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Abstract: This paper presents a joint illumination and communication model for Gallium12

Nitride (GaN) Multiple Quantum Well (MQW) Light Emitting Diodes (LEDs) used in Visible13

Light Communication (VLC) systems. Based on device physics, the proposed model characterizes14

the intrinsic nonlinearity of the LED’s electro-optic conversion by incorporating the LED’s15

material, physical structure, and bias voltage. The modeling methodology and the model’s16

accuracy are demonstrated through experimental measurements on a commercial sample LED by17

a VLC system performance testbed. The validation results indicate the proposed GaN MQW18

LED model is consistent with physical principles and accurately predicts the LED’s nonlinear19

impact on the VLC system under varying signal frequency and illumination intensity of the LED,20

underscoring its significance for analyzing and optimizing VLC systems. Overall, the proposed21

model offers a valuable tool for the design and optimization of VLC systems using GaN-based22

LEDs.23

1. Introduction24

Visible Light Communication (VLC) technology using Light Emitting Diodes (LEDs) modulates25

visible light intensity to transmit signal and simultaneously provides illumination. With advances26

in solid-state lighting, Gallium-Nitride (GaN) Multiple-Quantum-Well (MQW) LEDs used in27

VLC systems extend the bandwidth from several Megahertz (MHz) to hundreds of MHz [1–3],28

and improve the illumination efficacy from 135 lm/W to 235 lm/W [4]. Benefiting from joint29

high-speed communication and high-efficiency illumination, VLC systems become one of the30

most potential candidates for sixth-generation (6G) wireless communication [5–8].31

In the VLC system, the LED serving for illumination and signal transmission dominates32

the system performance. Unfortunately, most commercial LEDs, especially widespread GaN33

MQW LEDs, suffer from non-linearity in both illumination and communication. They provide34

the highest efficiency at low injection, but as the injection increases, the efficiency droops35

gradually, which is the well-known phenomenon called "efficiency droop" [9]. Meanwhile, with36

the frequency of the input electrical signal increasing, the response of the output optical signal37

attenuates rapidly [10]. To accelerate the commercial acceptance of the VLC system and its38

integration into the existing illumination infrastructure, an accurate and generic LED model is39

needed from academia and industry [11, 12].40

Numerous representative studies have focused on LED modeling for VLC systems. The most41

common LED model around 2012 was characterized as a low-pass filter, and its frequency-domain42

transfer function was obtained by curve fitting [13–15]. The origin of LED nonlinearity was43

attributed to the slow response of the phosphor coating on the LED [16]. Inspired by this44

notion and the low-pass filter model, several corresponding analysis and optimization approaches45



were subsequently explored by incorporating a blue filter to suppress the slow phosphorescent46

component [17–20]. Despite the experiments and demonstrations yielding effective results, a47

criticism of this model is the persistence of strong nonlinearity in the filtered optical signals,48

suggesting that the primary non-linear property of LEDs does not stem from the phosphor [21].49

As such, modeling LEDs with a low-pass filter fails to characterize their intrinsic nonlinearity.50

VLC systems design and optimization based on this model leave space for further improvement.51

The second representative LED model is proposed as the joint resistance and capacitance52

equivalent circuit named the "RC" equivalent circuit [22–24]. This kind of model takes into53

account the LED’s parasitic components and models the carrier diffusion process in each layer54

of the LED as a differential resistance in parallel with a capacitance. Li et al. proposed a55

representative equivalent circuit model of the LED, along with a corresponding parameters56

extraction strategy [25]. The validation results of measurement curve fitting matched well the57

forward transfer function. Compared to the low-pass filter model, the accuracy of the "RC"58

equivalent circuit model was substantially enhanced. However, the fitted parameters were only59

valid at a specific quiescent voltage, and therefore, the characterization of the LED’s illumination60

performance was inadequate. These shortcomings limited its applicability in practical VLC61

systems.62

The third representative LED model was developed based on device physics. Researchers from63

TU Eindhoven and Signify argued that it was feasible to characterize the LED based on its internal64

physics processes rather than treating it as a black box using a complex generic method [26–28].65

This approach reorients LED modeling towards investigating the intrinsic characteristics of66

LEDs from a physical perspective. Derived from the carrier rate equation to the communication67

performance of VLC systems, their model elucidates the origin of LED nonlinearity in relation68

to injection levels, significantly advancing LED modeling for VLC systems. In our view, to69

enhance the generality and accuracy of their model, LED communication performance should be70

associated with its physical parameters and illumination intensity. The current results restrict71

the applicability of their model to general LEDs and preclude the prediction of signal distortion72

when LEDs provide varying levels of illumination intensity.73

In conclusion, the first and second representative LED models fail to fully characterize either74

the intrinsic nonlinearity caused by the material size, quantum well structure, electron polarization,75

or signal distortion influenced by the bias voltage. The third representative model proved that an76

accurate characterization of LEDs for VLC systems requires developing an LED model based on77

its underlying physics. However, their model cannot directly apply to a commercial LED and78

cannot predict the impact of LEDs on joint illumination and communication scenarios.79

In this paper, we derived a GaN MQW LED model based on device physics and developed80

its equivalent circuit for practical applications. The model associates the LED’s material and81

physical structure with its communication and illumination performance. The bias voltage of the82

LED is related to the signal response, ensuring model accuracy at high injection levels. Compared83

with the existing LED models, the improvements contributed by this work are summarized as84

follows:85

• In practical VLC applications, various types, sizes, structures, and materials LEDs are86

selected based on system demands. Existing LED models cannot accommodate these87

properties as input variables. The proposed model associates the LED’s material and88

physical structure to enhance its general applicability.89

• The LED is generally biased at a large injection level in VLC systems to provide adequate90

brightness resulting in carrier nonlinear injection and transport. Few of the current models91

address that of effects. This paper considers the carrier degenerated in quantum wells due92

to the large injection. The proposed model employs Fermi distribution to calculate the93

carrier concentration to improve the model accuracy under various bias voltages.94



• Few existing models clarify and accurately capture the interplay of LED’s illumination95

and communication performance. The proposed model derives the LED’s signal response96

associated with the bias voltage and calculates the LED’s illumination intensity considering97

the signal magnitude to fulfill its applicability in joint illumination and communication98

scenarios.99

The rest of the contents are structured as follows: In Sec. II, the intrinsic nonlinearity of the100

LED’s electro-optic conversion is characterized by modeling the material and physical structure101

of the LED using a set of single-particle rate equations associated with the bias voltage. Sec. III102

illustrates the derivation of the LED equivalent circuit, which transforms the carrier equations103

into electrical components leading to a compact model of the GaN MQW LED. Afterward,104

Sec. IV presents the derivation of the LED’s illumination intensity and signal response from105

the equivalent circuit. Meanwhile, the proposed LED model is combined with a typical VLC106

channel and a linear response of the VLC receiver to form a VLC transmission link model.107

Sec. V details the model validation. A commercial GaN MQW LED is integrated into a VLC108

system performance testbed as a sample LED. The measured and model-estimated VLC system109

performance is compared to validate the applicability and accuracy of the proposed LED model.110

Finally, the contributions of this paper are summarized in the conclusion remarked in Sec. VI.111

2. GaN MQW LED Device Physics112

2.1. Structure and energy band113

A typical GaN MQW LED cross-section is depicted in Fig. 1. The LED is grown on a sapphire114

substrate (𝑐-plane) using Metal-Organic Chemical Vapor Deposition (MOCVD). Along the115

growth direction 𝑧, a GaN buffer layer and an 𝑛-doped GaN cladding layer are successively116

deposited on the substrate. An InGaN layer, sandwiched between two 𝑛-type GaN layers, forms a117

quantum well structure. The number and thickness of quantum wells are denoted by 𝑚 and 𝐿𝑞 ,118

respectively, resulting in an 𝑚 × 𝐿𝑞 MQW structure. A 𝑝-doped AlGaN Electron Blocking Layer119

(EBL) is included to prevent electron leakage before the addition of a 𝑝-doped GaN cladding120

layer. Negative and positive contacts are deposited on the 𝑛-type and 𝑝-type cladding layers,121

respectively.122

Fig. 1. Structure of a typical MQW GaN-based LED.

Based on the structure of the GaN MQW LED, the schematic energy band diagram under123

forward bias voltage is depicted in Fig. 2. In a joint illumination and communication scenario,124

the LED must transmit signals at a large bias to provide adequate brightness. Consequently,125

the proposed model considers three properties of the GaN MQW LED at high injection levels.126

Firstly, non-radiative recombination in the cladding layer and EBL cannot be ignored, as the127

recombination rate increases with the injection level. Secondly, the effect of leakage current128



Fig. 2. Schematic energy band diagram of an MQW GaN-based LED under a forward
bias voltage.

is considered, as polarization charges cause the conduction band 𝐸𝑐 to slope upward when129

approaching the active region from the 𝑛 side of the device. This shape is repeated in quantum130

wells, exacerbating electron leakage [29]. Lastly, electrons in quantum wells become degenerate.131

At high injection levels, electron concentration in quantum wells is extremely high, causing the132

quasi-Fermi level 𝐸 𝑓 𝑛 to exceed the conduction band. Consequently, the Boltzmann distribution133

is inapplicable, and electrons in a quantum well behave as a Two-Dimensional Electron Gas134

(2-DEG) [30]. Employing the effective mass approximation [31], electrons are considered135

quasi-free in 𝑥, 𝑦 directions and quantized in the 𝑧 direction.136

2.2. Carriers concentration137

Based on the energy band diagram, the carrier concentration in each layer of the LED is initially138

associated with the bias voltage. The assumptions and simplifications for calculating carrier139

concentrations in each layer are summarized as follows:140

• The potential difference between the quasi-Fermi levels for electrons and holes is assumed141

identical in each layer. Therefore, the nominal voltage applied to each layer is the junction142

voltage 𝑉 𝑗 .143

• In the 𝑛-type cladding layer and EBL, the non-equilibrium carriers are considered in a144

non-degenerate state, which is calculated by the Boltzmann distribution.145

• Quantum wells are assumed to maintain local charge neutrality, where the non-equilibrium146

electrons concentration is equal to that of holes. Each quantum well is modeled as an147

infinite potential well [32] in the direction 𝑧, and a parabolic approximation is applied in148

the 𝑥, 𝑦 direction. Coupling between adjacent wells is negligible [33].149

The definitions of variables are listed in Appendix I. The non-equilibrium carriers of the 𝑛-type150

cladding layer and EBL originate from the external injection and carrier leakage. Consequently,151

their expression in the 𝑛-type cladding layer is determined by Eq. (1), and carrier leakage is152

calculated based on the carrier concentration in the last quantum well, 𝑛𝑚𝑞 , multiplied by the153

probability of carriers crossing the barrier (𝑉𝐷 −𝑉 𝑗 ), as expressed by Eq. (2).154

𝑛𝑐 = 𝑛0 (exp(
𝑞𝑉 𝑗

[𝑘𝐵𝑇
) − 1) (1)



𝑛𝑏 = 𝑛𝑚𝑞 exp(−
𝑞(𝑉𝐷 −𝑉 𝑗 )

𝑘𝐵𝑇
) (2)

In each quantum well, the non-equilibrium electrons are degenerated and considered as 2DEG.155

A self-consistent approach, based on the Schrödinger equation and the Poisson equation, is156

employed to derive the electron concentration in the quantum well [34]. The derivation is detailed157

in Appendix I, and the simplified electron concentration in the quantum well is given as Eq. (3).158

Here, the 𝑚∗ represents the effective mass of the electron, and ℏ is denoted as the reduced Planck159

constant.160

𝑛𝑞 =
𝑚∗𝑘𝐵𝑇

𝜋ℏ2𝐿𝑞
ln(1 + exp(

𝐸 𝑓 𝑛 − 𝐸𝑐1

𝑘𝐵𝑇
)) (3)

The computation of the exponential factor 𝐸 𝑓 𝑛 − 𝐸𝑐1 is overly complex for the purpose of161

assessing the LED’s impact on the communication system. Therefore, a polynomial fitting162

function, b(𝑉 𝑗 ), is employed to fit the energy between the electron quasi-Fermi level 𝐸 𝑓 𝑛 and the163

lowest conduction band 𝐸𝑐1, as shown in Eq. (4).164

b (𝑉 𝑗 ) = 𝐸 𝑓 𝑛 (𝑉 𝑗 ) − 𝐸𝑐1 (𝑉 𝑗 ) = 𝛼1𝑉 𝑗 + 𝛼2𝑉
2
𝑗 + 𝛼3𝑉

3
𝑗 (4)

The final simplified electron concentration in quantum wells is expressed by Eq.(5).165

𝑛𝑞 (𝑉 𝑗 ) = 𝑛∗ ln(1 + exp(
b (𝑉 𝑗 )
𝑘𝐵𝑇

)) (5)

where,166

𝑛∗ =
𝑚∗𝑘𝐵𝑇

𝜋ℏ2𝐿𝑞
(6)

After obtaining the analytic solutions for carrier concentrations in the 𝑛-type cladding layer,167

quantum wells, and the EBL as functions of the externally applied voltage, as shown in Eq.168

(1), (2), and (5), these expressions can be substituted into the rate equations developed in the169

following section to describe the carrier transport process in the LED.170

2.3. Rate Equations171

The single-particle rate equations methodology [35], which describes the carrier transport and172

recombination’s physical processes, is employed to characterize the LED’s intrinsic nonlinearity173

of the electro-optical conversion. The internal physical processes of the LED are structured as174

follows:175

From the 𝑛 side perspective shown in Fig. 2, electrons injected from the 𝑛-doped GaN cladding176

layer drift and diffuse into the MQW layers. Within each well, electrons partially recombine with177

holes, and the remainder diffuses towards the adjacent well. In the last well denoted by𝑚, electrons178

cross the EBL barrier forming leakage. During the transport process, radiative recombination179

ℛ𝑟, generating photons, occurs only in MQW layers. The non-radiative recombination ℛ𝑛,180

comprising Auger recombination and Shockley–Read–Hall (SRH) recombination, takes place in181

the 𝑛-type cladding layer and quantum wells.182

Several assumptions and approximations are applied to the carrier transport process:183

• Carrier transport follows ambipolar diffusion, assuming both electrons and holes diffuse184

in a coupled manner [36]. The transport process of holes can be represented by that of185

electrons.186



• The process of electrons captured and released from quantum wells is negligible in our187

model due to its associated time of only hundreds of picoseconds [37], which is much188

shorter than the LED’s response time.189

• Interfacial recombination and recombination occurring during carrier crossing of bar-190

riers are neglected because these processes are overly complex and insignificant for191

communication system analysis.192

Based on the above assumptions and approximations, the rate equations describing the LED’s193

internal physical processes are expressed in Eq. (7) to (11).194

𝑑𝑛𝑐

𝑑𝑡
=
𝐼 𝑗 − 𝐼1𝑞
𝑞𝐴𝑐𝐿𝑐

−ℛ𝑛 (𝑛𝑐) (7)

𝑑𝑛1𝑞

𝑑𝑡
=
𝐼1𝑞 − 𝐼2𝑞
𝑞𝐴𝑞𝐿𝑞

−ℛ1𝑞𝑛 (𝑛1𝑞) −ℛ1𝑞𝑟 (𝑛1𝑞) (8)

𝑑𝑛𝑖𝑞

𝑑𝑡
=
𝐼𝑖𝑞 − 𝐼 (𝑖+1)𝑞
𝑞𝐴𝑞𝐿𝑞

−ℛ𝑖𝑞𝑛 (𝑛𝑖𝑞) −ℛ𝑖𝑞𝑟 (𝑛𝑖𝑞) (9)

𝑑𝑛𝑚𝑞

𝑑𝑡
=
𝐼𝑚𝑞 − 𝐼𝑏
𝑞𝐴𝑞𝐿𝑞

−ℛ𝑚𝑞𝑛 (𝑛𝑚𝑞) −ℛ𝑚𝑞𝑟 (𝑛𝑚𝑞) (10)

𝑑𝑠

𝑑𝑡
=

𝑚∑︁
𝑖=1

𝛽𝑠𝑝ℛ𝑖𝑞𝑟 (𝑛𝑖𝑞) −
𝑠

𝜏𝑝ℎ
(11)

The variables in the 𝑛-type cladding layer, quantum wells, and EBL are distinguished by the195

subscripts 𝑐, 𝑞, and 𝑏, respectively. 𝐼 𝑗 represents the current injected into the LED from the196

𝑛-type cladding layer. The subscript 𝑖𝑞 denotes the variables of the 𝑖-th quantum well from the 𝑛197

side to the 𝑝 side. Eq. (7) to (10) illustrate the dynamic equilibrium of electrons in each layer.198

The rate of electron non-equilibrium concentration change equals the net injected electrons minus199

the recombination rate. Eq. (11) describes that the rate of change in photons density equals200

the total photons generated from each quantum well minus the photons lost to absorption. The201

Shockley diode equation [38], expressed by Eq. (12), is used to describe the relationship between202

the junction voltage 𝑉 𝑗 and injected current 𝐼 𝑗 of the LED. The leakage current 𝐼𝑏 is calculated203

by the quantity of charge in the EBL divided by the effective space transport time [39], as shown204

in Eq. (13).205

𝐼 𝑗 = 𝐼𝑠 (exp(
𝑞𝑉 𝑗

[𝑘𝐵𝑇
) − 1) (12)

𝐼𝑏 =
𝑞𝐴𝑏𝐿𝑏𝑛𝑏

𝜏𝑏
(13)

The radiative and non-radiative recombination rate (ℛ𝑟 and ℛ𝑛) are determined based on206

the well-known ABC model [40] which uses a third-order polynomial equation to represent the207

recombination rate.208

ℛ𝑟 = 𝛾2𝑛
2 (14)

ℛ𝑛 = 𝛾1𝑛 + 𝛾3𝑛
3 (15)

The first and third-order terms represent the non-radiative recombination, which consists of209

the SRH and Auger recombination. The second-order term represents radiative recombination.210



To distinguish them from other parameters, 𝛾1, 𝛾2, and 𝛾3 are used as coefficients for the first,211

second, and third orders of the polynomial, respectively. The coefficients are considered constant212

in each layer.213

Eq. (7) to (15) illustrate the carrier transport process from injection to leakage. By substituting214

the analytical solution of carrier concentration, the physical parameters and the bias voltage of215

the LED are correlated with the rate equations. From the above analysis, the equivalent circuit of216

the GaN MQW LED can be developed.217

Fig. 3. The equivalent circuit of GaN MQW LED.

3. Equivalent Circuit of GaN MQW LED218

To incorporate the physical behavior of the GaN MQW LED in VLC systems, an equivalent219

electrical circuit is developed based on the derivations from the previous section. The rate220

equations describing electron transport and photon generation are transformed into an electrical221

loop and an optical loop, respectively. By associating the output light power of the LED with222

the input voltage and current, the electro-optical conversion process is represented by the circuit223

shown in Fig. 3. The derivation of this circuit is detailed below.224

3.1. Electrical Loop225

Setting the junction voltage as 𝑉 𝑗 , the rate equation and the corresponding carrier concentration226

describing the 𝑛-type cladding layer are represented in Eq. (16) and (17). For expressing 𝐼 𝑗 ,227

the rate equation is multiplied by 𝑞𝐴𝑐𝐿𝑐 on both sides, and 𝑑𝑛𝑐
𝑑𝑡

is decomposed by 𝑑𝑛𝑐
𝑑𝑉𝑗

· 𝑑𝑉𝑗

𝑑𝑡
228

resulting in Eq. (18).229

𝑑𝑛𝑐

𝑑𝑡
=
𝐼 𝑗 − 𝐼1𝑞
𝑞𝐴𝑐𝐿𝑐

−ℛ𝑛 (𝑛𝑐) (16)

𝑛𝑐 = 𝑛0 (exp(
𝑞𝑉 𝑗

[𝑘𝐵𝑇
) − 1) (17)

𝐼 𝑗 = 𝑞𝐴𝑐𝐿𝑐
𝑑𝑛𝑐

𝑑𝑉 𝑗
·
𝑑𝑉 𝑗

𝑑𝑡
+ 𝐼1𝑞 + 𝑞𝐴𝑐𝐿𝑐ℛ𝑛 (𝑛𝑐) (18)

where,230

𝑑𝑛𝑐

𝑑𝑉 𝑗
=

𝑞𝑛0
[𝑘𝐵𝑇

exp(
𝑞𝑉 𝑗

[𝑘𝐵𝑇
) (19)

Substituting the differential of carrier concentration (Eq. (19)) into the decomposed rate231

equation (Eq. (18)) and defining the coefficient of the term 𝑑𝑉
𝑑𝑡

as 𝐶𝑐, the transformed circuit232

equation for the 𝑛-type cladding layer is established in Eq. (20).233



𝐼 𝑗 = 𝐶𝑐
𝑑𝑉 𝑗

𝑑𝑡
+ 𝐼1𝑞 + 𝐼𝑛 (20)

where,234

𝐼𝑛 = 𝑞𝐴𝑐𝐿𝑐ℛ𝑛 (𝑛𝑐) = 𝑞𝐴𝑐𝐿𝑐 (𝛾1𝑛𝑐 + 𝛾3𝑛
3
𝑐) (21)

𝐶𝑐 =
𝑞2𝑛0𝐴𝑐𝐿𝑐
[𝑘𝐵𝑇

exp(
𝑞𝑉 𝑗

[𝑘𝐵𝑇
) (22)

In this case, the circuit equation represents the injected current is equal to the current of an235

equivalent voltage-controlled capacitance, plus the non-radiative current and the current flowing236

into the first quantum well, which corresponds to the physical process of the LED. Additionally,237

the units of 𝐶𝑐 and 𝐼𝑛 are 𝐶/𝑉 and 𝐶/𝑠, respectively, aligning with their physical meanings. By238

applying the same methodology to the 𝑚 quantum wells, the remaining carrier rate equations239

(Eq. (8) to (10)) are transformed into circuit equations as shown in Eq. (23) to (25).240

𝐼1𝑞 = 𝐶1𝑞
𝑑𝑉 𝑗

𝑑𝑡
+ 𝐼2𝑞 + 𝐼1𝑞𝑛 + 𝐼1𝑞𝑟 (23)

𝐼𝑖𝑞 = 𝐶𝑖𝑞
𝑑𝑉 𝑗

𝑑𝑡
+ 𝐼 (𝑖+1)𝑞 + 𝐼𝑖𝑞𝑛 + 𝐼𝑖𝑞𝑟 (24)

𝐼𝑚𝑞 = 𝐶𝑚𝑞
𝑑𝑉 𝑗

𝑑𝑡
+ 𝐼𝑏 + 𝐼𝑚𝑞𝑟 + 𝐼𝑚𝑞𝑛 (25)

Moreover, the voltage-controlled capacitance 𝐶𝑖𝑞 , recombination components(𝐼𝑖𝑞𝑟 and 𝐼𝑖𝑞𝑛)241

and leakage 𝐼𝑏 are expressed as Eq. (26) to (29).242

𝐶𝑖𝑞 =
𝑞𝐴𝑞𝐿𝑞𝑛

∗ exp( b (𝑉𝑗 )
𝑘𝐵𝑇

)

𝑘𝐵𝑇 (1 + exp( b (𝑉𝑗 )
𝑘𝐵𝑇

))
· (𝛼1 + 2𝛼2𝑉 𝑗 + 3𝛼3𝑉

2
𝑗 ) (26)

𝐼𝑖𝑞𝑟 = 𝑞𝐴𝑞𝐿𝑞ℛ𝑖𝑞𝑟 (𝑛𝑖𝑞) = 𝑞𝐴𝑞𝐿𝑞 (𝛾2𝑛
2
𝑖𝑞) (27)

𝐼𝑖𝑞𝑛 = 𝑞𝐴𝑞𝐿𝑞ℛ𝑖𝑞𝑟 (𝑛𝑖𝑞) = 𝑞𝐴𝑞𝐿𝑞 (𝛾1𝑛𝑖𝑞 + 𝛾3𝑛
3
𝑖𝑞) (28)

𝐼𝑏 =
𝑞𝐴𝑏𝐿𝑏

𝜏𝑏
𝑛𝑚𝑞 exp(−

𝑞(𝑉𝐷 −𝑉 𝑗 )
𝑘𝐵𝑇

)

=
𝑞𝐴𝑏𝐿𝑏

𝜏𝑏
· 𝑛∗ ln(1 + exp(

b (𝑉 𝑗 )
𝑘𝐵𝑇

)) · exp(−
𝑞(𝑉𝐷 −𝑉 𝑗 )

𝑘𝐵𝑇
)

(29)

3.2. Optical Loop243

The photonic rate equation Eq. (11) describes the relationship of the radiative recombination244

current generating photons. It is multiplied by 𝑞𝐴𝑞𝐿𝑞 on both sides of the equation, formulated in245

Eq. (30). We define the photon voltage 𝑉𝑝ℎ, photon capacitance 𝐶𝑝ℎ, and photon resistance 𝑅𝑝ℎ246

as 𝑉𝑝ℎ = 𝑠𝐴𝑞𝐿𝑞𝑉𝑡ℎ, 𝐶𝑝ℎ = 𝑞/𝑉𝑡ℎ, and 𝑅𝑝ℎ = 𝑉𝑡ℎ𝜏𝑝ℎ/𝑞, respectively. Here, 𝑉𝑡ℎ represents the247

thermal voltage given by𝑉𝑡ℎ = 𝑘𝐵𝑇/𝑞. While the radiative recombination rateℛ𝑖𝑞𝑟 multiplied by248

𝑞𝐴𝑞𝐿𝑞 just right equals to the radiative recombination current 𝐼𝑖𝑞 . Multiplying the spontaneous249

emission coefficient 𝛽𝑠𝑝 with the sum of 𝐼𝑖𝑞 , the photonic current can be expressed as Eq. (31).250



𝑑𝑠

𝑑𝑡
· 𝑞𝐴𝑞𝐿𝑞 =

𝑚∑︁
𝑖=1

𝛽𝑠𝑝ℛ𝑖𝑞𝑟 (𝑛𝑖𝑞) · 𝑞𝐴𝑞𝐿𝑞 −
𝑠 · 𝑞𝐴𝑞𝐿𝑞
𝜏𝑝ℎ

(30)

𝐼𝑝ℎ =

𝑚∑︁
𝑖=1

𝛽𝑠𝑝 𝐼𝑖𝑞𝑟 (𝑛𝑖𝑞) = 𝐶𝑝ℎ
𝑑𝑉𝑝ℎ

𝑑𝑡
+
𝑉𝑝ℎ

𝑅𝑝ℎ
(31)

In the proposed model, the barrier capacitance 𝐶𝑏, situated between the last quantum well251

𝑚 and EBL, and the parasitic resistance 𝑅𝑠 located at contact are considered. The impact of252

parasitic inductance and capacitance is negligible for a device operating within a bandwidth of253

several MHz. With the effective barrier area 𝐴𝑒 𝑓 𝑓 approximation [41], the barrier capacitance is254

determined by Eq. (32).255

𝐶𝑏 = 𝐴𝑒 𝑓 𝑓

[
𝑞𝜖𝑚𝑞𝜖𝑏𝑁𝐴𝑁𝐷

2(𝜖𝑚𝑞𝑁𝐷 + 𝜖𝑏𝑁𝐴)
1

𝑉𝐷 −𝑉 𝑗

] 1
2

(32)

3.3. Output of the equivalent circuit256

Based on the above transformation of rate equations in each layer, the carrier transport and photon257

generation process in LED are equivalent to the current functions of the electrical and optical258

loops, respectively described by Eq. (33) and (34).259

𝐼 𝑗 = 𝐶𝑐
𝑑𝑉 𝑗

𝑑𝑡
+

𝑚∑︁
𝑖=1

(𝐶𝑖𝑞
𝑑𝑉 𝑗

𝑑𝑡
+ 𝐼𝑖𝑞𝑟 + 𝐼𝑖𝑞𝑛) + 𝐼𝑏 (33)

𝐼𝑝ℎ =

𝑚∑︁
𝑖=1

𝛽𝑠𝑝 𝐼𝑖𝑞𝑟 (𝑛𝑖𝑞) = 𝐶𝑝ℎ
𝑑𝑉𝑝ℎ

𝑑𝑡
+
𝑉𝑝ℎ

𝑅𝑝ℎ
(34)

In our model, the output light power 𝑃𝑜𝑢𝑡 of the LED is considered proportional to the photonic260

density 𝑠. Because VLC systems are achieved by Intensity Modulated/Direct Detection (IM/DD)261

mechanism [42]. the detailed derivation of the optical spectrum in [43] is insignificant. A262

coefficient [𝑝ℎ is defined as the light extraction rate to describe the relationship between the263

output light power (𝑃𝑜𝑢𝑡 in Watt) of the LED and the photon voltage 𝑉𝑝ℎ.264

𝑃𝑜𝑢𝑡 (Watt) ∝ 𝑠 (35)

𝑃𝑜𝑢𝑡 (Watt) = [𝑝ℎ𝑉𝑝ℎ (36)

Combining Eq. (33) and (34) with the output power of the LED Eq. (36), the GaN MQW265

LED equivalent circuit is established as Fig. 3. Based on the equivalent circuit, the illumination266

intensity and communication performance are derived from the Direct Current (DC) and small267

signal analysis in the next section.268

4. Illumination intensity and Signal Response of GaN MQW LED269

In a joint communication and illumination scenario, the LED is operated under a large forward270

bias to provide sufficient light for illumination, and an electric signal is imposed on the bias to271

generate the optical signal for communication. Considering the amplitude of the electric signal272

is generally much smaller than that of the bias and the applicability of the proposed model to273

practical VLC systems, the signal response of the LED is derived from a small signal analysis.274

Consequently, the LED’s illumination intensity is composed of the output signal power and275

illumination power driven by the bias voltage.276



4.1. Illumination intensity277

The illumination intensity in our model is quantified in Lux (lx) [44], which measures the level278

of light detected by the human eye. The relationship between Watt and Lux is established in Eq.279

(37), with [𝐿 and 𝐴𝑟𝑒𝑐 representing the efficacy (lm/W) of the LED and the area of the detector,280

respectively.281

𝑃𝐿 (Lux) = 𝑃(𝑊𝑎𝑡𝑡) · [𝐿
𝐴𝑟𝑒𝑐

(37)

To compute the illumination power driven by the bias voltage (𝑃𝐿), a DC analysis is performed282

on the equivalent circuit. After the LED’s bias voltage 𝑉𝑖𝑛 is set, the junction voltage 𝑉 𝑗 remains283

constant, rendering 𝑑𝑉
𝑑𝑡

at zero the barrier capacitance as an open circuit. The total illumination284

intensity of the LED (𝑃𝑜𝑢𝑡 ) is expressed as Eq. (38).285

𝑃𝑜𝑢𝑡 (Lux) = 𝑃𝐿 + 𝑝𝑜𝑢𝑡 (𝑡) (38)

where, 𝑝𝑜𝑢𝑡 (𝑡) represents the LED’s output signal power. The junction voltage 𝑉 𝑗 , the photon286

voltage 𝑉𝑝ℎ, and the radiative current 𝐼𝑖𝑞𝑟 are expressed in Eq. (39) to (41), respectively. The287

illumination power driven by the bias voltage is derived as Eq. (42).288

𝑉 𝑗 = 𝑉𝑖𝑛 − 𝐼 𝑗𝑅𝑠 (39)

𝑉𝑝ℎ = 𝑅𝑝ℎ

𝑚∑︁
𝑖=1

𝛽𝑠𝑝 𝐼𝑖𝑞𝑟 (𝑛𝑖𝑞) (40)

𝐼𝑖𝑞𝑟 = 𝑞𝐴𝑞𝐿𝑞ℛ𝑖𝑞𝑟 (𝑛𝑖𝑞) = 𝑞𝐴𝑞𝐿𝑞 (𝛾2𝑛
2
𝑖𝑞) (41)

𝑃𝐿 =
[𝐿[𝑝ℎ𝑅𝑝ℎ

𝐴𝑟𝑒𝑐
·
𝑚∑︁
𝑖=1

𝛽𝑠𝑝𝑞𝐴𝑞𝐿𝑞𝛾2𝑛
2
𝑖𝑞

=
[𝐿[𝑝ℎ𝑅𝑝ℎ

𝐴𝑟𝑒𝑐
·
𝑚∑︁
𝑖=1

𝛽𝑠𝑝𝑞𝐴𝑞𝐿𝑞𝛾2 · [𝑛∗ ln(1 + exp(
b𝑖𝑞 (𝑉𝑖𝑛 − 𝐼 𝑗𝑅𝑠)

𝑘𝐵𝑇
))]2

(42)

4.2. Signal Response of GaN MQW LED289

Bias Voltage: 

Fig. 4. The small-signal equivalent circuit of GaN MQW LED.

The signal response of the GaN MQW LED is derived through a small-signal analysis. Fig. 4290

illustrates the small-signal equivalent circuit model of the LED. The small-signal components291

are differentiated by the use of lowercase symbols. The bias voltage applied to the small-signal292

equivalent circuit is supposed as 𝑉𝑖𝑛, while the quiescent junction voltage is symbolized as 𝑉 𝑗 .293

Proceeding from the presumed quiescent point of the small-signal equivalent circuit, the impulse294



response of the LED ℎ𝑙𝑒𝑑 describing the relationship between the input signal 𝑠𝑡 𝑥 (𝑡) and the295

power of the output optical signal 𝑝𝑜𝑢𝑡 (𝑡) is derived in the following.296

All voltage-controlled current sources in the previous equivalent circuit, shown in the Fig. 3,297

are equivalent to the small signal resistances under the supposed quiescent junction voltage 𝑉 𝑗 ,298

denoted by 𝑟𝑛, 𝑟𝑖𝑞𝑟 , 𝑟𝑖𝑞𝑛, and 𝑟𝑏 and expressed in Eq. (43) to (46).299

1
𝑟𝑛

=
𝑑𝐼𝑛

𝑑𝑉

����
𝑉=𝑉𝑗

= 𝑞𝐴𝑐𝐿𝑐𝑁𝑐 (𝛾1 + 3𝛾3 · 𝑛2
𝑐) (43)

1
𝑟𝑖𝑞𝑟

=
𝑑𝐼𝑖𝑞𝑟

𝑑𝑉

����
𝑉=𝑉𝑗

= 2𝑞𝐴𝑞𝐿𝑞𝑁𝑖𝑞 · 𝛾2 · 𝑛𝑖𝑞 (44)

1
𝑟𝑖𝑞𝑛

=
𝑑𝐼𝑖𝑞𝑛

𝑑𝑉

����
𝑉=𝑉𝑗

= 𝑞𝐴𝑞𝐿𝑞𝑁𝑖𝑞 (𝛾1 + 3 · 𝛾3𝑛
2
𝑖𝑞) (45)

1
𝑟𝑏

=
𝑑𝐼𝑏

𝑑𝑉

����
𝑉=𝑉𝑗

=
𝑞𝐴𝑏𝐿𝑏

𝜏𝑏
𝑁𝑏 (46)

where, 𝑁𝑐, 𝑁𝑖𝑞 , and 𝑁𝑏 represent the differential of non-equilibrium carrier concentration in300

each layer derived as Eq. (47) to (49).301

𝑁𝑐 =
𝑑𝑛𝑐

𝑑𝑉

����
𝑉=𝑉𝑗

=
𝑞𝑛0
[𝑘𝐵𝑇

exp(
𝑞𝑉 𝑗

[𝑘𝐵𝑇
) (47)

𝑁𝑖𝑞 =
𝑑𝑛𝑖𝑞

𝑑𝑉

����
𝑉=𝑉𝑗

=
𝑛∗ exp( b (𝑉𝑗 )

𝑘𝐵𝑇
)

𝑘𝐵𝑇 (1 + exp( b (𝑉𝑗 )
𝑘𝐵𝑇

))
· (𝛼1 + 2𝛼2𝑉 𝑗 + 3𝛼3 (𝑉 𝑗 )2) (48)

𝑁𝑏 =
𝑑𝑛𝑏

𝑑𝑉

����
𝑉=𝑉𝑗

= 𝑁𝑚𝑞 exp(
𝑞(𝑉 𝑗 −𝑉𝐷)

𝑘𝐵𝑇
) +

𝑞𝑛𝑚𝑞

𝑘𝐵𝑇
exp(

𝑞(𝑉 𝑗 −𝑉𝐷)
𝑘𝐵𝑇

) (49)

All voltage-controlled capacitances, denoted by 𝐶𝑐, 𝐶1𝑞 , ..., 𝐶𝑚𝑞 , and 𝐶𝑏, are calculated by302

substituting the quiescent junction voltage 𝑉 𝑗 , as detailed in the previous section, in accordance303

with Eq. (22), (26), and (32). To provide a clear representation, the small signal equivalent circuit304

is segmented into different parts based on the layer of the LED. The impedance of 𝑛-type cladding305

layer, quantum well, and EBL are assigned as 𝑍𝑐, 𝑍𝑖𝑞 , and 𝑍𝑏 respectively, which are further306

summed up to calculate the impedance of the electrical loop indicated by 𝑍𝐸 . The photonic307

loop’s impedance is expressed as 𝑍𝑝ℎ, which comprises photon resistance and capacitance.308

Considering the impedance of the signal source 𝑍𝑠 , we derive the transfer function of GaN MQW309

LED in units of (Watt/V) as shown in Eq. (56).310

𝑍𝑐 =
𝑟𝑛

1 + 𝑗𝜔𝐶𝑐𝑟𝑛
(50)

𝑍𝑖𝑞 =
𝑟𝑖𝑞𝑟𝑟𝑖𝑞𝑛

𝑟𝑖𝑞𝑟 + 𝑟𝑖𝑞𝑛 + 𝑗𝜔𝑟𝑖𝑞𝑟𝑟𝑖𝑞𝑛𝐶𝑖𝑞
(51)

𝑍𝑏 =
𝑟𝑏

1 + 𝑗𝜔𝐶𝑏𝑟𝑏
(52)

𝑍𝐸 = ( 1
𝑍𝑐

+ 1
𝑍𝑏

+
𝑚∑︁
𝑖=1

1
𝑍𝑖𝑞

)−1 (53)

𝑍𝑝ℎ =
𝑅𝑝ℎ

1 + 𝑗𝜔𝑅𝑝ℎ𝐶
(54)



𝑝𝑜𝑢𝑡 ( 𝑗𝜔) = 𝑠𝑡 𝑥 ( 𝑗𝜔) ·
[𝑝ℎ𝛽𝑠𝑝𝑍𝐸𝑍𝑝ℎ

𝑍𝐸 + 𝑅𝑠 + 𝑍𝑠
·
𝑚∑︁
𝑖=1

1
𝑟𝑖𝑞𝑟

(55)

𝐻𝑙𝑒𝑑 (𝑉𝑖𝑛, 𝑗𝜔) =
𝑝𝑜𝑢𝑡 ( 𝑗𝜔)
𝑠𝑡 𝑥 ( 𝑗𝜔)

=
[𝑝ℎ𝛽𝑠𝑝𝑍𝐸𝑍𝑝ℎ

𝑍𝐸 + 𝑅𝑠 + 𝑍𝑠
·
𝑚∑︁
𝑖=1

1
𝑟𝑖𝑞𝑟

(56)

To obtain the transfer function of GaN MQW LED in a real-time communication system, the311

impulse response is derived by employing an inverse Fourier Transform shown in Eq. (57).312

ℎ𝑙𝑒𝑑 (𝑉𝑖𝑛, 𝑡) = F −1 (𝐻𝑙𝑒𝑑 (𝑉𝑖𝑛, 𝑗𝜔)) =
1

2𝜋

∫ ∞

−∞

[𝑝ℎ𝛽𝑠𝑝𝑍𝐸𝑍𝑝ℎ

𝑍𝐸 + 𝑅𝑠 + 𝑍𝑠
·
𝑚∑︁
𝑖=1

1
𝑟𝑖𝑞𝑟

· 𝑒− 𝑗𝜔𝑡𝑑𝜔 (57)

4.3. VLC Transmission Link Model313

To assess the applicability of the proposed model integration into practical VLC systems, a314

typical VLC channel model and a linear response of a VLC receiver are united with the LED315

model forming a basic VLC transmission link model. In this paper, the Non-Line-of-Sight316

(NLoS) propagation is ignored, and the VLC receiver is considered comprising of an Avalanche317

Photodiode (APD) and a Transimpedance Amplifier (TIA).318

Lambertian radiation relationship, employed as a channel model in most VLC research [20], is319

expressed in Eq. (58). In this model, the time delay of light propagation is negligible due to the320

transmission distance being far smaller than the light speed.321

ℎ𝑐 (𝐷, 𝜓, \, 𝑡) = 𝛿(𝑡) ·
(` + 1) ∗ 𝐴𝑟𝑒𝑐 ∗ 𝑐𝑜𝑠(𝜓)` ∗ 𝑐𝑜𝑠(\)

2𝜋𝐷2
(58)

` =
− ln 2

ln cosΦ1/2
(59)

where, \, 𝜓, Φ1/2 are the angle of transmission direction, angle of receiving direction, and322

semi-angle at half-power of the LED. ` and 𝐷 are the order of Lambertian radiation and distance323

between LED and APD, respectively.324

According to the modulation bandwidth and frequency response flatness of APDs are much325

better than that of the LED [45]. The response of the VLC receiver is calculated as the gain326

of TIA 𝐺𝑎𝑚 (V/A), multiplying the integral of the photo-sensitivity ^ (A/W) on the optical327

spectrum. Assuming the maximum and the minimum wavelength emitted by the LED as _𝑚𝑎𝑥328

and _𝑚𝑖𝑛, the response of the receiver in units of (V/Watt) is expressed as Eq. (60).329

ℎ𝑟 𝑥 (_𝑚𝑖𝑛,𝑚𝑎𝑥 , 𝑡) = 𝛿(𝑡)𝐺𝑎𝑚
∫ _𝑚𝑎𝑥

_𝑚𝑖𝑛

^(_)𝑑_ (60)

The time response model of the VLC transmission link is derived in unite of (V/V) by330

convolution (denoted by ⊗ ) our proposed GaN MQW LED model with the channel and receiver331

model, and adding a random noise 𝜎𝑛, shown in Eq. (61).332

ℎ𝑣𝑙𝑐 (𝑉𝑖𝑛, 𝑡,𝐷, 𝜓, \, _𝑚𝑖𝑛,𝑚𝑎𝑥 , 𝑡) = ℎ𝑙𝑒𝑑 (𝑉𝑖𝑛, 𝑡) ⊗ ℎ𝑐 (𝐷, 𝜓, \, 𝑡) ⊗ ℎ𝑟 𝑥 (_𝑚𝑖𝑛,𝑚𝑎𝑥 , 𝑡) + 𝜎𝑛
(61)

The IM/DD property of VLC systems requires a real value for the electrical signal as an input.333

For any modulated complex signal, an In-Phase and Quadrature (IQ) modulation is applied to334



transform the complex signal into real with the central frequency 𝜔𝑐. A transmitted signal 𝑠𝑡 𝑥 (𝑡)335

and the IQ modulation denoted byM are expressed as Eq. (62) and (63).336

𝑠𝑡 𝑥 (𝑡) = 𝑎(𝑡) + 𝑗 𝑏(𝑡) (62)
337

M(𝑠𝑡 𝑥 (𝑡), 𝜔𝑐) = 𝑎(𝑡) · 𝑐𝑜𝑠(𝜔𝑐𝑡) − 𝑏(𝑡) · 𝑠𝑖𝑛(𝜔𝑐𝑡) (63)

where, 𝑎(𝑡) and 𝑏(𝑡) are the real and imaginary signal, respectively. The received signal338

(𝑠𝑟 𝑥 (𝑡)) from the VLC transmission link and the total illumination intensity provided by the LED339

(𝑃𝑜𝑢𝑡 ) are expressed as Eq. (64) and (65).340

𝑠𝑟 𝑥 (𝑡) = ℎ𝑣𝑙𝑐 (𝑉𝑖𝑛, 𝑡, 𝐷, 𝜓, \, _𝑚𝑖𝑛,𝑚𝑎𝑥 , 𝑡) ⊗M(𝑠𝑡 𝑥 (𝑡), 𝜔𝑐) (64)

𝑃𝑜𝑢𝑡 (𝑉𝑖𝑛, 𝑠𝑡 𝑥 , 𝑡) = 𝑃𝐿 +
[𝐿𝑠𝑡 𝑥 (𝑡) ⊗ ℎ𝑙𝑒𝑑 (𝑉𝑖𝑛, 𝑡)

𝐴𝑟𝑒𝑐
(65)

Table 1. The Parameters of the Validation

Material Parameters of the Sample LED.
∗ Collection from References [46, 47]; + Setting from typical value range

Definition Symbol Value Unite
+Transection area of cladding layer, quantum well and EBL 𝐴𝑐,𝑞,𝑏 1 × 10−8 𝑐𝑚2

∗Spontaneous emission coefficient 𝛽𝑠𝑝 1 × 10−4 𝑐𝑚2

∗Dielectric constant 𝜖0 8.85 × 10−12 𝐹/𝑚
∗Relative dielectric constant of InGaN 𝜖𝑟 10.2 𝑒𝑉

∗Semi-angle at half power of LED Φ 60 ◦

∗Reduced Plank constant ℏ 1.05 × 10−34 𝐽 · 𝑠
∗Boltzmann constant 𝑘𝐵 1.38 × 10−23 𝐽/𝐾
+Thickness of cladding layer 𝐿𝑐 5 × 10−5 𝑐𝑚

+Thickness of quantum well 𝐿𝑞 1.5 × 10−6 𝑐𝑚

+Thickness of EBL 𝐿𝑏 6 × 10−6 𝑐𝑚

+Number of quantum well 𝑚 3
∗Mass of electron 𝑚0 9.11 × 10−31 𝑘𝑔

∗Effective mass of electrons in perpendiculars direction(GaN) 𝑚∗
⊥ 0.2 · 𝑚0 𝑘𝑔

+Efficacy of LED [𝐿 100 𝑙𝑚/𝑊
∗Elementary charge 𝑞 1.6 × 10−19 𝐶

+Temperature 𝑇 300 K
+Photons lifetime 𝜏𝑝ℎ 1 × 10−13 𝑠

∗Thermal voltage 𝑉𝑡ℎ 0.026 𝑉

Parameters of Channel and Transceiver
∗Effective area of photo-receiver 𝐴𝑟𝑒𝑐 1.96 × 10−3 𝑐𝑚2

+Distance between LED and receiver 𝐷 10 𝑐𝑚

+Semi-angle at half power of LED Φ 45 ◦

+Transceiver angle 𝜓, \ 0 ◦

∗Gain of TIA 𝐺𝑎𝑚 20 𝑑𝐵

∗Load resistance of receiver 𝑅𝑙𝑜𝑎𝑑 50 Ω

∗Output impedance of signal source 𝑍𝑠 50 Ω



5. Experimental Validation341

A commercial white LED, comprising an InGaN/GaN blue LED chip and a Yttrium Aluminum342

Garnet (YAG) phosphor, serves as a sample to validate the proposed GaN MQW LED model.343

The LED chip features a three-quantum-well structure similar to the theoretical model shown in344

Fig. 1. The parameters of the LED’s materials and the transceiver circuits are obtained from345

references and datasheets remarked by ∗ in Tab 1. The parameters absent from the datasheet are346

set from their typical value ranges, denoted by +. The influence of the phosphor is temporarily347

replaced by constant attenuation and delay during light extraction from the LED chip. The348

proposed GaN MQW LED model is validated by comparing the consistency between the model349

prediction and the sample LED’s measurement. Among the validation, the model’s precision in350

characterizing the LED’s non-linear impact on (i) device performance; (ii) transmitted signal;351

and (iii) joint illumination and communication VLC system performance are evaluated to verify352

its functionality for VLC system design and optimization. The setup of the validations is outlined353

below.354

Fig. 5. Experimental setup: (a) The LED device characteristics testbed. (b) The VLC
system performance testbed.

5.1. Validation setup355

Among the assessment of LED’s nonlinear impact, the sample LED is integrated into an LED356

device characteristics testbed and a VLC system performance testbed for measurement, shown357

in Fig. 5. The emulation process of the proposed model is depicted in Fig. 6. During358

the measurement, the noise floor 𝜎𝑚 of the VLC transmission link is recorded and applied359

to the model estimated signal 𝑠𝑒𝑠𝑡𝑟 𝑥 (𝑡) to ensure the emulation at the same noise level as the360

measurements.361

First, the proposed model characterizing LED’s nonlinear impact on device performance is362

validated by fitting the model to the measurements obtained from the sample LED depicted in363

Fig. 5 (a). A KEYSIGHT E5061B network analyzer generates a signal swept over frequency364

transmitted over the VLC transmission link, which contains a Bias-T, the sample LED, the optical365

wireless channel, an APD, and a TIA, to calculate the power transfer function (𝑆21). Substituting366

all the known parameters, the LED’s power transfer function could be fitted. Meanwhile, an367



accurate voltage and current source, KEYSIGHT E36234, serving as the power supply, records368

the bias voltage and the injected current. Additionally, a photometer is put next to the LED to369

measure the output illumination intensity on each bias voltage. The electro-optical conversion370

property is fitted by the bias voltage, injected current, and output illumination intensity.371

Fig. 6. The emulation process of the proposed model.

Second, the model characterizing the LED’s nonlinear impact on the transmitted signal is372

validated by the VLC system performance testbed, shown in Fig. 5 (b). A 32-Quadrature373

Amplitude Modulation (QAM) Orthogonal Frequency Division Multiplexing (OFDM) signal374

generated in a Personal Computer (PC) is sent to the Universal Software Radio Peripheral (USRP)375

by the GNU Radio framework to transform the digital signal into an analog signal [48]. The376

transformed analog signal passed through the VLC transmission link and was collected back377

to demodulate and draw the constellation diagram. During the measurement, all components378

except the sample LED were guaranteed in a linear working range to avoid amplitude and phase379

distortion. The channel attenuation was measured and compensated on the received signal. Thus,380

the shifting of the constellation diagram almost entirely reflects the LED’s nonlinear impact381

on the transmitted signal. Fig. 6 illustrates the process of the proposed model emulating the382

measurement in MATLAB. The noise floor during the measurement is recorded and applied to the383

model estimated signal 𝑠𝑒𝑠𝑡𝑟 𝑥 (𝑡) to ensure the emulation at the same noise level as the measurements.384

Employing MATLAB emulation, the model estimated constellation diagram is generated. To385

emphasize the significance of the proposed LED model, a conventional Additive White Gaussian386

Noise (AWGN) model, used in most VLC research to represent the LED nonlinearity, replaces387

the proposed GaN MQW LED model in the emulation, forming a control group. Comparing the388

measured, our LED model estimated, and the AWGN model estimated constellation diagrams389

reflects the proposed model’s performance.390

Thirdly, considering the dual functionality of the VLC system, illumination and communication,391

the proposed model reflecting the LED’s nonlinear impact on VLC system performance is validated392

in a practical joint illumination and communication scenario. Employing the same method of393

measurement and emulation as the previous validation, shown in Fig. 5(b) and Fig. 6, where the394

center frequency 𝑓𝑐 of the input signal was swept to cover general commercial LED’s bandwidth,395

and the bias voltage 𝑉 was varied to generate a practical indoor illumination intensity [49]. The396

Error Vector Magnitudes (EVM) of the signal transmission, employed as the indicator of system397

performance, are calculated from measurement and model estimation. The comparison of the398

error between them indicates the validation result.399



5.2. The LED Device Performance400

Table 2. Fitted and Calculated Parameters.

Fitted Parameters Values Calculated Parameters Values

𝛼1 −10.45 𝐶𝑐 |𝑉=3.1−3.5 {4.54𝑛𝐹, 7.12𝑛𝐹, 9.94𝑛𝐹, 13.60𝑛𝐹, 17.22𝑛𝐹}

𝛼2 4.10

𝛼3 0 𝐶𝑞 |𝑉=3.1−3.5 {5.41𝑛𝐹, 7.95𝑛𝐹, 10.70𝑛𝐹, 14.30𝑛𝐹, 17.87𝑛𝐹}

𝛾1 6 × 109

𝛾2 3 × 10−15 𝑟𝑛 |𝑉=3.1−3.5 {34.51Ω, 20.20Ω, 12.80Ω, 7.75Ω, 5.01Ω}

𝛾3 6 × 10−38

[ 3.07 𝑟𝑞𝑛 |𝑉=3.1−3.5 {0.33Ω, 0.18Ω, 0.11Ω, 0.07Ω, 0.05Ω}

𝐼𝑠 3 × 10−17 𝐴

𝑅𝑠 1.56 Ω 𝑟𝑞𝑟 |𝑉=3.1−3.5 {0.55Ω, 0.33Ω, 0.23Ω, 0.16Ω, 0.12Ω}

𝑉𝐷 3.3 𝑉

Z1 · [𝑝ℎ 0.16 𝑟𝑏 |𝑉=3.1−3.5 {357.21Ω, 68.26Ω, 19.71Ω, 6.03Ω, 2.45Ω}

Z2 · 𝐶𝑏 |𝑉=3.1−3.5 {479.22𝑛𝐹, 869.02𝑛𝐹, 1.15`𝐹, 1.44`𝐹, 1.93`𝐹} 𝑅𝑝ℎ 16.25𝐾

𝑃𝑛𝑙𝑜𝑠 |𝑉=3.1−3.5 {15𝑑𝐵, 14𝑑𝐵, 12𝑑𝐵, 10𝑑𝐵, 9𝑑𝐵} 𝐶𝑝ℎ 6𝑎𝐹

(a) (b)

Fig. 7. The fitting results: (a) The bias voltage (V), injected current (I), and output
illuminance(P) of the LED. (b) The LED’s 𝑆21 at the applied voltage from 3.1V to
3.5V.

The model’s parameters, tied to the material and physical structure of the LED, are calculated401

from references of the sample LED depicted in the right section of Tab. 2. Parameters arising402

from simplifying the LED’s physical processes are fitted from the measurements shown on the403

left side of Tab. 2. The fitting results of the DC characteristics and the power transfer function404

are shown in Fig. 7 (a) and Fig. 7 (b), respectively. the attenuation and delay effects of YAG405

phosphorus are provisionally represented by multiplying factors Z1 and Z2 with the light extraction406

rate [𝑝ℎ and the barrier capacitance 𝐶𝑏, respectively. The channel is solely calculated for the407

LoS propagation, while the NLoS transmission is adjusted as a constant compensation 𝑃𝑛𝑙𝑜𝑠 .408

According to the fitted and calculated parameters listed in Tab. 2, the diffusion capacitance in409

the cladding layer 𝐶𝑐, quantum well 𝐶𝑞 , and EBL Z2 · 𝐶𝑏 escalates in relation to the injection410

level due to the increasing charge amount, consistent with physical principles. The non-radiative411

recombination resistance in the cladding layer 𝑟𝑛 is two orders of magnitude higher than that412



in the quantum well, indicating that the recombination current is primarily concentrated in the413

quantum well. This observation aligns with the theoretical distribution of carrier concentration414

within the LED. When comparing the radiative and non-radiative recombination resistances415

in the quantum well (𝑟𝑞𝑛, 𝑟𝑞𝑟 ) and the barrier resistance (𝑟𝑏), 𝑟𝑞𝑛 and 𝑟𝑏 decrease at a much416

faster rate than 𝑟𝑞𝑟 . This outcome suggests an increased proportion of non-radiative current and417

leakage current in the total current, concomitant with the injection level. This phenomenon is418

characteristic of the GaN MQW LED, known as efficiency droop. Consequently, the derived419

model adheres to physical principles and accurately mirrors well-known physical phenomena.420

The fitting results for the DC characteristics of the LED are depicted in Fig. 7 (a). It is421

evident that the proposed model accurately represents the relationship between the LED’s bias422

voltage (V), injected current (I), and illumination intensity (P). Minor fitting discrepancies at high423

injection levels are attributed to the diminishing accuracy of the photometer during measurements.424

Fig. 7 (b) presents the fitting outcomes for the LED’s power transfer function (𝑆21) under varying425

bias voltages. The power transfer function demonstrates a decline as the bias voltage increases.426

The errors at low bias voltages are higher than those at higher voltages, presumably due to the427

approximation of the model. At low injection level, ignoring the interfacial state effects [50]428

and quantum wells coupling leads to slightly inaccurate carrier concentration influences the429

estimation results.430

5.3. Impact of LED’s Nonlinearity on Transmitted Signal431

(a) (b) (c)

Fig. 8. Constellation diagram of received 32-QAM OFDM signal at central frequency
𝑓𝑐=3MHz, bias voltage 𝑉=3.1V: (a) Measured. (b) Proposed model estimated. (c)
AWGN model estimated.

The estimated and measured constellation diagrams of the received signals at 3.1V bias and432

3MHz central frequency are displayed in Fig. 8. The measured constellation diagram indicates433

visually in Fig. 8 (a) that the signal transmission through the VLC system is distorted by the434

LED’s nonlinearity even though the signal frequency and power operate within a linear working435

range. Fig. 8 (b) reflects the distortion from the LED’s nonlinearity can be predicted by the436

proposed model. However, in the same emulation setup, employing the AWGN model to represent437

LED’s nonlinearity, as most VLC research applied, cannot predict such huge distortion from438

the LED, shown in Fig. 8 (c). The comparison of the results reveals that the LED has a strong439

nonlinear impact on the transmitted signal. Ignoring or considering this impact as ambient noise440

to design or optimize VLC systems is inaccurate.441

5.4. Joint illumination and communication scenario validation442

To evaluate the proposed LED model’s applicability and accuracy in a realistic VLC system, a443

practical joint illumination and communication scenario validation is implemented. The central444



(a) (b)

Fig. 9. The EVM distribution of the VLC transmission when the input signal’s central
frequency and the LED’s illumination intensity are varied. (a) Estimated by the
proposed model. (b) Measured by the VLC system performance testbed.

frequency of the input signal is swept from 1MHz to 5MHz, and the bias voltage is set from445

3.1V to 3.5V to generate the illumination intensity within 8 × 104 lx and 1.6 × 105 lx. It is446

measured closely against the LED. The EVM of the VLC transmission under various conditions is447

employed as an indicator of the VLC system performance. To clearly compare the measurement448

and emulation results, the gaps between test points are filled by interpolation forming the EVM449

distribution displayed in Fig. 9.450

The results are discussed within the EVM range below 30% to guarantee communication451

quality. The results reveal a similar trend in both the estimated and measured EVM distribution452

under differing signal central frequencies and LED output illumination. Both the estimation and453

measurement substantiate that signal distortion worsens in proportion to the signal frequency454

and LED illumination intensity. Consequently, it is insufficient to investigate the communication455

performance of VLC systems in isolation. Joint illumination and communication LED model is456

necessary for a comprehensive evaluation of VLC systems.

Table 3. The error distribution between the measured and model estimated EVM

Bias/V → P/lx

𝑓𝑐 /Hz
1MHz 2MHz 3MHz 4MHz 5MHz

3.1V→80.6klx 5.6% 2.7% 2.0% 2.4% 3.1%

3.2V→98.7klx 6.2% 3.0% 1.2% 2.0% 4.6%

3.3V→119.0klx 6.4% 2.9% 1.4% 0.6% 4.6%

3.4V→138.0klx 7.0% 4.0% 0.7% 0.1% 5.0%

3.5V→157.4klx 8.1% 3.1% 0.9% 0.3% 7.2%

457

The error of each test point between the estimated and measured values are depicted in Tab.458

3, calculated as the measured EVM subtracted from the estimated EVM. The error distributes459

following the frequency characteristics. The error near 1MHz is significantly higher than those at460

other frequencies due to its proximity to the working boundary of the USRP. The error between461

3MHz to 4MHz can be negligible when the LED’s illumination intensity increases from low462

to high. It indicates the proposed model perfectly predicts the LED’s nonlinear impact on463

VLC transmission with varied signal frequency and LED illumination intensity. Starting from464

5MHz, both the measured and model-estimated EVM increase rapidly, in particular at high LED465



illumination intensity. The errors between them become meaningless once the EVM exceeds466

30%. Although the disturbances coming from NLoS transmission, device thermal noise, and467

phosphor nonlinearity slightly influence the prediction results, the main nonlinear distortion of468

the VLC transmission caused by the LED is characterized by the proposed model.469

6. Conclusion470

This paper introduces a joint illumination and communication Gallium Nitride (GaN) Multiple471

Quantum Well (MQW) Light Emitting Diodes (LEDs) model tailored for Visible Light Com-472

munication (VLC) systems. The proposed model, grounded in the LED’s physical properties,473

characterizes the inherent nonlinearity of the LED’s electro-optic conversion. To facilitate474

real-world applications, the model is transformed into an equivalent circuit. The LED’s signal475

response and output illumination intensity are derived and linked to the bias voltage. A commer-476

cial phosphor LED, possessing a structure akin to the theoretical model, is used as a sample LED477

for experimental validation, which is conducted to assess the applicability and accuracy of the478

proposed modeling methodology as well as the ability of the established model to accurately479

characterize the LED’s nonlinear impact on VLC system performance.480

The validation results confirm that the proposed model can accurately characterize the481

LED’s nonlinearity and effectively predict its impact on the VLC system. Furthermore, both482

the experimental and model-based predictions indicate that the performance of the VLC483

system deteriorates as the LED’s illumination intensity and the transmitted signal’s frequency484

increase. This underscores the importance of our work, highlighting that a joint illumination and485

communication LED model is a critical tool for VLC system analysis and optimization.486

The error analysis of the validation results illustrates future research directions. Initially, an487

investigation into the Non-Line-of-Sight (NLoS) VLC transmission model will aim to enhance488

channel estimation accuracy. This will be merged with the proposed LED model to predict489

system performance in a more intricate and realistic setting. Subsequently, a phosphor model490

will be developed to collaborate with the proposed model, thereby forming a complete LED lamp491

model. The lamp model will then be employed to investigate commercial scenarios of VLC492

systems.493
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Appendix I.499

In quantum wells, the non-equilibrium electrons are degenerated and considered as 2DEG. A500

self-consistent approach [34] based on the Schrödinger equation and the Poisson equation in 𝑧501

direction is employed to derive the electrons concentration in quantum well expressed by Eq.502

(66) and (67). With the effective mass approximation, the step-like state density of electrons for503

each subband is determined by Eq. (68). The sheet charge density caused by polarization is504

calculated by Eq. (69).505

1
𝑑𝑧

(𝜖0𝜖𝑞
𝑑𝜑𝑞 (𝑧)
𝑑𝑧

) = −𝑞(𝑁+
𝐷 (𝑧) − 𝑛𝑞 (𝑧)) + 𝜌𝑠𝛿(𝑧 − 𝑧0) (66)

− ℏ

2𝑚∗
⊥

𝑑2Ψ(𝑧)
𝑑𝑧2

+ 𝑞𝜑𝑞 (𝑧)Ψ(𝑧) = 𝐸𝑛Ψ(𝑧) (67)

𝜎(𝐸𝑛) =
𝑚∗

⊥
𝜋ℏ2𝐿𝑞

(68)



Table 4. Definition of Terms.

Terminology Definition Terminology Definition

𝐴 Ampere 𝑛𝑐,𝑞,𝑏 Non-equilibrium carriers concentration of the layer

𝐴𝑐,𝑞,𝑏 Transection area of each layer 𝑛0 Equilibrium minority concentration of the layer

𝐴𝑒 𝑓 𝑓 Effective area of barrier 𝑁+
𝐷

Ionized donors density

𝐴𝑟𝑒𝑐 Area of photo-receiver [ Ideal factor of diode

𝛼1,2,3 Coefficient of the fitting curve b [𝐿 Efficacy of LED

𝛽𝑠𝑝 Spontaneous emission coefficient [𝑝ℎ Light extraction rate

𝐶 Capacitance of each layer 𝑃 Power

𝐷 Distance between LED and VLC receiver 𝑞 Elementary charge

𝛾1 Coefficient of the SRH recombination ℛ𝑛 Non-radiative recombination rate

𝛾2 Coefficient of the radiative recombination ℛ𝑟 Radiative recombination rate

𝛾3 Coefficient of the Auger recombination \ Angle of receiving direction in VLC channel

𝐸 𝑓 𝑛 Quasi-Fermi level of electrons 𝑅 Constant resistance

𝐸 𝑓 𝑝 Quasi-Fermi level of holes 𝑟 Differential resistance

𝜖0 Dielectric constant 𝜌𝑠 Polarization charge density

𝜖𝑟 Relative dielectric constant 𝑠 Photons density

𝜑 Potential energy in quantum well 𝜎 State density of electrons

Φ 1
2

Semi-angle at half-power of LED 𝜎𝑛 Radom noise of VLC system

ℏ Reduced Planck constant 𝑇 Temperature

𝐼𝑐,𝑞,𝑏 Current of each layer 𝜏𝑏 Effective space transport time

𝐼 𝑗 Injected current of LED 𝜏𝑝ℎ Photons lifetime

𝐼𝑠 Reverse bias saturation current 𝑉𝐷 Potential difference of barrier

𝑘𝐵 Boltzmann constant 𝑉𝑝ℎ Defined photon voltage

𝑘 Wave number 𝑉𝑡ℎ Thermal voltage

^ Sensitivity of APD 𝜓 Angle of transmission direction in VLC channel

𝐿 Thickness of the layer Ψ Wave function of electrons

𝑚∗ Effective mass of electron 𝜔 Angular frequency

` Order of Lambertian radiation 𝑍 Impedance

𝜌𝑠 = 𝑃𝑠𝑝 (𝐼𝑛𝐺𝑎𝑁) + 𝑃𝑝𝑧 (𝐼𝑛𝐺𝑎𝑁) − 𝑃𝑠𝑝 (𝐺𝑎𝑁) (69)

In Poisson equation, it illustrates the relationship between the potential energy of electrons506

and the electrostatic charge distribution. 𝑁+
𝐷
(𝑧) minus 𝑛𝑞 (𝑧) represent the net charge of ionized507

donors and electrons in 𝑧 direction. The impulse function 𝛿(𝑧 − 𝑧0) expresses the polarization508

charge 𝜌𝑠 appeals only on the barrier surface 𝑧0. In Schrödinger equation, it associates the509

electron energy with its potential. Respecting to the Fermi distribution, the sheet concentration510

of confined electrons in the 𝑥 th subband is expressed as Eq. (70).511

𝑛𝑖𝑞 (𝑧) =
∑︁
𝑥

∫ ∞

0
𝜎(𝐸𝑛) 𝑓 (𝐸)𝑑𝐸 (Ψ(𝑧))2

=
∑︁
𝑥

𝑚∗
⊥

𝜋ℏ2𝐿𝑞

∫ ∞

𝐸𝑥

𝑑𝐸

1 + exp( 𝐸−𝐸 𝑓 𝑛

𝑘𝐵𝑇
)
(Ψ(𝑧))2

=
∑︁
𝑥

𝑚∗
⊥𝑘𝐵𝑇

𝜋ℏ2𝐿𝑞
𝑙𝑛(1 + exp(

𝐸 𝑓 𝑛 − 𝐸𝑥
𝑘𝐵𝑇

)) (Ψ(𝑧))2

(70)



For wurtzite material such as InGaN, the electron concentration at 𝑋 and 𝐿 valleys are512

negligible because their energy is much higher than the conduction band minimum located at Γ513

valley [51]. Thus the electron concentration in quantum wells is simplified as Eq. (71).514

𝑛𝑞 =
𝑚∗𝑘𝐵𝑇

𝜋ℏ2𝐿𝑞
ln(1 + exp(

𝐸 𝑓 𝑛 − 𝐸𝑐1

𝑘𝐵𝑇
)) (71)

By setting the boundary of infinite potential well and calculating the coupled resolution of the515

Poisson equation and Schrödinger equation, the sheet concentration of confined electrons can be516

determined. Applying a self-consistent approach direct to a communication system analysis is517

too complete to implement. A polynomial fitting function b is employed to fit the energy between518

the electron quasi-Fermi level and the lowest conduction band 𝐸𝑐1 shown in Eq. (72). The final519

simplified electron concentration in quantum wells is expressed by Eq. (74).520

b (𝑉 𝑗 ) = 𝐸 𝑓 𝑛 (𝑉 𝑗 ) − 𝐸𝑐1 (𝑉 𝑗 )
= 𝛼1𝑉 𝑗 + 𝛼2𝑉

2
𝑗 + 𝛼3𝑉

3
𝑗

(72)

𝑛∗ =
𝑚∗𝑘𝐵𝑇

𝜋ℏ2𝐿𝑞
(73)

𝑛𝑞 (𝑉 𝑗 ) = 𝑛∗𝑙𝑛(1 + exp(
b (𝑉 𝑗 )
𝑘𝐵𝑇

)) (74)
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