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Abstract: For requiring high communication rate and high-quality illumination, multi-color
light-emitting diodes (LEDs) have been utilized in visible light communication (VLC) systems and
attracted substantial research interests. It should be noted that multiple colors are not independent
from each other since they are jointly limited by the chromaticity constraint. Thus, taking full
consideration of the multi-color crosstalk problem and actual communication and illumination
constraints, this paper formulates a power-efficient illumination control optimization design to
reduce power consumption for the quadrichromatic LED (QLED) based VLC systems where signal
to interference plus noise ratio (SINR) and quadrangle chromaticity tolerance region constraints
should be satisfied. Simulation results illustrate that our proposed optimal power allocation strategy
can significantly increase power efficiency for the VLC system compared with the uniform power
allocation method. Moreover, the proposed scheme can provide optimal performance under different
given correlated color temperature (CCT) values.

Keywords: visible light communication (VLC); quadrichromatic light-emitting diode (QLED);
multi-color crosstalk; power-efficient optimization; illumination control

1. Introduction

As an emerging short-range wireless communication technology, visible light communication
(VLC) can be regarded as a potential solution for providing data transmission and the inherent
lighting simultaneously, which attracts tremendous attention worldwide [1–3]. Meanwhile, serving
as the transmitter of the VLC system, light-emitting diode (LED) lighting is rapidly replacing the
conventional incandescent and fluorescent lighting due to the notable advantages of fast switching
capability, high energy efficiency and long lifetime [4,5]. Generally, there are two kinds of LEDs, one
is the phosphor-converted LED (pc-LED) and the other is the multi-color LED. The pc-LEDs are low
cost and easily accessible, and they occupy a large part of the market. Unfortunately, their intrinsic
modulation bandwidth is limited to MHz. As for the multi-color LEDs, the white light illumination can
be achieved by mixing the multiple monochromatic lights together. Although they are more expensive
and complex, their higher modulation bandwidth and natural multi-channel properties show quite
large potential of high-rate data transmission. Via wavelength-division multiplexing (WDM) technique,
the multi-color LED based VLC system naturally forms a color-domain multiple input and multiple
output (CMIMO) channels for multiple parallel data transmission, which can provide potential high
transmission rate and high-quality illumination [6,7]. It should be noted that quadrichromatic LED
(QLED) with red/amber/green/blue (RAGB) colors has been recommended as an alternative to the
red/green/blue LED (RGB-LED) to improve the color quality where proper color temperature can be
provided for indoor lighting [8].
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In essence, both illumination and communication requirements should be satisfied when we
design the multi-color LED based VLC system, and the corresponding research has stimulated
substantial interest in recent work. To improve communication performance, the work in Ref. [9]
demonstrated an aggregate data rate of 4.5 Gbps WDM-VLC system using RGB LED and the
work in Ref. [10] updated the data rate to an off-line 8 Gbps via high-order carrierless amplitude
phase (CAP) modulation and hybrid post equalizer. Moreover, Ref. [11] proposed an optimization
problem to maximize the multi-user sum-rate for the RGB-LED based VLC system under chromaticity
and bit error rate (BER) constraints. To maximize the minimum Euclidean distance (MED) for
communication performance optimization, Ref. [12] investigated the constellation design of color
shift keying (CSK) to obtain better BER performance. Considering the energy consumption problem,
Ref. [13] proposed an energy-efficient optimization design for the multi-color based VLC system.
However, the overlapping spectra of the multi-color LED may cause an inevitable channel crosstalk
problem for the VLC system, and the practical illumination requirements should be satisfied under the
specific circumstances. Moreover, to improve the adaptivity for the practical illumination scenarios,
Commission Internationale de l’Eclairage (CIE) [14] proposed quadrangle chromaticity tolerance
region for LED products to replace a fixed chromaticity point in CIE1931 chromaticity diagram,
which is neglected in previous works. Accordingly, with the characteristic of adjustable chromaticity
tolerance region, multi-color LEDs can provide the proper correlated color temperature (CCT) for
high-quality illumination.

Motivated by the above-mentioned analysis, we propose a power-efficient illumination control
optimization design for the multi-color LED based VLC systems to reduce energy consumption.
More specifically, an optimal power allocation strategy is demonstrated to maximize power efficiency
for the QLED based VLC systems with the consideration of the multi-color crosstalk problem and
actual communication and illumination requirements where signal to interference plus noise ratio
(SINR) and quadrangle chromaticity tolerance region constraints should be satisfied. Fortunately,
the formulated optimization design is a convex problem and the toolbox CVX in MATLAB can be
utilized for effectively solving the convex programs [15]. Simulation results show that better error
performance can be obtained when the channel crosstalk problem is considered. Moreover, the
proposed power allocation strategy can significantly reduce power consumption compared with
uniform power allocation method with fixed chromaticity point, and the optimal power allocation
strategy is discussed under different given CCT values for high-quality illumination. To sum up, our
major contributions lie in the optimization design of the power allocation strategy for the QLED LED
based VLC system under the practical communication and illumination constraints.

The reminder of this paper is organized as follows: In Section 2, the system model for the
multi-color LED based VLC system is established with channel crosstalk. Section 3 demonstrates
the optimal power allocation strategy via collaboratively guaranteeing the practical luminance,
chromaticity and SINR constraints. The corresponding simulation results and performance comparison
are given in Section 4, and conclusions have been made in Section 5.

2. System Model

In the multi-color LED based VLC system with intensity modulation and direct detection (IM/DD),
we consider N-color LED as transmitters and N photodiodes (PDs) as receivers. Thus, the data are
divided into N parts to form CMIMO channels for multiple parallel transmission, and the system
model is shown in Figure 1. At the transmitter side, the source data vector can be sorted by d =

[d1, d2, · · · , dN ]
T . Utilizing pulse amplitude modulation (PAM), the M-level PAM source data are

normalized in the range of [−1, 1] where M is the modulation order. Thus, the transmitted signal s can
be expressed as

s = γ ◦ d + IDC, (1)
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where amplifiers are utilized to fully exploit the dynamic range of LEDs with amplification coefficient
denoted as γ = [γ1, γ2, · · · , γN ]

T , and ◦ is the Hadamard product. To ensure the non-negativity of
the input signal, direct current (DC)-bias vector IDC = [I1

DC, I2
DC, · · · , IN

DC]
T should be added. Since

E[γ ◦ d] = 0, the average illumination level is uniquely determined by DC bias IDC where E[·] is the
expectation operator [16]. Meanwhile, the multi-color light should be guaranteed to be mixed into
white light in the free space.
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Figure 1. CMIMO model for the multi-color light-emitting diodes (LED) based visible light
communication (VLC) system.

In general, multi-color LEDs can be modeled as Lambertian emitters. According to the
literature [17], the effect of reflected light can be ignored compared with the direct light where the
reflected light is much weaker than the direct light. Thus, line of sight (LOS) path can be considered for
the indoor VLC system. Accordingly, the channel gain hij between jth color LED chip and ith receiver
PD is determined by [1]

hij =


µ(m+1)A

2πd2
ij

cosm(φ)Ts(ψ)g(ψ)cos(ψ), 0 ≤ ψ ≤ ΨC

0, ψ > ΨC

(2)

where A is the effective detector area of the PD, dij denotes the distance between jth color LED chip
and ith PD, µ is the receiver responsivity, φ and ψ represent the angle of irradiance and incidence
respectively. m is the order of Lambertian emission which is given by the semi-angle at half-power
of the LED Φ1/2 as m = −ln2

ln(cosΦ1/2)
. Ts(ψ) is the gain of the optical filter, g(ψ) is the gain of an optical

concentrator, and ΨC denotes field-of-view (FOV) for the PD.
According to Ref. [7], the crosstalk problem inherently exists in the multi-color LED based VLC

system for the overlapping spectra, and the spectral power distribution (SPD) S(λ) can be modeled as S(λ) =
g(λ, λ0, ∆λ0.5) + 2g5(λ, λ0, ∆λ0.5)

3
,

g(λ, λ0, ∆λ0.5) = exp{−[(λ− λ0)/∆λ0.5]
2},

(3)

where λ0 and ∆λ0.5 denote the peak wavelength and half spectral width respectively. Accordingly,
the spectral model for the QLED with RAGB colors at temperature of 300 K is shown in Figure 2. We
can see that the overlapping spectra of the multi-color LED may cause color crosstalk problem and
the realistic optical filters cannot separate the interference light completely. Meanwhile, we assume
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the color crosstalk problem only takes place between the two adjacent color bands due to their close
wavelength [18]. Therefore, the color crosstalk matrix T is given as

T =



1− τ τ 0 · · · 0

τ 1− 2τ τ
. . .

...

0
. . . . . . . . . 0

...
. . . τ 1− 2τ τ

0 · · · 0 τ 1− τ


N×N

(4)

where τ is interference coefficient with τ ∈ [0, 0.5). Correspondingly, the error performance for the
traditional WDM-VLC system utilizing multi-color LED can be significantly improved if the color
crosstalk problem is considered.
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Figure 2. Spectral model for the quadrichromatic LED (QLED) with red/amber/green/blue (RAGB) colors.

At the receiver side, equipped with the specific optical filters, the receiver PDs are used to detect
the received signals with defined wavelengths. Accordingly, the received signal is given as

r = THs + n, (5)

where the channel gain matrix H can be expressed as H = diag([h11, h22, · · · , hNN ]) because the interval
for multi-color LED chips is negligible compared with the distance between the transceivers Ref. [19],
and diag(·) denotes the diagonal matrix. Based on [20], n can be modeled as signal-independent
additive white Gaussian noise (AWGN) with zero mean and noise variance σ2.

Combining Equations (1) and (5), the received signal r can be rewritten by

r = THγ ◦ d + THIDC + n. (6)

After removing the DC component THIDC, the received signal r̃ is expressed as

r̃ = THγ ◦ d + n. (7)
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It should be noted that the ith PD is interested in the data information from the ith color chip
while the data from other color chips can be regarded as interference. Thus, the received signal from
the ith receiver is given by

r̃i = tiihiiγidi +
N

∑
j=1,j 6=i

tijhjjγjdj + σ2, (8)

where tij is the item from the ith row and jth column of color crosstalk matrix T.

3. The Proposed Optimal Power Allocation Strategy

Considering the practical color crosstalk problem, we have built the CMIMO model for the
multi-color LED based VLC system. Moreover, as a green wireless communication technique, a
power-efficient VLC system should be established with the consideration of energy saving problem.
Thus, this paper aims to formulate a power-efficient illumination control optimization design to reduce
energy consumption for the multi-color LED based VLC systems. Accordingly, the optimal power
allocation strategy is proposed where the necessary communication and illumination constraints
should be satisfied.

3.1. Illumination and Communication Constraints

(1) Illuminance Constraint

In order to achieve the desired brightness levels for users, illuminance constraint should be
satisfied [21]. The multi-color LED transmitter should maintain constant brightness level where the
mixed white light should be unflickering, so the illuminance constraint can be expressed as

1TΦ =
N

∑
i=1

Φi = Pt, (9)

where Φ = [Φ1, Φ2, · · · , ΦN ]
T is the luminous flux vector, Φi is the luminous flux for the ith color LED

chip and Pt denotes the total luminous flux for the multi-color LED.

(2) Quadrangle Chromaticity Constraint

Chromaticity is the basic characteristic of the color perceived by human eyes. In CIE 1931 color
space chromaticity diagram, the chromaticity of color can be represented by the coordinate point (x, y),
as shown in Figure 3. Accordingly, we assume the the corresponding chromaticity coordinate is (xi, yi)

for the ith color LED chip. Based on the Grassmann’s laws, the desired chromaticity coordinate of the
mixed light p = (x̂, ŷ) can be calculated by [22]

x̂ =
aTΦ

bTΦ
=

∑N
i=1

xi
yi

Φi

∑N
i=1

1
yi

Φi
,

ŷ =
1TΦ

bTΦ
=

∑N
i=1 Φi

∑N
i=1

1
yi

Φi
,

(10)

where a = [ x1
y1

, x2
y2

, · · · , xN
yN

]T and b = [ 1
y1

, 1
y2

, · · · , 1
yN

]T are the constant coefficients vectors.
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Fig. 1. CIE 1931 color space chromaticity diagram with wavelengths dis-
played in nanometers. The blackbody line is shown within the range of CCT
from 1500 K to 10 000 K.

chromaticity difference between two colors in the chromatic-
ity diagram at the same luminance [18]. When two colors are
located inside the same MacAdam ellipse, average human ob-
server could not discern the color difference. The original ellipse
in MacAdam’ experiment is called as 1-step MacAdam ellipse.
In practice, larger ξ-step (ξ > 1) MacAdam ellipses are usually
used, which implies that the lengths of its major and minor axes
are ξ times the lengths of the original ellipse’s major and mi-
nor axes in MacAdam’s experiment. As shown in Fig. 2, there
are twenty-five 10-step MacAdam ellipses with different center
points in the chromaticity diagram, which are 10 times the size
of the 1-step MacAdam ellipses to make them observed clearly.
Each of them varies in size and orientation. It can be observed
that the blue region is much smaller than the green region. This
is because human eyes have different sensitivities to different
colors. The ξ-step MacAdam ellipse can be expressed as

g11dx2 + 2g12dxdy + g22dy2 = ξ2 , (5)

where g11 , g12 and g22 are constant coefficients to describe the
orientation and size of each ellipse; dx and dy are the differences
of x and y coordinates between the color points on the ellipse
and the center point of the ellipse.

MacAdam ellipse has been extensively used to describe the
chromaticity specification for fluorescent lamps and solid state
lighting products such as LEDs. American National Standards
Institute (ANSI) suggests chromaticity tolerance for fluorescent
lamps is defined by a 4-step MacAdam ellipse while a 7-step
MacAdam ellipse can be used for solid state lighting [20], [21].
Although quadrangles instead of ellipses are applied for LEDs

Fig. 2. MacAdam ellipses in CIE 1931 color space chromaticity diagram with
10 times the actual size in MacAdam’ experiment.

in ANSI specification, the quadrangles are almost overlapping
with 7-step MacAdam ellipses. On the other hand, some man-
ufacturers such as OSRAM require chromaticity tolerance for
LEDs should be within 3-step MacAdam ellipse area.

III. SYSTEM MODEL

We consider an indoor MU-MISO VLC system to support
Nr indoor users, which is shown in Fig. 3. A multi-chip LED
with Nt chips for illumination is used as the transmitter ar-
ray. Each LED chip emits one monochromatic light and serves
a single user. Every indoor user utilizes the optical filter and
PD to concentrate corresponding monochromatic light. Besides
that, crosstalk among these independent parallel channels is not
considered in this paper.

For each channel, pulse amplitude modulation is employed
to modulate the information bits as it has higher spectrum ef-
ficiency over on-off Keying modulation and avoid high peak
to average power ratio in optical orthogonal frequency-division
multiplexing (OFDM) modulation. The modulated signal di for
every transmitting chain i (i = 1, 2, . . . , Nt ) is normalized to be
in [−1, 1] with zero mean. As LED has a nonlinear transfer func-
tion, a time-domain predistortion is utilized such that the emitted
optical power is linear to the loaded forward current [22]. To
fully exploit the dynamic range of LEDs, amplifiers are used
to increase the signal electrical power. This indicates that the
modulated signal di would be amplified with a coefficient de-
noted as γi . Since IM/DD is adopted in VLC systems, a DC-bias
dDC ,i is added to the amplified electrical signal to make it non-
negative with the bias-tee circuits. Then, the electrical signal

Figure 3. CIE 1931 color space chromaticity diagram.

Since human eyes have limitation on color discrimination, small chromaticity change for the
white light can be tolerated. According to Ref. [14], quadrangle chromaticity tolerance can be utilized
as a statistical measurement to distinguish chromaticity difference between two colors in CIE 1931
chromaticity diagram, which is recommended for LED products. If the chromaticity point moves
within the quadrangle range, human eyes almost could not notice the light color variation. Compared
with the fixed chromaticity point, quadrangle chromaticity constraint can provide more freedom to
improve the system performance. The chromaticity tolerance with quadrangle range for the target
white color under different CCTs is shown in Figure 4, and the corresponding chromaticity center
points are listed in Table 1 where A, B, C and D represent the four corners of the quadrangle. It should
be noted that the proportion of the blue and green component becomes higher with the increase of
CCT values. Accordingly, the quadrangle chromaticity constraint can be calculated as

k1x− y + l1 ≤ 0,

k2x− y + l2 ≤ 0,

−k3x + y− l3 ≤ 0,

−k4x + y− l4 ≤ 0,

(11)

where ki and li denote the coefficients determined by the quadrangle range in the chromaticity diagram.

We set K =

[
k1 k2 −k3 −k4

−1 −1 1 1

]T

and L = [l1, l2,−l3,−l4]T here, so the quadrangle chromaticity

constraint can be rewritten as

Kp + L ≤ 0. (12)
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Table 1. Coordinate of four corners for quadrangle chromaticity constraint under different correlated
color temperatures (CCTs).

CCT Center Point
(x, y) Tolerance Quadrangle

A B C D

3000 K (0.4339, 0.4033) (0.4562, 0.4260) (0.4303, 0.4173) (0.4150, 0.3821) (0.4373, 0.3893)
3500 K (0.4078, 0.3930) (0.4303, 0.4173) (0.4003, 0.4035) (0.3895, 0.3709) (0.4150, 0.3821)
4000 K (0.3818, 0.3797) (0.4003, 0.4035) (0.3737 ,0.3880) (0.3671, 0.3583) (0.3895, 0.3709)
4500 K (0.3613, 0.3670) (0.3737, 0.3882) (0.3550, 0.3754) (0.3514, 0.3482) (0.3672, 0.3585)
5000 K (0.3446, 0.3551) (0.3550, 0.3753) (0.3375, 0.3619) (0.3366, 0.3373) (0.3514, 0.3481)
5700 K (0.3287, 0.3425) (0.3375, 0.3619) (0.3205, 0.3476) (0.3221, 0.3256) (0.3366, 0.3374

ANSI_NEMA_ANSLG C78.377-2008 

Copyright 2008 ? American National Standard Lighting Group 
Page 12 of 17

Figure A1, Part 1
Graphical representation of the chromaticity specification of SSL products in Table 1, on the CIE 

(x,y ) chromaticity diagram 

Figure 4. The chromaticity tolerance with quadrangle range for LED products in the CIE 1931
chromaticity diagram.

(3) Amplitude Constraint

For the VLC system, considering the nonlinearity for the LED, the modulated PAM signal should
be nonnegative. Thus, the nonnegative constraint should satisfy γi ≤ Ii

DC = ciΦi where ci is the
conversion coefficient for luminous flux to the forward current. Meanwhile, the transmitted signal
exceeding the maximum value would suffer clipping distortion, so the maximum amplitude constraint
should be satisfied as well and we have γi ≤ Ii

max − Ii
DC = Ii

max − ciΦi where Ii
max is the maximum

permissible value. As a result, the amplitude constraint can be expressed as

0 ≤ γ ≤ min(Imax − c ◦Φ, c ◦Φ), (13)

where c = [c1, c2, · · · , cN ]
T denotes the luminous flux to the forward current conversion coefficient

vector, Imax = [I1
max, I2

max, · · · , IN
max]

T denotes the maximum permissible current level vector.

(4) SINR Constraint

To obtain better communication quality, SINR is an essential requirement for improving the
performance of the VLC system [23]. Based on the proposed CMIMO model for the multi-color LED
based VLC system, the SINR at the ith receiver is given by

SINRi =
E(t2

iih
2
iiγ

2
i d2

i )

∑N
j=1,j 6=i E(t2

ijh
2
jjγ

2
j d2

j ) + σ2
, (14)
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where E(d2
i ) =

M+1
3(M−1) [8] and we define β = M+1

3(M−1) here. To satisfy the SINR constraint, the minimum
SINR requirement is set as ξ. Thus, the SINR constraint can be expressed as

t2
iih

2
iiγ

2
i

∑N
j=1,j 6=i t2

ijh
2
jjγ

2
j +

1
β σ2
≥ ξ, i = 1, 2, · · · , N (15)

For convenience, we define the following notations further:

(1) Define the matrix F with entries fij = t2
ijh

2
jj.

(2) Define the matrix W with entries wij =

{
0, j = i
fij, j 6= i

(3) Define the matrix G = diag([ 1
f11

, 1
f22

, · · · , 1
fNN

]).

(4) Define em = γ2.

Accordingly, the SINR constraint can be equivalently rewritten as

(em)i

(G(Wγ2 + 1
β σ2))i

≥ ξ, i = 1, 2, · · · , N (16)

where (·)i is the ith element in the vector.

3.2. Problem Formulation

In this subsection, an optimal power allocation strategy is proposed to maximize the power
efficiency for the multi-color LED based VLC systems. Considering the electrical power, the total
power consumption is given by ∑N

i=1(ciΦi)
2. Thus, combining the above-mentioned illumination and

communication constraints, the main problem can be formulated as:

Obj. min
m,Φ

N

∑
i=1

(ciΦi)
2

s.t. 1TΦ =
N

∑
i=1

Φi = Pt,

Kp + L ≤ 0,

0 ≤
√

em ≤ min(Imax − c ◦Φ, c ◦Φ),

(em)i

(G(Wγ2 + 1
β σ2))i

≥ ξ, i = 1, 2, · · · , N

Φ ≥ 0,

(17)

which is a convex optimization problem with respect to the optimization variables Φ and m, where
the objective function is the minimum value subject to several linear matrix inequalities. Several
optimization algorithms such as interior point algorithm have been proposed to solve the problem (17).
In this paper, we adopt CVX, a MATLAB optimization toolbox to obtain the optimal solutions [15].

4. Simulation Results

In this section, we have carried out the simulations for the multi-color LED based VLC system
to testify the performance of our proposed power-efficient illumination control optimization design.
Here, we adopt QLED with RAGB as transmitters (i.e., N = 4). The parameters utilized in the
simulations are listed in Table 2. Meanwhile, we set two-level PAM signal for transmission with
modulation order M = 2. Maximum likelihood (ML) detection is adopted at the receiver side in the
following simulations.
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Firstly, we show the performance comparison between our proposed optimal power allocation
strategy and uniform power allocation method for the CMIMO system model. The chromaticity
coordinate for the uniform allocation scheme is ( 1

3 , 1
3 ), which is contained in the quadrangle

chromaticity range with CCT= 5700 K and the corresponding parameters have been listed in Table 1.
Figure 5 shows the transmission power for different colors versus the total luminous flux ranging from
10 lm to 180 lm with interference coefficient τ = 0.05. The simulation results indicate that the proposed
optimal power allocation strategy obtains significant performance gains compared with the uniform
power allocation method, reducing about 12.4% power consumption where the power efficiency
improvement is independent of the luminous flux. Meanwhile, we can see that the transmission power
of red, amber and green color chips keep medium levels, while the transmission power of the blue
color chip keeps a low level. As for the transmission power efficiency for each color chip, compared
with the uniform power allocation method, the red, amber and blue color chips can also achieve
significant transmission power improvement, while the rate of transmission power for the green color
chip increased. Since quadrangle chromaticity tolerance range has been modified to replace a fixed
chromaticity coordinate in CIE 1931 chromaticity diagram, we can obtain more degrees of freedom to
improve the system performance, which is consistent with the simulation results.

Table 2. Simulation parameters utilized in the QLED VLC system.

Parameters Values

Type of white LED RAGB LED
Number of LED chips N 4

Angle of irradiance φ 30◦

Angle of incidence ψ 40◦

Half Power angle of LED Φ1/2 60◦

FOV ΨC 60◦

Receiver responsivity µ 0.4 A/W
Distance between LED and PD dij 2 m

Effective detector area of PD 1 cm2

Optical filter gain 1
Optical concentrator gain 1.5

Maximum forward current for each chip Imax 0.7 A
SINR requirement ξ 5 dB
Noise variance σ2 10−14 W

Peak wavelength of each color R 664 nm
A 594 nm
G 538 nm
B 465 nm

Chromaticity point of each color R (0.69406, 0.30257)
A (0.59785, 0.39951)
G (0.22965, 0.70992)
B (0.12301, 0.09249)

Luminance flux-Forward current R 0.021 A/lm
conversion coefficient of each color A 0.014 A/lm

G 0.005 A/lm
B 0.015 A/lm
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Figure 5. Transmission power comparison between the proposed optimal power allocation strategy
and the uniform power allocation method with interference coefficient τ = 0.05 under CCT = 5700 K.

Next, the performance for the proposed optimal power allocation strategy under different CCT
values is compared, where six CCT values are investigated with quadrangle chromaticity range based
on Ref. [14]. As shown in Figure 6, the curves of total transmission power have the consistent variation
tendency for different CCT values. With the increase of CCT values, higher power efficiency can be
achieved. As illustrated in Section 3.1, the proportion of the blue and green component becomes higher
at larger CCT values. Due to the higher forward current-luminance flux efficiency for blue and green
component, the total transmission power can be reduced. Thus, the optimal power allocation under
the required CCT values can be obtained for high-quality illumination.
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Figure 6. Total transmission power comparison for the proposed optimal power allocation strategy
under different CCT values with interference coefficient τ = 0.05.

Furthermore, we compare the error performance for the CMIMO model and the traditional WDM
model without the consideration of crosstalk problem. Figure 7 illustrates the error performance versus
luminous flux under different interference coefficients τ = 0.05, 0.01 under CCT = 5700 K. Compared
with the traditional WDM model, the CMIMO model always shows better BER performance since we
consider the crosstalk problem for the practical multi-color LED based VLC system. Meanwhile, we
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can see that the BER curves show a down and up tendency with the increase of luminous flux. Unlike
radio frequency (RF) system, higher electrical power may cause clipping distortion problem due to the
narrow dynamic range of an LED for the VLC system. Thus, proper DC bias value is required to avoid
the clipping distortion problem.
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Figure 7. Error performance for the CMIMO model and the conventional WDM model under different
interference coefficient under CCT = 5700 K.

In conclusion, the proposed optimal power allocation strategy can improve the overall
performance for the multi-color LED based VLC system further. Compared with the uniform power
allocation method, our proposed scheme behaves more power-efficiently while satisfying the necessary
illumination and communication requirements. Moreover, considering the practical crosstalk problem,
the CMIMO model can maintain better error performance.

5. Conclusions

In this paper, we have investigated a power-efficient illumination control optimization design for
the CMIMO VLC system with multi-color LED. To increase the practicality of the system, crosstalk
interference and quadrangle chromaticity constraint are taken into consideration. Since the VLC
system is the combination of illumination and communication, an optimal power allocation strategy is
proposed to maximize power efficiency via collaboratively satisfying the illuminance, chromaticity,
amplitude and SINR constraints. Simulation results have testified that the proposed optimal power
allocation strategy can significantly reduce the total transmission power compared with the uniform
power allocation method. Moreover, higher power efficiency can be achieved under larger CCT value
due to the increase of the blue and green light component in the mixed light. Furthermore, it is also
concluded that better error performance can be obtained for the CMIMO model considering crosstalk
interference and proper DC bias value is required to avoid the clipping distortion problem.

Author Contributions: All authors contributed equally to writing the paper. Formal analysis, Y.Z.; Funding
acquisition, J.Z. and J.Q.; Writing—original draft, Y.Z.; Writing—review & editing, J.Z. and J.Q.

Funding: This work is supported in part by Grant No.161100210200 from Major Scientific and Technological of
Henan Province, China.

Acknowledgments: The authors wish to thank the anonymous reviewers for their valuable suggestions.

Conflicts of Interest: The authors declare no conflict of interest.



Crystals 2019, 9, 169 12 of 13

References

1. Komine, T.; Nakagawa, M. Fundamental analysis for visible light communication system using LED lights.
IEEE Trans. Consum. Electron. 2004, 50, 100–107. [CrossRef]

2. Elgala, H.; Mesleh, R.; Haas, H. Indoor optical wireless communication: potential and state-of-the-art.
IEEE Commun. Mag. 2011, 49, 56–62. [CrossRef]

3. Rajagopal, S.; Roberts, R.D.; Lim, S.K. IEEE 802.15.7 visible light communication: Modulation schemes and
dimming support. IEEE Commun. Mag. 2012, 50, 72–82. [CrossRef]

4. Schubert, E.F.; Kim, J.K. Solid-state light sources getting smart. Science 2005, 308, 1274–1278. [CrossRef]
[PubMed]

5. Karunatilaka, D.; Zafar, F.; Kalavally, V.; Parthiban, R. Led based indoor visible light communications: State
of the art. IEEE Commun. Surv. Tutor. 2015, 17, 1649–1678. [CrossRef]

6. Steigerwald, D.A.; Bhat, J.C.; Collins, D.; Fletcher, R.M.; Holcomb, M.O.; Ludowise, M.J.; Martin, P.S.; Rudaz,
S.L. llumination with solid state lighting technology. IEEE J. Sel. Top. Quant. 2002, 8, 310–320. [CrossRef]

7. Ohno, Y. Spectral design considerations for white LED color rendering. Opt. Eng. 2005, 44, 111302. [CrossRef]
8. Dong, J.; Zhang, Y.; Zhu, Y. Convex relaxation for illumination control of multi-color multiple-input-

multiple-output visible light communications with linear minimum mean square error detection.
OSA Appl. Opt. 2017, 56, 6587–6595. [CrossRef] [PubMed]

9. Wang, Y.; Huang, X.; Tao, L.; Shi, J.; Chi, N. 4.5-Gb/s RGB-LED based WDM visible light communication
system employing CAP modulation and RLS based adaptive equalization. Opt. Express 2015, 23, 13626–13633.
[CrossRef] [PubMed]

10. Wang, Y.; Tao, L.; Huang, X.; Shi, J.; Chi, N. 8-Gb/s RGBY LED-based WDM VLC system employing
high-order CAP modulation and hybrid post equalizer. IEEE Photon. J. 2017, 7, 1–7. [CrossRef]

11. Jiang, R.; Wang, Z.; Wang, Q.; Dai, L. Multi-User Sum-Rate Optimization for Visible Light Communications
With Lighting Constraints. J. Lightwave Technol. 2016, 34, 3943–3952. [CrossRef]

12. Liang, X.; Yuan, M.; Wang, J.; Ding, Z.; Jiang, M.; Zhao, C. Constellation design enhancement for color-shift
keying modulation of quadrichromatic LEDs in visible light communications. J. Lightwave Technol. 2017, 35,
3650–3663. [CrossRef]

13. Zuo, Y.; Zhang, J. Energy-efficient optimization design for the multi-color LED based visible light
communication systems under illumination constraints. Appl. Sci. 2019, 9, 1. [CrossRef]

14. ANSI C78.377-2015: Electric Lamps Specifications for the Chromaticity of Solid-State Lighting Products; American
National Standard Institute: Washington, DC, USA, 2015.

15. Grant, M.; Boyd, S. Cvx : Matlab Software for Disciplined Convex Programming; version 1.21; CVX Research,
Inc.: Austin, TX, USA, 2008.

16. Cui, L.; Tang, Y.; Jia, H.; Luo, J.; Gnade, B. Analysis of the multichannel WDM-VLC communication system.
J. Lightwave Technol. 2016, 34, 5627–5634. [CrossRef]

17. Zeng, L.; O’Brien, D.C.; Minh, H.L.; Faulkner, G.E.; Lee, K.; Jung, D.; Oh, Y.J., Won, E.T. High data rate
multiple input multiple output (MIMO) optical wireless communications using white LED lighting. IEEE J.
Sel. Areas Commun. 2009, 27, 1654–1662. [CrossRef]

18. Gao, Q.; Wang, R.; Xu, Z.; Hua, Y. DC-informative joint color-frequency modulation for visible light
communications. J. Lightwave Technol. 2015, 33, 2181–2188. [CrossRef]

19. Zhang, D.F.; Zhu, Y.J.; Zhang, Y.Y. Multi-LED phase-shifted ook modulation based visible light
communication systems. IEEE Photon. Technol. 2013, 25, 2251–2254. [CrossRef]

20. Zhu, Y.J.; Liang, W.F.; Zhang, J.K.; Zhang, Y.Y. Space-collaborative constellation designs for MIMO indoor
visible light communications. IEEE Photon. Technol. 2015, 27, 1667–1670. [CrossRef]

21. Zuo, Y.; Zhang, J.; Zhang, Y.Y.; Chen, R.H. Weight threshold check coding for dimmable indoor visible light
communication systems. IEEE Photon. J. 2018, 10, 1–11. [CrossRef]

http://dx.doi.org/10.1109/TCE.2004.1277847
http://dx.doi.org/10.1109/MCOM.2011.6011734
http://dx.doi.org/10.1109/MCOM.2012.6163585
http://dx.doi.org/10.1126/science.1108712
http://www.ncbi.nlm.nih.gov/pubmed/15919985
http://dx.doi.org/10.1109/COMST.2015.2417576
http://dx.doi.org/10.1109/2944.999186
http://dx.doi.org/10.1117/1.2130694
http://dx.doi.org/10.1364/AO.56.006587
http://www.ncbi.nlm.nih.gov/pubmed/29047951
http://dx.doi.org/10.1364/OE.23.013626
http://www.ncbi.nlm.nih.gov/pubmed/26074612
http://dx.doi.org/10.1109/JPHOT.2015.2489927
http://dx.doi.org/10.1109/JLT.2016.2582928
http://dx.doi.org/10.1109/JLT.2017.2720579
http://dx.doi.org/10.3390/app9010001
http://dx.doi.org/10.1109/JLT.2016.2623759
http://dx.doi.org/10.1109/JSAC.2009.091215
http://dx.doi.org/10.1109/JLT.2015.2408620
http://dx.doi.org/10.1109/LPT.2013.2283583
http://dx.doi.org/10.1109/LPT.2015.2435009
http://dx.doi.org/10.1109/JPHOT.2018.2844858


Crystals 2019, 9, 169 13 of 13

22. Wyszecki, G.; Stiles, W.S. Color Science: Concepts and Methods, Quantitative Data and Formulae, 2nd ed.; Wiley:
New York, NY, USA, 1982.

23. Wiesel, A.; Eldar, Y.C.; Shamai, S. Linear precoding via conic optimization for fixed MIMO receivers.
IEEE Trans. Signal Proces. 2005, 54, 161–176. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TSP.2005.861073
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	System Model 
	The Proposed Optimal Power Allocation Strategy 
	Illumination and Communication Constraints 
	Problem Formulation

	Simulation Results 
	Conclusions 
	References

