. The new
light source model is also shown in Fig. 1. It is made of white
LEDs and a set or more sets of RGB LEDs. The outer ring is
the white LEDs, which is utilized to provide stable lighting. A
stable lighting can keep human eyes free from the illumination
flickering. The middle is the location of the RGB LEDs, which
is used as antennas to transmit the optical signal through free
optical channel. When analyzing the impact of communication
on lighting, we need to get the spectral distribution of light
source. There are many mathematical LED spectrum models
describing the spectral power distribution (SPD) of a LED. To
simulate multichip LEDs, double Gaussian model is used to
describe the actual LED spectrum. The model of a LED is
given by [8], [9]
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where Spgp(A) is the SPD of a LED, the wavelength of
light, the peak wavelength, and the full width half maximum
(FWHM) are A, \g, and A)\g 5, respectively. From this model,
we can simulate the SPD of the new light source. After the
normalization processing, the SPD of the new light soure can
be given by
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where Swhie (A) is the SPD of white LEDs, which is measured
in [10]. The power of red, green, or blue LEDs is P gp. The
power of white LEDs is Pwnie. The power of red, green, or
blue LEDs to the power of white LEDs ratio is 7). The Spgp ()
has seven kinds of combinations of red LEDs, green LEDs,
blue LEDs, red + green LEDs, red + blue LEDs, green + blue
LEDs, and red + green + blue LEDs.

B. Values of Light Source

When the three primary colors are determined, the tristim-
ulus values of one color are unique. Therefore, the tristimulus
values represent the color. In 1931, International Commission
of Illumination (CIE) adopted a new color system named
1931 CIE XYZ system. The color of the light source can be
determined by the CIE 1931 chromaticity coordinates (x,y),
which is a u-shaped curve [11]. For determining the color of
the light source, we firstly need to calculate the trisitimulus
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> e—t RGB LEDs

o> @& @il
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Fig. 1. The scenario and light source model.

values of light source. According to (3), the three values of
the new light source are given by

780
Xiight = k Stight(N)Z(A)dA (5)
380
780
Yiight = F Stight(\)F(A)dA (6)
380
780
Ziigne = k Stight(A)Z(A)dA (7)
380

where T()), T(\), and Z(\) are the color matching functions
derived from average data of the CIE 1931 standard col-
orimetric observer. Here, k£ is a normalizing constant, when
Stight(A) is achieved in an absolute unit, k = 683 Im/W. Ac-
cording to these tristimulus values, the color point coordinate
(@iight, Yiighe) Of light source is given by [11], [12]
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However, color is not evenly distributed in chromaticity co-
ordinates (z,y). In 1960, the CIE developed the chromatic-
ity diagram and gave a uniform chromaticity coordinates
named CIE 1960 (u,v) [12]. The chromaticity coordinates

(Uight, Viight) are given by
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In the distribution of colors, CIE 1960 (u,v) is more advan-
tageous than chromaticity coordinates (z,y).

C. CRI

In order to measure the quality of the light source, the CIE
defined the CRI which is the only internationally recognized
standard of color rendering evaluation [9]. CRI has the special
CRI (R;) and the general CRI (R,). The new light source
is compared to a standard reference light source under the
condition of the same correlated color temperature (CCT) [13]
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and 14 kinds of test samples of color named Munsell samples,
R; is given by

R =100 — 4.6AE; (i=1,...,14) (13)

where AF; is the color difference between light source
and a standard reference light source in 1964 unified space
coordinate system. The first eight kinds of test samples of
color are used to evaluate the light source and defined as

8
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The larger value of R, is, the closer to the standard light

source. When R,=100, the light source is the same as the

standard light source.

III. COMMUNICATION PERFORMANCE ANALYSIS
A. Optical Channel Model

In optical link, information is transmitted to the receiver
by the optical signal intensity from RGB LEDs. Although the
optical wireless channel includes both line-of-sight (LOS) and
multipath components, it has been reported that the power of
LOS is much higher than the power from the reflected path.
Therefore, only LOS propagation path is considered in this
VLC system and the direct current (DC) gain is written as
[14]
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where Appa is the area of the PD at the receiver. The
horizontal distance and the distance between transmitter and
receiver, are d and dy, respectively. The angle of incidence,
the angle of irradiance, the semiangle at half power, and the
field of view (FOV) at the receiver are «, 5, @ /25 and P,
respectively. The gain of an optical filter is T'(«v) and generally
takes the value of 1. The angle-dependent radiation pattern is
(I 4+ 1)cos'(B)/27 and [ is the Lambertian index and given
by [ = —In2/In(cos ®1/3). G(a) is the gain of an optical
concentrator and it is written as
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G(a):{smz@w Osas®

17
0, a> o, a7)

where c is the refractive index. judg() is a decision function
and given by
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B. SNR and Noise Analysis

In this VLC system, the technology of direct current optical
orthogonal frequency division multiplexing (DCO-OFDM) is
used in our analysis. The SNR of the optical channel is
analyzed. The noise in VLC mainly consists of shot noise,
thermal noise, and amplifier noise [16]-[18]. The received
optical signal power from the RGB LEDs is independent of

the red, green, and blue components of the white LED. Since
the power of the red, green, and blue components of the white
LEDs is a constant, it does not have any effect on the strength
of optical signal from RGB LEDs after filtering the direct
current components and just contributes to the shot noise. The
received average optical signal power is given by
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where P{ is the optical power from red, green, or blue LED. X
represents the red, green, or blue component from RGB LEDs.
B is the bandwidth of system. G'v(f) is the power spectrum
density of frequency response of a LED. The SNR can be used
to measure the quality of communication and it is defined as
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where R is the responsivity of the PD. At the receiver, the
received electrical signal is affected by shot noise, thermal
noise, and amplifier noise. Shot noise variance is given by

PRoor = 2qRP,B + 2qIsc > B (23)

where ¢ is the electronic charge. Ipc is the background current.
I, is a noise bandwidth factor, generally takes the value of

0.562. P; is the received average optical power from RGB
LEDs and white LEDs. It is defined as
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where Sy Tepresents the red, green, or blue components of
white light from white LEDs. The thermal noise variance and
the amplifier noise variance are given by [17] [18]
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where kg is Boltzman’s constant. y is the fixed capacitance
of PD per unit area. T is absolute temperature. G, is the
open-loop voltage gain. ¢ is the field effect transistor (FET)
channel noise factor. gy, is the FET transconductance. 7y is
the amplifier noise density. I35 is the noise bandwidth factor
for a full, raised-cosine, equalized pulse shape, generally takes
the value of 0.0868 [19].

C. Optimal Power Ratio

For indoor lighting, when a modulation method is used in
a VLC system, the minimum SNR and the maximum BER
of system need to meet the communication requirements. The
SNRX and BER,.x can be determined by the numerical
results or simulation results. Simulation results are used in
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Fig. 2.
and blue LEDs, and (d) combine green and red LEDs.

our analysis. When on-off keying (OOK) modulation is used
in VLC systems, the minimum SNR of system is 15.6 dB
when BER is 10°[18].

In order to ensure the quality of the communication and
lighting of VLC systems, we optimize the proportion of power
from RGB LEDs and white LEDs. We also define the optimal
proportion of power. Through the above analysis, the VLC
system is restricted by the following formulas

R, > 80 (27
BER < BER,x. (29)

IV. NUMERICAL AND SIMULATION RESULTS

The simulation parameters of system are shown in Table I.
The CRI of the new light source with different combinations
is shown in Fig. 2. Fig. 2 (a) shows that the signal power
of red LEDs can be increased without affecting the quality
of light source when the power of green LEDs is enhanced.
The red LEDs will improve the quality of the light source
when 0 < 7, < 0.026 and then reduce the quality of light
source when 7, > 0.026. When only the red LEDs are used
as a communication antenna with OOK modulation, 7, should
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TABLE 1
SIMULATION PARAMETERS
Parameter Value
Half intensity viewing angle, ®, /o 70°
Responsivity of PD, R 0.28 A/W
Boltzmann’s constant, kg 1.3806 x 10~ 23 J/K
Absolute temperature, 1’ 295 K
Receiver FOV semiangle, ®. 60°
Electronic charge, g 1.602 x 10~19 C
Bandwidth, B 100 MHz
Power of white LEDS, Pyhpite 20W
Area of PD, Aapp lcm?
Refractive index, ¢ 1.5
Background current, Igc 5.1 mA
Open-loop voltage gain, G, 10
FET transconductance, gm 30 mS
FET channel noise factor, I" 1.5
Fixed capacitance of PD per unit area, p 112 pF/cm?
Amplifier noise density, ¢amp 5 pA/ vHz

be greater than or equal to 0.0622 and less than or equal to
0.124 according to Fig. 2 (a) and Fig. 3 (a). When 7,=0.2
and 7,=0.07, the system cannot only meet the requirements of
communication using OOK modulation, but also achieve the
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and (c) blue sensor.

maximum R,.

Fig. 2 (b) shows the relationship of the combination of blue
LEDs and green LEDs. The R, decreases with the increase of
the blue light power at different values of 7,. The power of
blue LEDs can be enlarged when the power of green LEDs
is added. However, when 1, is equal to 0.035, the R,=89.27
does not change with the change of power of green LEDs.
From Fig. 2 (b) and Fig. 3 (b), m, should be in the range of
0.0623 < 1, < 0.086 when only the blue LEDs are utilized
for communication with OOK modulation. When 1), is greater
than 0.8, the ability of green LEDs enhancing the quality of
light source is obviously receded. R, is increased by 5, 2,
and 1, respectively, when the power ratio 7, of green LEDs
increases by 0.4 each time.

Fig. 2 (c¢) shows that the power of blue LEDs can be
enhanced for communication when the power of red LEDs is
boosted. The VLC system can adaptively adjust the power of
the red and blue LEDs according to the actual situation. When
7,=0.127 and n,=0.1, R, is equal to 99.76 and the system can
obtain a good communication performance with BER< 1076
for OOK modulation.

Fig. 2 (d) shows that the influence curve of green light on R,
under the condition of 7, < 0.12. The R, is always greater than
80. When 7,=0 and 7,=0.02, the power of green plays a leading
role in this combination of red and green LEDs. However,
when 7,=0.04, n,=0.06, 1,=0.08, 1,=0.1, and 7,=0.12, the R,
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will be first increased to 100 and then decreased slightly. The
green LEDs can be used to ensure the communication signal
strength of the system. For OOK modulation, 7, should be
greater than 0.0623 according to Fig. 3 (c).

Fig. 4 shows the communication performance of the system
using DCO-OFDM modulation in different positions of room.
We used 16 quadrature amplitude modulation. In this case,
the intensity of RGB LEDs is the optical signal. The average
intensity is used to calculate the SNR. Under the same signal
strength, the different distance d has different BER. When 7,
is equal to 0.11, good communication can be achieved with
BER< 1076 in the circular area of 1.6 m radius in Fig. 4
(a). When 7, is equal to 0.1, the circular area of 1.3 m radius
can provide good communications with BER< 10~ in Fig. 4
(b). When 7, is equal to 0.07, the communication with BER<
106 can be realized in the circular area of 1 m radius in Fig.
4 (c). The system can adaptively adjust the power ratio of red,
green, and blue LEDs to adapt to the different requirements
of communication performance and scope.

V. CONCLUSIONS

In this paper, the new light source has been theoretically
demonstrated to be used for illumination and communication
simultaneously. When the red or blue LEDs are solely used
to communicate, the adjustable range of power is small,
7 < 0.124 and 7, < 0.086. When the green light is
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used for communication alone and 7,=0.8, the R, is only
reduced by 5 and R, > 80 meeting the requirements of
indoor lighting. The respective power of RGB LEDs can be
adjusted to meet the requirements of optical signal strength
for different scenarios and different VLC systems through
different combinations. By controlling the intensity of the
optical signal, the communication range can be controlled in
the specified area to improve the safety and adaptability of
the system. This paper provides theoretical guidance for the
future selection of the light source of VLC systems.
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