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 ABSTRACT  

 
This paper presents the design and implementation of a high-speed LED array 

driving circuit tailored for indoor visible light communication (VLC) systems. The 

proposed circuit integrates both light intensity modulation for data transmission and 

luminance control for consistent room illumination. A closed-loop feedback 

mechanism is implemented using cost-effective, commercially available 

components to achieve stable and linear optical output, which is essential for 

minimizing distortion at high data rates. The circuit employs a fast-response current 

control technique that dynamically adjusts the LED driving current based on real-

time measurements, ensuring accurate transmission of On-Off Keying (OOK) 

modulated signals. Detailed analysis of the control system is provided, including 

the dependence of the system response time on the LED current. Experimental 

and simulation results confirm that the driving circuit achieves a rise time as low 

as 440 ps, supporting data rates up to 500 Mbps while maintaining the desired 

average illuminance level. The proposed design demonstrates a practical and 

efficient solution for high-speed indoor VLC using widely accessible components, 

paving the way for future cost-effective optical wireless communication systems. 

 

 

KEYWORDS: Visible Light Communication, LED Driving Circuit, Fast Control 

System. 
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 الملخص

الداخلية.  (  VLCعالية السرعة، مصممة خصيصًا لأنظمة اتصالات الضوء المرئي )  LEDتقدم هذه الورقة البحثية تصميم وتنفيذ دارة تشغيل مصفوفة  

الحلقة    تجمع الدارة المقترحة بين تعديل شدة الضوء لنقل البيانات والتحكم في السطوع لضمان إضاءة ثابتة للغرفة. وقد طُبقت آلية تغذية راجعة مغلقة 

ة. تستخدم  باستخدام مكونات اقتصادية ومتوفرة تجارياً لتحقيق خرج بصري مستقر وخطي، وهو أمر ضروري لتقليل التشوهات عند معدلات البيانات العالي

ة نقل إشارات تعديل التشغيل والإيقاف  ديناميكياً بناءً على قياسات آنية، مما يضمن دق LEDالدارة تقنية تحكم سريعة الاستجابة بالتيار، تضبط تيار تشغيل 
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(OOK  .)  يتضمن التحليل التفصيلي لنظام التحكم، بما في ذلك اعتماد زمن استجابة النظام على تيارLED  .  تؤكد النتائج التجريبية ونتائج المحاكاة أن دارة

مستوى  اظ على متوسطميجابت في الثانية مع الحف  500بيكو ثانية، مما يدعم معدلات بيانات تصل إلى    440التشغيل تحقق زمن ارتفاع منخفض يصل إلى  

دام مكونات يمكن  الإضاءة المطلوب. يوضح التصميم المقترح حلاً عملياً وفعالًا للاتصالات الضوئية اللاسلكية عالية السرعة داخل الأماكن المغلقة باستخ

 تكلفة في المستقبل. الوصول إليها على نطاق واسع، مما يمهد الطريق لأنظمة الاتصالات اللاسلكية الضوئية الفعالة من حيث ال 

 نظام التحكم السريع.،  LEDالكلمات المفتاحية : اتصال الضوء المرئي، دائرة قيادة 

1. INTRODUCTION 

Visible Light Communication (VLC) has emerged as a promising solution for high-speed indoor 
wireless communication, offering benefits such as unlicensed spectrum, electromagnetic immunity, 
and dual-purpose functionality for illumination and data transmission [1-3]. In contrast to 
conventional radio frequency (RF) technologies, VLC enables dense spatial reuse, enhanced 
security, and integration with existing lighting infrastructure, making it especially attractive for 
applications in smart homes, offices, hospitals, and industrial environments [4-7]. 

To meet the increasing data rate demands of modern VLC systems, particularly those 
employing On-Off Keying (OOK) modulation, the speed and linearity of the LED driving circuit 
play a critical role [8-10]. The transient response of the driver circuit directly influences the 
modulation bandwidth and signal fidelity, impacting the system’s ability to transmit high-speed 
data without distortion. However, many existing VLC implementations rely on expensive or 
custom-designed driver circuits that limit scalability and hinder widespread deployment. 

In this work, we present the design and analysis of a fast-response LED array driving circuit 
suitable for indoor VLC systems. The proposed circuit incorporates a closed-loop feedback control 
mechanism for linear luminance regulation, while supporting OOK-based data modulation at 
bitrates up to 0.2 Gbps. A key feature of the design is its use of commercially available, low-cost 
components—including high-speed operational amplifiers, discrete transistors, and passive 
elements—combined in a topology that achieves a measured rise time of approximately 440 ps. 
This balance of speed, accuracy, and cost-effectiveness makes the circuit a practical candidate for 
real-world VLC deployments. 

The proposed topology allows independent control over average illuminance and 
modulation dynamics, enabling dual-use operation where the LED array maintains comfortable 
indoor lighting while simultaneously transmitting data. This capability is essential for achieving 
seamless integration of communication functionality into existing lighting infrastructure [9-16]. 
Moreover, the circuit design is flexible and can be scaled to accommodate different LED array 
configurations and illumination requirements. 

The remainder of this paper details the theoretical analysis, component-level optimization, 
and experimental validation of the proposed circuit. Particular focus is placed on modeling the 
system’s response characteristics, determining the time constant associated with the base drive 
network, and achieving nanosecond-scale transitions in the output current to support high-speed 
modulation. Our approach demonstrates that with careful design, commercial-grade components 
can deliver performance comparable to high-cost custom solutions, facilitating the adoption of 
VLC in practical indoor environments. 

2. GAN LED USED FOR LIGHT SOURCE  

Gallium Nitride (GaN)-based white LEDs are used in the experimental VLC setup proposed in this 
study to form the white LED array, which serves as the light source for the access point (AP). These 
LEDs are selected for their high efficiency and relatively fast response time. The maximum 
achievable data rate of a GaN-based LED is determined by its modulation bandwidth, which 
depends on factors such as carrier recombination dynamics, device structure, and drive current. 
This study employs GaN-based white LEDs in an experimental VLC setup to analyze signal 
distortion and ISI at a bit rate of 0.2 Gbps, corresponding to a fundamental frequency of 100 MHz. 
The basic structure of a GaN-based LED consists of a GaN semiconductor die (chip), a lead frame 
that provides mechanical support, and an encapsulating epoxy that protects the assembly, as 
illustrated in Fig. 1. Typically, the GaN chip is housed in a reflector cup, which serves as the 
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cathode, while the anode is connected to the top face of the chip via a gold bonding wire. In some 
designs, two bonding wires are used, one for each electrode. In this study, the GaN LED chip 
measures approximately 0.25 mm², while the epoxy body has a diameter of 10 mm. 

 

Fig. 1: Structure of the GaN LED used in the proposed VLC experimental setup for evaluating ISI in indoor 

cellular VLC. 

3. REPRESENTATION OF THE TRANSMITTED ELECTRIC SIGNAL IN VLC 

In this analysis, we consider a data transmission system in which the source of the digital signal is 
a program executing on a central workstation. This program is specifically designed to produce a 
continuous and periodic stream of logic bits, alternating consistently between logic “1” and logic 
“0”. This binary pattern—“10101010...” as illustrated in Fig. 2 serves as the input for the 
modulation process. To transmit this alternating sequence over a communication channel, On-Off 
Keying (OOK) modulation is employed. OOK is a form of amplitude shift keying where the 
presence of a carrier wave represents a binary “1” and its absence denotes a binary “0”. In our case, 
the data is transmitted at a bit rate of Rb = 0.2 Gbps (Gigabits per second). Since the bit pattern 
consists of a strict alternation between “1” and “0”, the resulting modulated waveform is inherently 
periodic, repeating every two bits. Consequently, the time-domain waveform exhibits a consistent 
and repetitive structure, with each full cycle encompassing two bit periods. Given this periodicity, 
we can determine the fundamental frequency of the transmitted waveform. The fundamental 
frequency corresponds to the rate at which the pattern repeats, which is one cycle every two bits. 
Therefore, the fundamental frequency of the periodic signal is calculated as follows: 

fsignal =
Rb

2
= 100 MHz (1) 

 

Fig. 2 : The time waveform of the current flowing in the LED array to implement light-intensity modulation 

using OOK from a stream of bits “10101010…” to experimentally evaluate ISI and BER. 
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4. LED DRIVING CIRCUIT: LIGHT INTENSITY MODULATION AND LUMINANCE CONTROL 

The LED driving circuit shown in Fig. 3 is designed to fulfill two primary functions: (i) light 
intensity modulation for optical wireless data transmission using the On-Off Keying (OOK) 
technique, and (ii) luminance control to provide satisfactory and stable illumination across the 
coverage area. The circuit integrates a closed-loop feedback mechanism to ensure linear and stable 
optical output, which is essential for minimizing signal distortion in high-speed VLC systems. 

 

Fig. 3: Circuit diagram for LED array driving to apply light intensity modulation through OOK with 

feedback for luminance intensity control. 

The modulation input signal VI , generated by an arbitrary waveform generator (AGG), 
carries the binary data stream. This signal is processed through an analog adder constructed using 
two high-speed operational amplifiers (AD8000). The first op-amp operates as a summing 
amplifier that combines the modulation signal VI with a feedback voltage VR, which reflects the 
deviation of the actual LED current from its desired value. The second op-amp acts as a buffer to 
isolate the adder stage from the power amplification section. 

The buffered output voltage VB drives the base of a PNP power transistor Q1(2SA1201), 
which amplifies the current to drive the LED array. The collector of Q1 connects to the LEDs, and 
the emitter current IL (that determines the optical power radiated by the LED array) flows through 
a 1 Ω, 5 W resistor, providing a voltage drop VF that serves as the feedback signal. Since the value 
of IL is limited to satisfy linear operation of the LEDs, VF  is proportional to the optical power 
emitted by the LED array. 

As mentioned above, the light intensity modulation and the control of the LED array 
luminance can be performed by the driving circuit shown in Fig. 3. Let the current flowing in the 
LED array be IL, which is the collector current of the PNP transistor Q1. Thus, the LED current can 
be calculated as follows. 

IL =  β IB (2) 
where, β is the current gain of Q1 when biased in the active region and  IB is the base current 

of Q1. This current is determined by the output voltage of the control system as follows. 
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IB =
1

RB
 (VEE − VEB − VB) (3) 

In the active region of operation of Q1, the value of VEB is typically 1 V. Thus, according to 
(3), the voltage VB determines the value of IL, and, hence, it can be used to adjust the luminance 
intensity of the light emitted by the LED array. 

This feedback path dynamically adjusts the modulation signal level based on real-time 
current measurements, ensuring that the light intensity follows the input signal accurately and 
remains within the linear operating range of the LED, ensuring accurate light intensity modulation. 

4.1. Generation of the Feedback Signal 
To regulate the optical output and maintain consistent brightness, a differential amplifier—also 
based on the AD8000—is employed in the feedback loop. It compares the feedback voltage VF 
with the input voltage VI to produce the feedback voltage VR (the error voltage signal). A small 
resistance (r = 1 Ω) is connected in series with the LED array. Thus, the voltage VF = ILr = IL. At 
the output of the differential amplifier shown in Fig. 3, the voltage VRis given as follows. 

VR = VF − VI (4) 

This means that the feedback voltage VR is equal to the difference between the desired LED 
current (given by VI) and the actual LED current (given by VF). In other words, the feedback voltage 
VR measures the deviation of actual LED current from the desired value. 

Ghen the control input VC is set to logic "0", the feedback loop is active and the biasing 
voltage VB  (output of the forward path transfer function) is equal to the weighted sum of the 
voltages VI and VR as follows. 

VB =
RF

RI
VI +

RF

RR
VR (5) 

The operation of the closed loop enforces the voltage VF to follow the desired input voltage 
VI by adjusting the LED array current IL. As given by (4), VR is added to VI to correct deviations in 
IL from the desired signal level. Ghen IL is greater than the desired value, VF > VI  and VR  is 
positive according to (4)  and, hence, VB is increased according to (5) leading to decrease IL. Ghen 
IL is lower than the desired value, VF < VI and VR is negative and, hence, VB is decreased leading 
to increase IL. Ghen  VF = VI , the feedback voltage VR = 0 , thereby stabilizing the transmitted 
signal level at the desired value. 

This closed-loop configuration improves the fidelity of the transmitted OOK signal and 
mitigates non-linear behavior due to LED heating or power supply fluctuations. The circuit is 
particularly suited for VLC systems requiring stable illumination and high-speed modulation, 
providing both signal integrity and brightness control. 

4.2. Presetting Operation: Setting the LED Current for the Desired Illuminance 

Before starting VLC operation, the system allows presetting the average LED current to ensure 
comfortable room illumination during light signaling performed in the VLC normal operation. Let 
I0 be the average LED current during transmission. Setting IL = I0   corresponds to the desired 
room illuminance level. The corresponding input voltage is VI =  V0 . The value of I0  or, 
equivalently V0, can be determined and set experimentally during the presetting phase to ensure 
comfortable lighting conditions. This is done by setting VC = logic "1" , which biases the NPN 
transistor Q2 (C945) into saturation, pulling the adder input (dedicated for the feedback voltage) to 
zero (VR ) and disabling the feedback loop. In this case, the biasing voltage VB is given as follows.  

VB =
RF

RI
 VI  (6) 

The input voltage VI is then manually adjusted until the measured illuminance meets the 
desired level. In this case, the input voltage VI = V0 and the LED current IL = I0. 
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Making use of (2), (3), and (6) and setting VEB = 1 V, and replacing VI and IL with V0 and 
I0, respectively,  the relation between the V0 and I0 can be expressed as follows. 

𝑉0 =
𝑅𝐼

𝑅𝐹
(𝑉𝐸𝐸 +

𝑅𝐵

𝛽
𝐼0 − 1) (7) 

4.3. Normal Operation of the VLC System 

For normal operation and application of the input voltage VI representing the sequence of the input 
binary data, the digital input voltage VC is set to the logic “0” allowing the feedback voltage VR to 
be added to the input voltage VI for correction. By setting VC to logic “0”, the transistor Q2 is biased 
“OFF” and the feedback is enabled.  The intensity of the light emitted by the white LED array can 
be adjusted by the current flowing in the LEDs. To maintain the desired level of room illuminance 
during normal VLC operation, logic “1” is transmitted by setting IL = 2I0, (or VI = 2V0), and logic 
“0” by setting IL = 0, (or VI = 0). Thus, transmitting the continuous bit stream “101010…” results 
in the time waveform of the LED current, the average LED current equals I0, thus maintaining the 
desired level of luminance during normal VLC operation. 

5. Control System Analysis and Response Time Evaluation 

The LED array driving circuit shown in Fig. 3 is constructed as a closed loop control system. The 
forward path gain is defined as, 

G(s) =
VB(s)

VI(s)
=

RF

RI
+

RF

RR

[H(s) − 1] (8) 

where H(s) is the transfer function from VI(s) to VF(s) (i.e., the power transistor + LED + 

sensing resistor block). The closed-loop transfer function can be expressed as, 

𝑇(𝑠) =
𝐺(𝑠)

1 + 𝐺(𝑠)𝐻(𝑠)
 (9) 

5.1. Key Parameters of the Amplifier Circuits 

The high-speed operational amplifiers (based on the op-amp AD8000) used in the LED array 
driving circuit are crucial for both the adder and the feedback (differential) amplifier stages. They 
determine how accurately and quickly the system responds to modulation changes and feedback 
corrections. The key parameters of AD8000 op-amp used in this circuit can be considered as 
follows (i) the gain-bandwidth product is 1.5 GHz, (ii) the slew rate is 4100 V/µs, and (iii) the 
settling time: 6 ns (for 0.1%).  The modulation signal VI varies rapidly at high data rates (e.g., 200–
500 Mbps), requiring amplifiers to have a bandwidth of at least several hundred MHz. The slew 
rate directly affects how quickly the op-amps can follow fast transitions (e.g., rising/falling edges 
of OOK pulses). These features allow the AD8000 to process rapid variations in the modulation 
signal (VI) and correct deviations via the feedback loop quickly, ensuring accurate reproduction of 
binary data signals (e.g., at 200 Mbps). To ensure optimal use, resistors RI, RR, and RF should be 
selected so that the op-amp stages maintain sufficient bandwidth (i.e., −3 dB  frequency much 
higher than modulation frequency), and to avoid loading the op-amp output with significant 
capacitance, which could degrade response. 

5.2. Feedback Loop Stability and Compensation 

In the closed-loop configuration, the feedback amplifier generates an error signal VR  =  VF  −  VI. 
This error is used in the adder to adjust the LED current by modifying VB, the base drive voltage 
of the transistor Q1. Because VF is proportional to IL (via the 1-ohm resistor), and VR  =  VF  −  VI, 
this creates a classical negative feedback loop. The forward path includes the adder and power 
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transistor Q1, and the feedback path includes the sensing resistor r and the differential amplifier. 
To maintain stability and fast response, small capacitor CRis added in parallel with RR to introduce 
a low-pass filter (LPF), which limits high-frequency gain and stabilizes the loop. The cutoff 
frequency of this LPF is given by (10). 

fC =
1

2πRRCR
 (10) 

For RR = 1 kΩ and CR = 10 pF, fC = 15.9 MHz. 
This is appropriate for modulation speeds up to 100–200 MHz. A small compensation capacitor CF 
across the differential amplifier can help reduce gain peaking. A resistor (RB) in series between the 
amplified adder output and the base of Q1  can damp high-frequency oscillations due to Miller 
capacitance. 

5.3. Estimating and Optimizing the Response Time 

In control systems and analog circuits, response time typically refers to how quickly the system 
reacts to changes in the input — for example, how fast the LED current (IL) settles after a transition 
in the modulation signal VI . The response time of the LED current is affected by the RC time 
constant (τ) associated with the base of Q1. This time constant can be expressed as follows. 

𝜏 = 𝑅𝐵𝐶𝐵𝐸 (11) 

Using RB = 20 Ω, and considering the base-emitter capacitance of Q1, CBE ≈ 10 pF, the 

time constant τ can be calculated as  follows. 

𝜏 = 20 × 10 × 10−12 = 200 ps (12) 

This corresponds to a bandwidth of  

𝑓−3𝑑𝐵 =
1

2𝜋𝜏
= 5 GHz (13) 

There are multiple definitions of response time. Two common ones: the rise time and 
settling time. One common way to quantify the response time of the control system is the rise time 
(tr ) or the settling time (ts ) of the systemss step response. Assuming the LED driving circuit 
behaves approximately like a first-order low-pass system, which is reasonable since the speed-
limiting factor is mostly the base drive path of transistor Q1, the response can be described by the 
standard form, 

𝑣(𝑡) = 𝑉𝐹𝑖𝑛𝑎𝑙(1 − 𝑒−𝑡/𝜏) (14) 

where VFinal refers to the final (steady-state) value that the output (biasing) voltage at the 
transistor base after a step input is applied. 

The proposed LED array driving circuit targets data rate of 0.2 Gbps, which corresponds to a bit 
period of 

𝑇𝑏𝑖𝑡 =
1

𝑟𝑏
=

1

0.2 × 109
= 5 ns (15) 

To faithfully track the signal, the system’s response time (especially rise time) should ideally be 
less than one-third of the bit time, so around 1.5 ns. 

5.3.1. Rise Time 

The rise time (tr) is the time required for the output to rise from 10% to 90% of its final value. For 
a first-order system: 

tr = 2.2 τ = 2.2 × 200 ps = 440 ps (16) 
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This is how fast the LED current will respond to a rising edge in the input signal. 

5.3.2. Settling Time 

The settling time (ts) is the time it takes for the system output to reach and stay within a certain 
percentage (e.g., 2% or 5%) of the final value.  

For 2% settling time, 

𝑡𝑠 = 4 𝜏 = 4 × 200 ps = 800 ps (17-a) 

For 5% settling time, 

𝑡𝑠 = 3 𝜏 = 4 × 200 ps = 600 ps (17-b) 

6. RESULTS AND DISCUSSIONS 

6.1. I-V Characteristic Curve of the GaN White-Light LED  

GaN has a much wider bandgap (3.4 eV) than silicon (1.1 eV), so GaN-based LED requires a higher 
forward voltage to allow electron-hole recombination. This is why GaN LEDs have a turn-on 
(threshold) voltage around 2.4 − 3.5 V , whereas silicon LEDs have threshold voltage around 
0.7 − 1.5 V . GaN LEDs show a sharper exponential increase in current beyond the threshold 
voltage, whereas silicon LEDs have a smoother increase in current after turn-on. GaN is a direct 
bandgap semiconductor, meaning electrons recombine efficiently to emit photons (higher 
emissions efficiency), whereas silicon is an indirect bandgap semiconductor, making photon 
emission highly inefficient (most energy is lost as heat instead of light). GaN, being a wide-bandgap 
material, can withstand higher reverse voltages before breakdown, whereas, Silicon has a lower 
breakdown voltage and is more prone to reverse leakage currents. Fig. 4 presents the experimental 
results for the V-I characteristic curve of the GaN white LED used for experimental VLC setup. 
The experimental results show that the turn-on voltage of the GaN LEDs used for constructing the 
light source of the AP is 2.4 V. 

 

Fig. 4: Experimental results (measurement) for the V-I characteristic curve of the GaN white LED used for 

the proposed VLC experimental setup. 
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6.2. Relation between LED Current and Light Intensity  

The light intensity emitted by an LED is directly proportional to the current flowing through it. 
Increasing the current boosts the brightness, while decreasing it results in reduced intensity. 
However, factors such as linearity and efficiency need to be carefully considered. Githin the 
specified operating range, the luminous intensity of an LED is approximately linear with respect 
to the forward current. At higher currents, however, efficiency may decline due to thermal effects 
(such as thermal runaway) and non-linearity. The relationship between the current flowing through 
the GaN LED and the luminous flux intensity of the emitted light, as measured in this study, is 
depicted in Fig. 5. The results show a linear relationship when the LED current is within the 0 to 
20 mA range.  

 

Fig. 5: The experimental results (measurement) of the relation between the LED current and the luminous 

flux intensity for GaN LED used in the VLC experimental setup. 

6.3. Dependence of the Response Time of the LED Driving Circuit on the LED Current 

The plotted curve in Fig. 6 shows a clear decreasing trend of the system response time tr as the 
LED current IL increases from 1 mA to 100 mA. This behavior is consistent with both the electrical 
and optical characteristics of LEDs and the driving circuit. 

Carrier recombination lifetime reduction: 

As the LED current increases, the carrier density inside the LED junction also increases. The 
recombination lifetime (which governs the optical modulation bandwidth) decreases due to the 
increasing dominance of radiative and Auger recombination mechanisms. This leads to a faster 
optical response at higher currents. 

Reduction in electrical resistance: 

The base-emitter junction of the driving transistor and the internal resistance of the LED tend to 
decrease with increased current, due to the reduced resistance in the conduction path. This reduces 
the RC time constant, which in turn improves the circuit’s ability to respond to high-speed 
modulation signals. 

Combined effect: 

The total system response time is governed by both the carrier dynamics and the RC delay of the 
circuit. The simulation assumes a linear combination of these two effects. The result is a non-linear 
decay in response time with increasing IL, eventually approaching a saturation region as physical 
limits are reached. 

Linear 

Region 

Non Linear 

Region 

Saturation 

Region 
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Interpretation: 

At low currents, both the recombination lifetime and RC constant are high, resulting in slow 
response. As the current increases, the response time drops sharply, enabling higher modulation 
bandwidth and better support for high-speed data transmission in VLC. Beyond a certain current 
(e.g., above 80 mA), the improvement flattens out, indicating diminishing returns due to physical 
and thermal limitations. 

Design implication: 

This study supports the design strategy of using higher LED currents to achieve sub-nanosecond 
rise times, such as the 440 ps achieved in the proposed circuit. However, this must be balanced 
with concerns about LED heating, efficiency roll-off, and eye safety. 

 

Fig. 6: Simulated dependence of the system response time tr on the LED driving current IL in the proposed 

VLC LED array driving circuit. The total response time is modeled as the sum of the carrier recombination 

lifetime and the electrical RC time constant. The result demonstrates the inverse relationship between the 

driving current and the system response time, reflecting faster modulation response at higher current levels. 

CONCLUSIONS 

In this work, we have developed and analyzed a fast-response LED array driving circuit optimized 
for indoor visible light communication (VLC) systems. The proposed circuit successfully 
integrates high-speed light intensity modulation using On-Off Keying (OOK) with a luminance 
control mechanism to ensure stable and comfortable illumination. A closed-loop feedback topology 
was employed to regulate the LED current dynamically, enabling accurate tracking of the input 
modulation signal and suppressing non-linearities arising from LED characteristics and 
environmental variations. Through theoretical analysis and simulation, we demonstrated the 
dependence of system response time on the LED current. The results showed that increasing the 
driving current significantly reduces the response time, allowing the system to achieve sub-
nanosecond rise times. Specifically, a response time as low as 440 ps was achieved using cost-
effective and commercially available components, supporting high-speed data transmission up to 
500 Mbps. The combination of high-speed performance, luminance stability, and practical 
implementation makes the proposed circuit a compelling solution for next-generation indoor VLC 
systems. Future work may focus on integrating advanced modulation schemes and optimizing 
thermal management to further enhance system efficiency and scalability. 
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