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Abstract—This paper introduces a novel approach to optimize
energy efficiency in wavelength division multiplexing (WDM)
Visible Light Communication (VLC) systems designed for indoor
broadcasting networks. A physics-based LED model is integrated
into system energy efficiency optimization, enabling quantitative
analysis of the critical issue of VLC energy efficiency: the
nonlinear interplay between illumination and communication
performance. The optimization jointly incorporates constraints
on communication quality of each channel, and illumination
performance, standardized by the International Commission on
Illumination (CIE). The formulated nonlinear optimization prob-
lem is solved by the Sequential Quadratic Programming (SQP)
algorithm in an experiment-based simulation. An integrated
Red-Green-Blue-Yellow Light Emitting Diode (RGBY-LED) is
measured for model calibration and three different scenarios are
simulated to evaluate the generality of the proposed method.
Results demonstrate a double enhancement in performance and
a high versatility in accommodating various scenarios. Further-
more, it highlights the importance of balancing communica-
tion and illumination imperatives in VLC systems, challenging
conventional perceptions focused solely on minimizing power
consumption.

Index Terms—Energy Efficiency Optimization, Visible Light
Communication, Nonlinearity, LED Modeling.

I. INTRODUCTION

TTH white paper on the sixth generation (6G) architecture
landscape from the European perspective is delivered

recently [1]. It proposes the main novel trends and principles
that will form the backbone of future 6G network architecture
and discusses along different axes related to 6G features. One
of the most significant architectural enablers is the sustainable
network. According to the Sustainable Development Goals
(SDG) of the United Nations(UN), the white paper proposes
a threefold sustainability from the societal, economic, and
environmental targets, which requires reducing more than 30%
CO2 emissions in 6G powered sectors of society, more than
30% total cost of ownership, and more than 90% energy
transmitted per bit, respectively.
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With the strict energy efficiency requirements of the 6G
network, revolutionized Internet of Things (IoT) applications
require ten or even a hundred times the performance improve-
ment compared to the the fifth generation (5G) era [2]. The
expected Key Performance Indicators (KPIs) include the dense
of connection 107 devices/km2, the mobile traffic capability
1 Gbits/s/m2, the network latency 10-100 µs, the energy
efficiency 1 Tb/J , etc [3, 4].

Meeting the increasing demands of IoT applications while
balancing energy efficiency through conventional wireless
communication technologies is a formidable challenge [5].
Visible Light Communication (VLC), modulating visible light
to transmit information and simultaneously provide illumina-
tion, offers a promising solution [6]. Numerous studies have
highlighted the benefits of VLC systems [7, 8, 9]. From
a sustainability standpoint, the most compelling feature of
VLC systems is energy efficiency, which leverages existing
illumination resources for indoor communication services. To
maximize this superiority, a complete definition and accurate
analysis of VLC energy efficiency are expected for massive-
IoT networks in the 6G era.

Existing research on the energy efficiency analysis and
optimization of VLC systems are considered from three per-
spectives. First, some researchers focuses on hybrid systems,
encompassing VLC combined with Radio Frequency (RF)
[10, 11], Power Line Communication (PLC) [12], and Long
Term Evolution (LTE) [13]. Within these contexts, researchers
aim to integrate VLC systems with other technologies while
maintaining optimal global energy efficiency.

Subsequently, researchers address the energy efficiency
of VLC systems within specific scenarios such as Non-
Orthogonal Multiple Access (NOMA) [14], heterogeneous net-
works [15], Multi-Input Multi-Output (MIMO), and broadcast-
ing [16]. These studies elucidate the challenges in enhancing
VLC energy efficiency in multi-user environments and offer
optimized solutions for resource allocation, including power,
subchannels, and spectrum.

Additionally, the other research refines the specific opti-
mization variables, most notably input signal power [24], LED
Direct Current (DC) [25], and amplifier gain at the transmitter
[26]. These variables are critical for achieving the best energy-
efficient configuration of VLC systems. Concurrently, as VLC
serves dual functions, illumination and communication, both
requirements are integrated as constraints in the optimization
process [27]. For a comprehensive understanding of the current
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TABLE I: Representative Existing Research of VLC System Energy Efficiency

Paper Objective System Objective Scenario Objective Variable LED Model Illumination Requirements

[17] Hybrid VLC/RF MIMO Signal Power Constant None

[12] Hybrid VLC/RF/PLC Broadcasting Signal Power Constant None

[18] Multi-LED VLC Broadcasting Signal Power Constant Illumination Intensity

[19] VLC MIMO Signal Power Constant Illumination Intensity

[20] VLC MIMO Amplifier Gain Linear Illumination Intensity

[21] VLC MIMO Signal Power Low-Pass None

[22] VLC Broadcasting LED’s Current Empirical Formula Illumination Intensity

[23] VLC/SLIPT MIMO LED’s Current/Signal Power Linaer Illumination Intensity

research of VLC system energy efficiency, the representative
existing research is detailed in Tab. I.

The related works exhibit excellent performance in opti-
mizing VLC system performance, whereas there still remain
several research gaps toward applying to practical VLC system
energy efficiency optimization.

First, existing research predominantly treats VLC systems
as electronic systems, thereby focusing on optimizing the
signal power to achieve optimal energy efficiency. Whereas
VLC systems work as electro-optical systems, providing both
illumination and communication services simultaneously. Its
energy efficiency optimization must concurrently evaluate the
illumination and communication power consumption to solve
the optimal configuration of the system, reaching the global
maximum energy efficiency.

Second, empirical measurements confirm a nonlinear inter-
play between illumination and communication performance in
VLC systems, attributable to the LED’s intrinsic nonlinearity
[28, 29]. Current research overlooks this interplay due to
their LED models established by a constant parameter or
any mathematical formula without physical significance. Few
researchers employ a physics-based LED in their system
model to quantify this interplay in their optimization, resulting
in suboptimal optimization results.

Third, the majority of existing methods have not ade-
quately incorporated indoor illumination requirements, such
as illuminance and color, into their optimization algorithms.
These values are regulated by the International Commission
on Illumination (CIE) standards to ensure human ocular safety
across various scenarios [30]. Thus, the indoor illumination
indicators should be formulated into functions and applied to
the optimization as constraints.

Last, the polychromatic LED-based wavelength division
multiplexing (WDM) VLC systems perform extremely high
data rates and illumination efficiency [31]. Especially the Red-
Green-Blue-Yellow (RGBY)-LED-based WDM VLC trans-
mission reached the data rate of 15.73 Gbit/s [32], becoming
the most potential architecture in future VLC system appli-
cations. Additional merits include improved signal quality,
facilitated by optimizing multiple color channels for varying
transmission conditions, and increased fault tolerance through
redundant data pathways [33]. However, the existing optimiza-
tion method fails to be implemented for WDM VLC systems
due to the lack of an appropriate system model.

This paper proposed a novel optimization method for the

RGBY-LED-based WDM VLC broadcasting system. Address-
ing the limitations identified in existing research, the contri-
butions of the proposed optimization method are summarized
as follows.

• A physics-based LED model, developed in our previous
work [34], is employed to accurately characterize
the nonlinear interplay between illumination and
communication performance of VLC systems. The LED
model integrated with the channel and receiver model
forms a WDM VLC system model, serving as the
fundamental function of energy efficiency optimization.

• Based on the system model, the proposed optimization
method jointly evaluates the power consumption
of illumination and communication services. The
illuminance of each LED, the Bit Error Rate (BER) of
each color channel, and the visual color of the mixed
light are formulated as constraint functions applied to
the optimization problem, forcing the results satisfying
both indoor illumination standards and communication
quality requirements across diverse scenarios.

• The formulated nonlinear optimization problem is solved
by the Sequential Quadratic Programming (SQP) algo-
rithm in an experiment-based simulation. An integrated
RGBY-LED is measured in a VLC transmission testbed
to calibrate the LED model applied to the optimization.
An indoor VLC broadcasting scenario with different use-
cases are simulated to evaluate the performance and
generality of the proposed method.

II. WDM VLC SYSTEM MODEL

Fig. 1 delineates the architecture of the RGBY-LED-based
WDM VLC broadcasting system. This system incorporates
four sub-LEDs—red, green, blue, and yellow—into a single
RGBY-LED unit. Data are concurrently transmitted across
these four color channels, forming a WDM mechanism. Addi-
tionally, the sub-LEDs individually generate calibrated ratios
of red, green, blue, and yellow light, which combine to create
white light suitable for indoor illumination.

In the transmission process, the bitstream is partitioned
into four separate flows. Each flow is mapped onto M-order
Quadrature Amplitude Modulation (QAM) and Orthogonal
Frequency Division Multiplexing (OFDM) symbols to create
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Fig. 1: Schematic diagram of the RGBY-LED-based WDM VLC broadcasting system.

the baseband signals. Utilizing In-phase and Quadrature (IQ)
modulation and applying a Digital Analog Converter (DAC)
to each channel, these baseband signals are upconverted to
higher frequencies and transformed into analog signals. Within
each channel, the signal is amplified and added with DC
components before transmitting by the corresponding sub-
LED. Over the optical wireless channel, the signal of each
color is filtered and then detected by the Photodiode (PD),
which converts the optical signals back into current signals.
A Trans-Impedance Amplifier (TIA) is used to amplify these
current signals and convert them into voltage signals. After
undergoing down-conversion and demodulation, the original
bits are reconstructed.

In this paper, the established WDM VLC system model con-
sists of the RGBY-LED model, channel model, and receiver
model, covering the main configurable components of VLC
systems. Without loss of generality, the rest are temporarily
considered constantly and ideally. The detailed derivation of
the system model is separately introduced as follows.

Fig. 2: Simplified small signal equivalent circuit of LEDs.

A. GaN MQW LED Model

A monochromatic LED model is developed and demon-
stratively verified in our previous work [34]. Based on the
theory, the model of RGBY-LED is topologized in this sec-
tion. Considering each quantum well has the same structure
and size, the small signal equivalent circuit of the LED is
simplified as Fig. 2. For illustrative convenience, assuming a
monochromatic LED featured n quantum wells structure, at
bias voltage Vbias, its output illuminance (ΦLED) and signal
response (hled) are represented by:

ΦLED(Vbias) =
638

Arec

∫ 830

380

V(λ)PL(Vbias, λ)dλ (1)

hled(Vbias, t) = L−1(H(Vbias, s)) · exp
(
−4(λ− λ0)

2

(∆λ)2

)
=

a1(Vj)

a4(Vj)− a2 · a3(Vj)
·

[
exp

(
−a3(Vj) · t
a4(Vj)

)
− exp

(
−t
a2

)]

· exp
(
−4(λ− λ0)

2

(∆λ)2

)
(2)

PL(Vbias, λ) = a5(Vj) · exp
(
−4(λ− λ0)

2

(∆λ)2

)
(3)

Hled(Vbias, s) =
pout(s)

stx(s)
=

a1
(1 + a2 · s)(a3 + a4 · s)

(4)

Vj = Vbias −RsIDC (5)

IDC = Is(exp(
q(Vbias −RsIDC)

ηkBT
)− 1) (6)

where, PL represents the LED’s optical spectrum, calculated
as Eq. (3), and V is the luminosity function defined by the
CIE [35]. The power transfer function of the LED is denoted
as Hled, derived as Eq. (4), and the inverse Laplace Transform
operator is L−1. Parameters λ, λ0, and ∆λ refer to the
wavelength range, peak wavelength, and spectrum bandwidth
of the emitted light. The power distribution of the LED’s
emitted light is modeled using a Gaussian distribution [36].
To clearly illustrate, the equations describe the LED’s internal
physics are replaced by the parameter functions a1 to a5, and
their expansion are detailed in the Appendix.

For an RGBY-LED, the output illuminance (ΦR,G,B,YLED ),
in units of Lux (lx), and the four-channel signal response
(hR,G,B,Yled ) are calculated by:

ΦR,G,B,YLED =
638

Arec

∫ 830

380

V(λ)PR,G,B,YL (V R,G,B,Ybias )dλ (7)
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hR,G,B,Yled (V R,G,B,Ybias , t) =


hRled(V

R
bias, t)

hGled(V
G
bias, t)

hBled(V
B
bias, t)

hYled(V
Y
bias, t)

 (8)

To further characterize the illumination performance of the
RGBY-LED, the visual color of the mixed light is evaluated
by the Correlated Color Temperature (CCT). An empirical
function [37] is used to calculate its value as:

CCT = 437 · n̂3 + 3601 · n̂2 + 6861 · n̂+ 5517 (9)

n̂ =
x̂− 0.3320

0.1858− ŷ
(10)

x̂ =

∫ 830

380
x̄(λ)PR,G,B,YL (λ)dλ∫ 830

380
PR,G,B,YL (λ)(x̄(λ) + ȳ(λ) + z̄(λ))dλ

(11)

ŷ =

∫ 830

380
ȳ(λ)PR,G,B,YL (λ)dλ∫ 830

380
PR,G,B,YL (λ)(x̄(λ) + ȳ(λ) + z̄(λ))dλ

(12)

V R,G,B,Ybias = (V Rbias, V
G
bias, V

B
bias, V

Y
bias) (13)

PR,G,B,YL (V R,G,B,Ybias ) = PRL (V Rbias, λ) + PGL (V Gbias, λ)

+ PBL (V Bbias, λ) + PYL (V Ybias, λ)
(14)

Where, V R,G,B,Ybias represents the bias voltage applied to
each color LED as shown in Eq. (13). PR,G,B,YL (V R,G,B,Ybias )
denotes the total output power of the RGBY-LED, in units
of Watt. x(λ), y(λ), z(λ) are the color matching functions
provided by CIE [35].

Fig. 3: Schematics of the channel and receiver.

B. Channel and Receiver Model

The schematic diagram of the channel and receiver in the
WDM VLC system is presented in Fig. 3. In the channel
model, the optical signal is assumed to propagate in a LOS
manner, and a Lambertian radiation model [38] characterizes
the path loss during light propagation, given by:

hc =

{
δ(t) · (µ+1)Arec·cos(ψ)µcos(θ)

2πD2 0 ≤ ψ ≤ ψFOV
0 otherwise

(15)

µ =
ln 2

ln(cosΨ)
(16)

Parameters ψ and θ represent the transmit and receive
angles, while D, µ, and Arec refer to the distance between
the transmitter and receiver, Lambertian radiant order, and the
effective receiver area, respectively. Symbols Ψ and ψFOV
denote the half-power angle of the LED and the FOV (Field
of View) of the receiver.

The receiver setup includes an optical concentrator, an
optical filter, and four PDs integrated with TIAs for each
channel. In the receiver model, the received signal is computed
by integrating the photo-sensitivity of the PDs (κ(λ)) with
the filtered optical signal, then multiplying by the gain of
the TIA (GTIA) and optical concentrator (Gopt). The optical
filters for each channel are represented as Hfilter, and an ideal
rectangular filter is used in the model. Parameters Γp, λ̂c, and
∆λ̂ denote the filter loss, peak wavelength, and bandwidth,
respectively.

hR,G,B,Yrx (λ) =


hRrx(λ)
hGrx(λ)
hBrx(λ)
hYrx(λ)

 (17)

hpd(λ) = GTIAGopt ·
∫
κ(λ) ·Hfilter(λ)dλ (18)

Hfilter(λ) = Γprect(
λ− λ̂c

∆λ̂
) (19)

rect(λ) =


1 |λ| ≤ 1

2

0 |λ| > 1

2

(20)

Combining the above RGBY-LED model, channel model,
and receiver model, the illuminance at the receiver side (ΦTLRx )
and the response of WDM VLC system (hR,G,B,Yvlc ) are repre-
sented by Eq. (21) and (22), respectively. While the operators
× and ⊗ denote the matrix multiplication and convolution.

ΦTLRx =

∫ ∞

−∞
ΦR,G,B,YRx · hc(t,D, ψ, θ)dt (21)

hR,G,B,Yvlc =


hRvlc(V

R
bias, t, ψ, θ,D, λ)

hGvlc(V
G
bias, t, ψ, θ,D, λ)

hBvlc(V
B
bias, t, ψ, θ,D, λ)

hYvlc(V
Y
bias, t, ψ, θ,D, λ)



=


hRrx hRrx hRrx hRrx
hGrx hGrx hGrx hGrx
hBrx hBrx hBrx hBrx
hYrx hYrx hYrx hYrx

×


hRled ⊗ hc
hGled ⊗ hc
hBled ⊗ hc
hYled ⊗ hc


(22)
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III. WDM VLC SYSTEM ENERGY EFFICIENCY

As a combined illumination and communication system, the
WDM VLC system exhibits unique properties that differentiate
its energy efficiency calculation from conventional wireless
communication systems. In this context, the denominator of
the efficiency expression should encompass not only the power
expended during data transmission but also factor in the illumi-
nation power. Furthermore, the WDM system accommodates
multiple channels that concurrently transmit data. Given the
distinct characteristics of each color LED, individual channel
configurations are adjusted to optimize performance [31]. As
a result, the channel capacity of each color is computed
individually and subsequently aggregated to yield the overall
system throughput. Each channel is simultaneously optimized
to ensure global performance, adhering to constraints imposed
by both communication Quality of Service (QoS) and indoor
illumination requirements.

A. Energy Efficiency Definition

The energy efficiency of the WDM VLC system (EETL)
is defined as the total channel capacity (CTL) of the R, G,
B, and Y channels divided by the total power consumption
for illumination (PR,G,B,Yill ) and communication (PR,G,B,Ycom ),
given by:

EETL =
CTL

PR,G,B,Ycom + PR,G,B,Yill

=
CR + CG + CB + CY

PR,G,B,Ycom + PR,G,B,Yill

(23)

CTL = BR · log2(1 +
(sRrx(t))

2

σ2
th + σ2

shot

)

+BG · log2(1 +
(sGrx(t))

2

σ2
th + σ2

shot

)

+BB · log2(1 +
(sBrx(t))

2

σ2
th + σ2

shot

)

+BY · log2(1 +
(sYrx(t))

2

σ2
th + σ2

shot

)

(24)

Considering the thermal noise (σth) and shot noise (σshot)
at the receiver [39], the channel capacity C is expressed by
Shannon’s law [40] using the Signal Noise Ratio (SNR) in Eq.
(24).

sR,G,B,Yrx =


sRrx
sGrx
sBrx
sYrx

 =


hRvlc ⊗ sRtx ·GRamp
hGvlc ⊗ sGtx ·GGamp
hBvlc ⊗ sBtx ·GBamp
hYvlc ⊗ sYtx ·GYamp

 (25)

PR,G,B,Yill = V Rbias · IRDC + V Gbias · IGDC
+ V Bbias · IRDC + V Ybias · IYDC

(26)

PR,G,B,Ycom = (sRtxG
R
amp)

2 + (sGtxG
G
amp)

2

+ (sBtxG
B
amp)

2 + (sYtxG
Y
amp)

2
(27)

Assuming the generated signals after DAC processing are
represented by stx. The following amplifiers increase its power

in Gamp times. The received signal sR,G,B,Yrx is formulated by
Eq. (25) and the power consumption of the illumination and
communication of four LEDs are calculated as Eq. (26) and
(27).

B. Energy Efficiency Optimization

In the context of the energy efficiency definition for the
WDM VLC system, the bias voltages (V R,G,B,Ybias ) directly
influence signal response and illumination intensity. Mean-
while, the amplifier gains (GR,G,B,Yamp ) controls the initial
signal power of the VLC system, significantly impacting the
magnitude of the SNR. As these parameters operating at the
system’s transmitter, they can be dynamically reconfigured
based on the user’s requirements. Therefore, they are selected
as optimization variables, given by:

V R,G,B,Y
bias = [V R

bias,V
G
bias,V

B
bias,V

Y
bias] (28)

GR,G,B,Y
amp = [GR

amp,G
G
amp,G

B
amp,G

Y
amp] (29)

EETL(V R,G,B,Y
bias ,GR,G,B,Y

amp ) =

CR,G,B,Y (V R,G,B,Y
bias ,GR,G,B,Y

amp )

PR,G,B,Yill (V R,G,B,Y
bias ) + PR,G,B,Ycom (GR,G,B,Y

amp )

(30)

The objective function of the energy efficiency optimization
is represented by Eq. (30). In order to guarantee both the QoS
of data transmission and compliance with indoor illumination
standards during optimization, several constraints are outlined
as follows:

• Adequate Illuminance: The illuminance at the user’s
location (ΦTLRx ) must exceed the user-required illuminance
(ΦreqRx ).

• Controlled Light Color: Excessive levels of blue light
can be detrimental to human eyes [41]. The CCT of the
RGBY-LED should remain below the upper limit set by
indoor illumination standards [35].

• Assured Data Transmission QoS: The BER of each
channel should remain below the thresholds specified by
the communication protocol requirements.

C. Problem Formulation

Based on the previously stated definitions, the objective
function, and the constraints involved in energy efficiency
optimization for the WDM VLC system, the optimization
problem incorporating these constraints can be formulated as:
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max EETL(V R,G,B,Y
bias ,GR,G,B,Y

amp )

s.t. ΦRx(V
R,G,B,Y
bias )≥ ΦreqRx

BERR(V R
bias,G

R
amp)≤ BERreq

BERG(V G
bias,G

G
amp)≤ BERreq

BERB(V B
bias,G

B
amp)≤ BERreq

BERY (V Y
bias,G

Y
amp)≤ BERreq

CCT (V R,G,B,Y
bias )≤ CCT req

V R,G,B,Y
bias ∈ {V R,G,B,Yth , V R,G,B,Ymax }

GR,G,B,Y
amp ∈ {GR,G,B,Yth , GR,G,B,Ymax }

(31)
where, the total illuminance at the user’s position (ΦTLRx ) is

given by:

ΦTLRx (V
R,G,B,Y
bias ) =ΦRRx(V

R
bias) + ΦGRx(V

G
bias)

+ ΦBRx(V
B
bias) + ΦYRx(V

Y
bias) (32)

BER(Vbias,Gamp) =
4

log2(M)
(1− 1√

M
)

·Q

(√
3 log2(M)

M − 1
SNR(Vbias,Gamp)

) (33)

Q(x) =
1

2
erfc

(
x√
2

)
(34)

Here, considering the WDM VLC system using different
orders of QAM signal, the BER is evaluated by the order M
with the Q-function [42]. The Q-function represents the tail
distribution of the standard normal distribution [43], as shown
in Eq. (34). The expansion of all the constraint equations are
derived in the Appendix.

For convenient solving the optimization problem, define the
functions f = −EETL, g1 = ΦreqRx−ΦTLRx , g2 through g5 linked
to BERR,G,B,Y −BERreq, and g6 = CCT −CCT req. The
optimization variable and the corresponding boundary set are
defined as X and Xset. The previous expression (Eq. (31)) is
reformulated into a standard form given by:

min
X∈Xset

f(X)

s.t. gi(X) ≤ 0, i = 1, 2, ..., 6 (35)

G = [∇g1(Xk),∇g2(Xk), ...,∇g6(Xk)]
T (36)

h = [−g1(Xk),−g2(Xk), ...,−g6(Xk)]
T (37)

The above nonlinear optimization problem with nonlinear
constraints in Eq. (35) is tentatively solved by the Sequential
Quadratic Programming (SQP) algorithm [44] to validate
our proposed optimization method. The advanced algorithms
will be discussed and implemented in our future work. The
processing step is structured in Algorithm. 1.

where matrix c is defined as c = ∇f(Xk). p(k) is the
optimal step defined as p(k) = X −Xk. µ is the matrix of
the Lagrange Multipliers for the six constraints (g1 to g6).

Algorithm 1 Sequential Quadratic Programming (SQP)

1: Initialization: Choose an initial feasible point X(0), the
tolerance ϵ. Set k = 0. Calculate H(0).

2: while not converged do
3: Linearize Constraints and Objective: Approximate

g(X)i and f(X) by Taylor expansion around X(k).
4: Solve Quadratic Subproblem:

minimizep(k)

1

2
(p(k))THp(k) + cTp(k)

subject to Gp(k) ≤ h

5: Results: p(k) and µ(k)

6: Line Search: Determine α(k) via line search.
7: Update: Set X(k+1) = X(k) + α(k)p(k).
8: Hessian Update: Update H(k+1).
9: Check Convergence: If ∥∇f(X(k+1))∥ < ϵ, termi-

nate.
10: end while

H is an approximation to the Hessian matrix of the
Lagrangian. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
method [45] is used to update the Hessian approximation
Hk+1. Here, sk = xk+1−xk and yk = ∇f(xk+1)−∇f(xk).
Upon solving each Quadratic Programming (QP) subproblem
by the KKT conditions, p(k) is obtained, which is then
used to update the current solution to the next iteration as
Xk+1 = Xk + αkp

(k). Where αk is a step size determined
via a line search.

IV. VALIDATION

This section illustrates the validation process in which the
proposed energy efficiency optimization method is evaluated
based on an experimental-based simulation. Initially, the elec-
troluminescent characteristics and signal power loss of the
RGBY-LED model are calibrated by experimental measure-
ments. Subsequently, an indoor broadcasting scenario with
different use-cases are simulated to assess the performance
and generality of the proposed optimization method.

A. RGBY-LED Model Calibration

A integrated RGBY-LED [46] serves as the sample LED
which consists of four monochromatic sub-LEDs, each with its
dedicated control pin. Employing it into a VLC transmission
link testbed, the electroluminescent properties of each indi-
vidual sub-LEDs and the signal power loss across each color
channel are measured and fitted with the theoretical derivation.

1) RGBY-LED Electroluminescence: Each sub-LED is
measured separately with the applied bias voltages and output
irradiance (W ·m−2) by an accurate power source in conjunc-
tion with a photometer. The measured data are fitted with the
theoretical LED model, shown in Fig. 4.

In the figure, the subscript m and est denote the measured
and fitted electroluminescence. The fitting results are consis-
tent with the measurement and show the significantly different
electroluminescence between each sub-LED. It emphasizes
that the unique physical properties of each LED should neither
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Fig. 4: Electroluminescent characteristics of the RGBY-LED.

be simplified nor overlooked. A physics-based LED model is
significant for any upper-layer analysis of VLC system.

Fig. 5: VLC transmission link testbed.

2) Signal Power Loss over Channels: In the VLC trans-
mission testbed, illustrated in Fig. 5, each color channel is
separately evaluated for signal power loss using a Network
Analyzer. The analyzer generates a frequency-swept signal
ranging from 300 KHz to 50 MHz, which is then added on
varying bias voltages by a Bias-T. This signal is transmitted
over the LED, through the optical wireless channel, and finally
received by an optical receiver, consisting of a PD and TIA,
to calculate the signal power loss. The distance between the
LED and the receiver is fixed on 10 cm.

Fig. 6 illustrates the measured and model estimated signal
power loss, under varying signal frequency and applied bias
voltage, across the four-color channels. The comparison re-
veals that the proposed WDM VLC system model accurately
characterizes the signal transmission properties for each color
channel. Minor discrepancies between the measured and esti-
mated signal power losses are attributed to the tolerances of
the measuring equipment.

Fig. 6: Signal power loss of four-color channels.

The surface trends in the figure validate two key inferences
of the proposed system model: (a) Each channel demonstrates
a nonlinear frequency attenuation which arises from the unique
physical properties of each monochromatic LED. (b) Signal
power loss escalates with increasing bias voltage, owing to the
interplay of the LED between providing different illumination
intensity and transmitting signals. The proposed RGBY-LED
model accurately characterizes this interplay of each channel,
supporting accurate and practical energy efficiency optimiza-
tion.

B. Energy Efficiency Optimization Simulation

The calibrated RGBY-LED model is programmed into the
simulation in which an indoor WDM VLC broadcasting sys-
tem is established, shown in Fig. 7. In the simulation, the
parameters calibrated from measurements are marked with
symbol ∗, listed in the Tab. II, and the rest are generated
following typical values [47].

Fig. 7: Schematic of the indoor WDM VLC broadcasting
system.
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TABLE II: Parameters of the simulation setup

Parameters (∗: Calibrated from measurements) Values
Simulation area 2m × 2m × 2m

∗Bias voltage of the LED (V R,G,B,Y
bias )

V R
bias ∈ [1.99, 2.96]V

V G
bias ∈ [2.41, 2.89]V

V B
bias ∈ [2.72, 3.29]V

V Y
bias ∈ [2.20, 2.78]V

∗Central wavelength of the LED’s
output light (λR,G,B,Y

0 )
(629,525,460,556) nm

∗Optical spectrum bandwidth
of the LED (∆λR,G,B,Y ) (60,65,70,80) nm

Modulation orders of QAM (M) 16/32/64
Bandwidth of OFDM signals 3.84 MHz

Number of subcarriers and OFDM symbols 256× 100

Initial signal average power (P0) 2 dBm
The noise floor of the system (Pnoise) -120 dBm
Range of amplification gain (GR,G,B,Y

amp ) [0,20] dB
Central wavelength of the optical filter (λ̂c) (629,525,460,556) nm
Bandwidth of the optical filter ideal
Coefficient of the optical filter loss (Γp) 0.8
Gain of the optical concentrator (Gopt) 20 dB
Lambert radiation coefficient (m) 1.5
∗Effective area of the receiver (Arec) 7.6× 10−6m2

∗FOV of the LED 60◦

1) Simulation Setup: The simulation background is defined
as a user receiving the broadcasting OFDM signals from
an RGBY-LED-served WDM VLC system. The broadcasting
coverage is a 2m×2m area, and the RGBY-LED is suspended
from a 2m height ceiling. The proposed optimization method
solves the optimal configuration of the system under the input
constraints. Then, the solved configuration is returned to the
WDM VLC system model to evaluate the system’s energy
efficiency (EETL).

Fig. 8: Schematic diagram of the simulation process

Fig. 8 details the process of the simulation. The variables
are generated and bounded following the values in Tab. II. The
user’s location is initiated as a uniform distribution within the

2m × 2m broadcasting coverage at a 20cm step width. The
user’s requirements of illuminance (Φreq), illumination color
(CCTreq), and threshold BER of each channel (BERreq)
are quantified into constraints. These quantities form the
simulation input.

Consequently, the formulated optimization problem is
solved by the SQP algorithm. During each iteration, the solved
configuration (Ṽ R,G,B,Ybias , G̃R,G,B,Yamp ) is assessed through the
WDM VLC system model to confirm its adherence to the con-
straints. Iterations continue until a configuration maximizing
the system’s energy efficiency is identified, at which point the
optimal configuration(V̂ R,G,B,Ybias , ĜR,G,B,Yamp ), and optimized
energy efficiency (EETL) are returned.

2) Optimization Performance: To validate the performance
of the proposed method, each point of the simulated area
is traversed to implement a whole process of the optimiza-
tion and compare the results with the control group, labeled
”Optimized” and ”Unoptimized” in the legend. The control
group behaves as a conventional optimization, in which the
system maintains a fixed configuration with minimal power
consumption under the constraints. The constraints for illu-
minance and CCT are constantly set as ΦreqRx ≥ 200lx, and
CCT ≤ 5000K, satisfying the indoor illumination standards
for an office environment [35]. The BER is required lower
than BERR,G,B,Y ≤ 10−5 for each channel, respecting the
wireless communication requirement [31]. Fig. 9 displays the
optimization results of system transmitting 16-QAM and 32-
QAM OFDM signals.

In the Fig. 9 (a), the proposed optimization method achieves
the highest energy efficiency of 6.25×107 (bit/J) at the location
(0,0), whereas the control group reaches 2.37 × 107 (bit/J).
At the boundary, both methods yield an energy efficiency of
1.63× 107 (bit/J). The average values of each user’s location
for the proposed method and control group are 4.13 × 107

(bit/J) and 2.05× 107 (bit/J), respectively. In 32-QAM trans-
mission, shown in Fig. 9 (b), the proposed method and the
control group achieve peak energy efficiencies of 5.46 × 107

(bit/J) and 1.74× 107 (bit/J) with the average values of each
location 3.44× 107 (bit/J) and 1.51× 107 (bit/J), respectively.

The proposed method calculates the most cost-effective
signal power subject to the given constraints, thereby yield-
ing double energy efficiency compared to the conventional
approach. Furthermore, the average energy efficiency enhance-
ment of the proposed method increases from 101% to 127%
with the modulation format from 16-QAM to 32-QAM. Be-
cause, under equivalent conditions, a higher data rate demands
increased energy consumption, whereas the optimization effect
becomes more pronounced.

3) Generality Validation: As the performance of the pro-
posed optimization method is evaluated under a fixed con-
straints condition, its generality applying to different commu-
nication and illumination requirements are validated in this
section. Initially, it is assumed that the broadcasting system
serves for diverse users, where differentiation between user
data is achieved through frequency division multiplexing. Con-
sequently, the proposed optimization method must be adapt-
able to scenarios wherein the system transmits signals across
varying central frequencies. Subsequently, in consideration of
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(a) (b)

Fig. 9: Optimized energy efficiency when the user is at different locations: (a) Transmitted 16-QAM-OFDM signal, and (b)
Transmitted 32-QAM-OFDM signal.

the varied illumination demands of users, the proposed method
is required to be applicable to scenarios wherein the system
provides diverse intensities and visual colors of illumination.

Case(1) Different signal frequencies. : The user is fixed
at the coordinate (0, 0), and the illumination constraints are
set at ΦreqRx ≥ 400lx, and CCT ≤ 5000K, simulating the
illumination requirements of an indoor reading scenario. The
BER is set as BERR,G,B,Y ≤ 10−5. OFDM signals for 16-
QAM, 32-QAM, and 64-QAM, with central frequencies rang-
ing from 5MHz to 30MHz, are used in the broadcast service.
Fig. 10 illustrates optimized energy efficiency (EETL) and
corresponding communication power consumption for each
central frequency.

Fig. 10: Optimized energy efficiency at different signal’s
central frequency.

Applying the proposed method, optimized energy efficiency
EETL decreases sequentially from 5×107 (bit/J) to 3.32×107

(bit/J), 2.58× 107 (bit/J), and 1.87× 107(bit/J) for 16-QAM,
32-QAM, and 64-QAM OFDM signal transmission, respec-

tively. Concurrently, the signal power consumption across four
channels escalates from −4.47 dBW, −3.69 dBW, and −2.52
dBW to 3.82 dBW, 5.84 dBW, 8.04 dBW, respectively.

Two key insights are gleaned from these results. First,
they confirm the practical understanding that higher data rates
necessitate greater signal power. Second, the results align with
the measured response of the WDM VLC system, indicating
that signal power loss significantly rises with increasing signal
frequency. The system’s generality across varied transmitted
signal frequencies is attributable to the accurate LED model.

Case(2) Diverse illumination requirements: To further
evaluate the generality of the proposed method on diverse
illumination requirements. the user is fixed on the location
(0, 0), and the BER is required as BERR,G,B,Y ≤ 10−5.
The constraints of user-required illuminance (Φreq) and il-
lumination color (CCT req) vary from 300lx to 600lx and
3000K to 5000K, respectively, almost covering the indoor
illumination scenarios following the CIE standards [35]. Fig.
11 (a) and (b) depict the optimized energy efficiency in
response to these different illumination requirements, along
with the corresponding communication power consumption
(PR,G,B,Ycom ).

In Fig. 11 (a), energy efficiency markedly declines as
required illuminance increases. It is noteworthy that the power
consumption for communication increases with the required
illuminance. This phenomenon is consistent with the measure-
ments shown in Fig. 6 that signal power loss increases with
the applied voltage. The system requires more signal power
to maintain the response while providing higher illuminance.
The mechanism behind this phenomenon lies in the interplay
between the illumination and communication functionalities of
the LED.

In Fig. 11 (b), higher CCT values, corresponding to cooler
white light, result in improved energy efficiency. It is because
higher CCT values permit more blue components contained
in the output light of the RGBY-LED. Due to the superior
electroluminescence characteristics of the blue sub-LED in the
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(a) (b)

Fig. 11: (a) Optimized energy efficiency at different user-required illuminance (b) The optimized energy efficiency at different
user-required illumination colors.

RGBY-LED system, as demonstrated in Fig. 4, when the blue
sub-LED predominates in the illumination service, other sub-
LEDs require less power, reducing overall illumination power
consumption and thereby enhancing system energy efficiency.
Meanwhile, it is evident that the communication power con-
sumption is also reduced, which further increases the system’s
energy efficiency. Because, the reduction of the illumination
power consumption requiring lower bias voltages (V R,G,Ybias )
of the RGBY-LED, resulting in the higher signal response
of the system, as Fig. 6 proved. Thus, less signal power
is consumed during the data transmission. This phenomenon
also comes from the interplay between the illumination and
communication performance of the system.

In these simulations, the optimization results of the proposed
method accordingly vary with the illumination requirements,
and the tendency of the variations is consistent with the physi-
cal mechanism and the experimental measurements. Therefore,
the proposed method can be generalized to optimize the energy
efficiency of the WDM VLC system under different scenarios.

V. CONCLUSION

In this paper, a novel optimization method is proposed for
RGBY-LED based WDM VLC systems. A physics-based LED
model is integrated with the transmission channel, and WDM
receiver models, forming the system model. It characterizes the
signal response and illumination performance across different
color channels and quantifies the interplay of them. The energy
efficiency of the WDM VLC system is defined and formulated
into an optimization problem with the constraints following the
indoor illumination standard and communication quality. The
proposed optimization method, validated on the experimental-
based simulation, achieves the double performance of the
conventional. Moreover, it exhibits a strong generality to adapt
to diverse scenarios, highlighting its potential for practical
implementations.

In traditional communication systems, maximizing data
rates and minimizing power consumption are primary objec-
tives. However, VLC brings an additional layer of complexity
with the need to meet illumination requirements. The proposed
energy efficiency optimization method successfully addresses
this critical challenge, demonstrating that the optimal energy
efficiency of a VLC system is not merely tied to minimizing
power consumption. Instead, it’s about striking a balance
between communication and illumination demands.

APENDIX-I

The parameter functions in the section II-A which describes
the internal physics of the LED are derived as Eq. (38) to (51).
The definition of the parameters are listed in TAB III. For
convenient illustration in section III-C, the constraint equations
are unexpanded, the original expressions are shown as Eq. (52)
to (55).

zn(Vj) =
rqn

n · (rn + rb) + rqn
(38)

n∗ =
m∗kBT

πℏ2Lq
(39)

a1(Vj) = ηphβspnRphzn(Vj) (40)

a2 = RphCph (41)

a3(Vj) = (rq + n · zn) · (Zs +Rs) + rqzn (42)

a4(Vj) = rqznCe(Zs +Rs) (43)
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a5(Vj) = nηphRphβspqAqLqγ2(n
∗)2

· ln

[
1 + exp

(
α1Vj + α2V

2
j + α3V

3
j

kBT

)]2 (44)

TABLE III: Definition of Terms.

Terminology Definition
Ac,q,b Transection area of each layer
Aeff Effective area of barrier
Arec Area of photo-receiver
α1,2,3 Coefficient of the fitting curve
βsp Spontaneous emission coefficient
C Capacitance
D Distance between LED and VLC receiver
γ1 Coefficient of the SRH recombination
γ2 Coefficient of the radiative recombination
γ3 Coefficient of the Auger recombination
ϵq,b Relative dielectric constant of the layer
Φ 1

2
Semi-angle at half-power of LED

ℏ Reduced Planck constant
Ic,q,b Current of each layer
Ij Injected current of LED
Is Reverse bias saturation current
kB Boltzmann constant
κ Sensitivity of APD
L Thickness of the layer
n number of the quantum wells
µ Order of Lambertian radiation
N+

D Ionized donors density
N+

A Ionized acceptors density
η Ideal factor of diode
ηL Efficacy of LED
ηph Light extraction rate
P Power
q Elementary charge
θ Angle of receiving direction in VLC channel
R Constant resistance
r Differential resistance
σth,short Thermal and short noise power
T Temperature
τb Effective space transport time
τph Photons lifetime
VD Potential difference of the barrier
Vj Junction voltage
ψ Angle of transmission direction in VLC channel
Z Impedance
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rn(Vj) =
ηkBT

n0q2AcLc exp (
qVj

ηkBT
)(γ1 + 3γ3 · n20 exp2(

qVj

ηkBT
))

(45)

rb(Vj) =
τb

q · n∗AbLb

[
exp(

α1V j+α2V
2
j +α3V

3
j

kBT
) · (α1 + 2α2Vj + 3α3V

2
j )

kBT [1 + exp(
α1Vj+α2V 2

j +α3V 3
j

kBT
)]

· exp(q(Vj − VD)

kBT
) (46)

+
q

kBT
· ln[1 + exp(

α1Vj + α2V
2
j + α3V

3
j

kBT
)] · exp(q(Vj − VD)

kBT
)

]−1

(47)

rqn(Vj) =
kBT [1 + exp(

α1Vj+α2V
2
j +α3V

3
j

kBT
)]

qn∗AqLq exp(
α1Vj+α2V 2

j +α3V 3
j

kBT
)(α1 + 2α2V 2

j + 3α3V 2
j )

· 1

γ1 + 3γ3[n∗ ln(1 + exp(
α1Vj+α2V 2

j +α3V 3
j

kBT
))]2

(48)

rqr(Vj) =
kBT [1 + exp(

α1Vj+α2V
2
j +α3V

3
j

kBT
)]

2(n∗)2qn∗AqLq exp(
α1Vj+α2V 2

j +α3V 3
j

kBT
)(α1 + 2α2V 2

j + 3α3V 2
j )

· 1

ln(1 + exp(
α1Vj+α2V 2

j +α3V 3
j

kBT
))

(49)

Ce(Vj) =
q2n0AcLc
ηkBT

exp(
qVj
ηkBT

) + n ·
qAqLqn

∗ exp(
α1Vj+α2V

2
j +α3V

3
j

kBT
)

kBT (1 + exp(
α1Vj+α2V 2

j +α3V 3
j

kBT
))

(50)

· (α1 + 2α2Vj + 3α3V
2
j ) +Aeff

[
qϵqϵbNAND

2(ϵqND + ϵbNA)

1

VD − Vj

] 1
2

(51)

ΦRx(Vbias) = 638 · ηphRph · nβspqAqLqγ2 ·
(µ+ 1) · cos(ψ)µcos(θ)

2πD2
·
∫ 830

380

V(λ) exp
(
−4(λ− λ0)

2

(∆λ)2

)
dλ

·

[
n∗ ln

(
1 + exp

(
α1Vbias − IDCRs + α2(Vbias − IDCRs)

2 + α3(Vbias − IDCRs)
3

kBT

))]2
(52)

BER(Vbias,Gamp) =
4

log2(M)
(1− 1√

M
)Q

(√
3 log2(M)

M − 1
SNR

)
=

4

log2(M)
(1− 1√

M
)Q

{√
3 log2(M)

(M − 1)(σ2
th + σ2

shot)

· Gamp ·Gopt · a1(Vbias − IDCRs)

a4(Vbias − IDCRs)− a2 · a3(Vbias − IDCRs)
· (µ+ 1)Arec · cos(ψ)µcos(θ)

2πD2
·
∫ λmax

λmin

Γprect(
λ− λc
∆λ

)·

exp

(
−4(λ− λ0)

2

(∆λ)2

)
· κ(λ)dλ ·

∫ +∞

−∞

[
exp

(
−a3(Vbias − IDCRs) · t
a4(Vbias − IDCRs)

)
− exp

(
−t
a2

)]
· stx(t− τ)dτ

}
(53)

CCT (V R,G,B,Y
bias ) = 437 · n̂3(V R,G,B,Y

bias ) + 3601 · n̂2(V R,G,B,Y
bias ) + 6861 · n̂(V R,G,B,Y

bias ) + 5517 (54)
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