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Abstract

The proposed Q-learning optimized Internet of Things (10T) integrateg® ﬁis highly suitable for indoor
; eal-time data transmission are

e alternative to traditional RF

®2l-purpose illumination and data

onitoring and secure transmission of vital

rm. The use of VLC in the visible light

critical challenges. Visible Light Communication (VLC) ser
communication by utilizing existing LED lightinggsiafra

modulation index and power levels.
reduced Bit Error Rate (BER) and st

inforcement learning approach ensures enhanced link reliability,
ication under fluctuating indoor conditions. Additionally the
ed Duty-Cycled Optical OFDM (EACDO-OFDM) improves
spectral efficiency and power i aking the solution energy-efficient and scalable for large-scale
indoor 10T deployments. Ragal ing adaptive machine learning techniques with VLC and 10T the system

ents by enabling secure, efficient and interference-free data transmission [2]. These advantages
particularly suitable for sensitive indoor spaces such as research labs, industrial control rooms or
with RF-restricted equipment, where traditional RF-based wireless signals may cause disruptions. By
integrating VLC with loT the real-time monitoring systems can be implemented to ensure continuous tracking
of critical parameters such as environmental conditions, equipment status or human activity [3]. Data collected
from various sensors is transmitted through VLC enabled LEDs to an loT-based cloud platform thus allowing
stakeholders to access, analyse and respond to changes in real time as shown in figure 1. This enhances
situational awareness, supports automation and reduces the need for constant manual supervision. Moreover the
VLC technology helps to reduce network congestion by offloading traffic from traditional RF-based systems
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and therefore ensuring faster and more reliable communication. This is particularly beneficial in environments
where uninterrupted data flow is crucial for operational safety, process control or timely decision-making [4].

Beyond conventional monitoring applications the Light Fidelity (Li-Fi) based Indoor Positioning Systems (IPS)
play a transformative role in enhancing smart indoor automation. Leveraging high-speed and light-based
communication the systems enable precise and real-time indoor navigation for individuals within complex
infrastructures such as airports, shopping malls, industrial facilities, corporate campuses and educational
institutions. Users including employees, visitors or maintenance personnel can seamlessly locate specific rooms,
service areas or equipment without confusion or delay thus improving user experience and operatio
efficiency. In addition to navigation the Li-Fi IPS can be integrated with automated alert and notifica
systems to facilitate instant communication between different stakeholders. For instance in indysijal

downtime and maintain smooth operational flow. Overall the Li-Fi IPS conj
development of intelligent, responsive and connected indoor environments.
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Fig 1. Working of Li-Fi

rated VLC system can be further enhanced by incorporating Artificial Intelligence (Al) and

technologies can process real-time data from sensors and devices to identify patterns and anticipate
ial system anomalies or operational inefficiencies before they escalate. For example an Al-driven system
can continuously monitor equipment performance metrics such as temperature fluctuations or power
consumption to detect early signs of malfunction, allowing maintenance teams to take proactive action and
avoid downtime [7]. Additionally ML models can be trained to automatically classify abnormal operational
patterns thereby reducing the burden on human operators and providing accurate, real-time diagnostics and
decision-making support. This integration enhances automation, efficiency and reliability in industrial,
commercial and smart building infrastructures.



The future of smart infrastructure depends on the seamless integration of advanced communication systems like
VLC and IoT. By enabling real-time data sharing, predictive analytics and automated management the VLC
technology transforms indoor environments into more connected, efficient and responsive ecosystems. As VLC
continues to evolve its applications in communication, monitoring and automation will redefine operational
practices by enhancing efficiency, reducing costs and improving overall performance. By leveraging the high-
speed, secure and interference-free nature of VLC, industries can take a significant step toward the realization of
next-generation smart environments, ensuring a more effective, accessible and sustainable digital future [8].

VLC systems are often challenged by dynamic environmental factors including ambient light variation
obstructions and the movement of people or equipment which can degrade communication performance.
address these challenges the paper proposes an intelligent and adaptive communication framework that empl

transmission strategies in real time to maintain optimal performance. Furthermore the
EACDO OFDM to enhance spectral eff|C|ency and minimize power consumptlon i

ization the
proposed system ensures reliable, energy-efficient and Iow-latency communi eneration

smart indoor infrastructures.

This work introduces an innovative integration of EACDO-OFDM with 10T to €
efficiency in smart infrastructure. By harnessing 10T technology, the system facjdfes re®P-time monitoring and
ACt®n of critical system conditions.
giference-free data transmission,
gnetic interference in sensitive
ough experimental analysis, with
iciency, and BER demonstrating notable
ced modulation techniques with 10T and
for secure, efficient, and high-performance smart

VLC, this work presents a robust and reliabl'8
communication infrastructure.

2. VLC Sources

Laser light poses a greater risk th
area. Factors such as beam p
extent of damage with injuries

ecause it concentrates a large amount of energy onto a small
gth, beam divergence and exposure duration determine the

severe harm to unprotected skin due to their intense beam power.
emission of heat where objects radiate energy continuously. In incandescent

Table 1 Difference between Incandescent, CFL and LED Bulbs

Aspect Incandescent Bulb CFL LED
Energy Efficiency Least efficient, Uses Moderate efficiency, Highly efficient, Uses
more energy Uses less energy the least energy
Lifespan Approximately 1,000 Approximately 8,000 Approximately 25,000
hours to 10,000 hours to 50,000 hours
3 Heat Output High Moderate Very low




4 Brightness

Lower lumens per watt

Moderate lumens per

High lumens per watt

disposal

(Lumens) watt
5 Cost Low initial cost Moderate cost Higher initial cost
6 Environmental Contains no hazardous | Contains mercury, Eco-friendly, No
Impact materials Requires proper hazardous materials

7 Warm-up Time

Instant

Takes time to reach
full brightness

Instant

8 Color Options

Limited to warm white

Warm to cool white
options available

Wide range of colors
and temperatures

9 Durability

Fragile, Prone to
damage

Moderately durable

Highly durable

red and green light are less efficient than those producing blue light. The
approximately 80%, while red and green lights are only about 60% and 30%
based white LEDs offer a better solution where the phosphor (typically yellow) c0
and the mixture of converted and non-converted light create the desired white sha

light sources due to their high energy efficiency, long lifespan, migi
rendering and rapid intensity adjustments [12]. In all these asp,
traditional incandescent, halogen, compact fluorescent and even_la

use of radio frequencies is restricted and also it off
shows the comparison between light sources.

2.a. Optical quantities

To enhance LED performance j
and radiometric parameters. Th
parameters measures ligy
insights into the LED'
radiant electromagnetic

Relative Power Distribution (%)

0

crucia U

al

Blue

blue

rstand the key optical quantities like photometric, colorimetric
ux represents the transmitted power of the LED. Photometric
ch as brightness and color as perceived by the human eye thus offering
capabilities [15]. The radiometric parameters assess the characteristics of
efore focusing on the communication aspects of LED performance [16].
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Fig 2. Representation of visible light spectrum

380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780

jun s producing
t reaches
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erts part of the blue light
EDs are preferred as

t generation, superior color
-based light sources outperform
ces. Regular light bulbs can be
s for access networks and no
tion [13]. Lighting fixtures should
ing tasks efficiently. The adoption of LED
Iso allowing for precise control over the
cularly well-suited for indoor environments where the
g balanced and efficient lighting solution [14]. Table 1



Human photopic vision enables us to perceive and differentiate the colors. The sensitivity of the human eye
peaks at a wavelength of 555 nm corresponding to the yellow-green region and spans the range of 380 nm to
750 nm as shown in figure 2. The colorimetry provides both qualitative and quantitative analyses of color.

The calculation of luminous flux is influenced by factors such as the luminosity function of the human eye and
the spectral power distribution of the LED. Here Poy(2) denotes the LED's power output at various wavelengths
within the visible spectrum, while V(1) represents the human eye's sensitivity to these wavelengths. The
maximum luminous efficiency is defined by a constant value of 683 lumens per watt.

750nm
F =683(lumens / watt) f P (AV (2)d A

380nm

Luminous flux can be determined by integrating the luminous intensity function across the enfir
angle Qmax,

Q

F= | Lg@)a

@)

the luminous intensity in candelas at a solid angle of 0°. When a PD receives als frOm multiple LEDs, the
total optical power received is the sum of the power contributions fr S link within the receiver's field
of view (FOV) [17].

The normalized spatial luminous intensity distribution is expressed as g(6), while ﬁe intensity Lo refers to

3. Proposed Codec Scheme

In the EACDO-OFDM model as shown in fig
and Coding (AMC) block where modulation sch

t data passes through an Adaptive Modulation
are dynamically adjusted based on real-time channel
conditions. The output data is then split into multip™g@arallel streams and processed through the Inverse Fast
Fourier Transform (IFFT) to generate OFDM symbol@hl8]. In the EACDO-OFDM model the duty cycle
adjustment is essential for enhancing performance by managing the transmission power and timing of
OFDM symbols. By modifying the d ing VDSM the system controls the "ON" and "OFF" durations
proved energy efficiency and reduced interference in high-
end the incoming signals undergo the Fast Fourier Transform
ency domain [19]. This model significantly enhances spectral efficiency,

speed wireless communication.
(FFT) to convert them ba
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Fig 3. Model of EACDO-OFDM

The i,psp (t) defines the input current signal used in vDSM modulation which is applied to the ADO-OFD

framework. The function operates in two states,

_ Iy, 0 < t < Typy
lVDSM(t) B {IL: Tva <t=s Tvtp

Typw and Ty, defines the switching time points which produces the variable pulse-vyg

two distinct current levels.

AT,

LY S (4)
Ty +d.T;

DCpsu =

()

This equation expresses DCO-OFDM signal o

j2rD1d

Xd1(t):%20 XDl( ),forOSdSN—l (6)

The DCO-OFDM [21] signal consists guency-transformed component X ;4 (t) and an added DC bias
Kgc-

pco(®) = Xq1 () + kg (M

ACO-OFDM retains 0 gyatiW signal values, effectively clipping negative values to zero to avoid

distortions in opti

signals in a1S0 maintained.
1 _ j2nD2d
Xdz(t)=\/—ﬁ D2=0Xp2 (%),forOSdSN—l (8)
Xaz2(t), Xa2(t) 20
Xaco(t) = { ¥ xii(o -0 ©9)

XDZ == X;/—DZJDZ == 1,2 . N — 1

Xp2 =Xnj2=0 (10

The vDSM transformation applies variable duty cycle on the ADO-OFDM signal thus improvises the spectral

efficiency and dynamic range.

Xvpsm-apo(t) = vDSM (X apo)(t)) (1)



This expanded equation combines the ADO-OFDM signal contributions from different subcarrier components
and the DC bias.

1 _ j2mD1d 1 _
Xapo(t) = ﬁzg1io Xp1 (JHT) + kg + \/—Nzgzio Xp2 (

The EACDO-OFDM signal integrates the vDSM current modulation to enhance energy efficiency. The added
vDSM signal ensures that the EACDO-OFDM signal is optimized for power consumption without
compromising transmission quality.

j27rD2d) (12)

Svpsm—-gacpo(t) = Xapo () + lypsm(£), 0 < t < Ty (13

Efficient duty cycle control through the vDSM modulation technique is vital for maintaining BER pg
when integrated with 10T devices. The selection of appropriate hardware components such as LE]

and secure data transmission protocols must be embedded within the systeryg
links must be strategically installed in wards, ICUs and diagnostic units to ens8
latency.

cliability and minimal

In indoor environments such as smart homes and office spaces, real-time w data transmission is
essential for effective automation and monitoring. To meet thes einforcement Learning (RL)
algorithm based on Q-learning [22] is proposed for optimizi -OFDM modulation and loT
communication over VLC networks as shown in figure 4. The gentting as an intelligent controller
begins by initializing a Q-table and defining key p3 arning rate, discount factor and
j a defined state space which captures real-
time conditions like VLC channel quality, user, i jng and loT traffic load. The action space
includes modulation variant selection (ACO EACDOQO), LED transmission power adjustments,
subcarrier allocation and 10T data prioritization.

exploitation using a e-greedy policy. action is executed such as changing the OFDM mode or adjusting
the VLC transmission parameters. gt vides a reward based on performance metrics like reduced
low latency [23]. The Q-table is then updated using the Q-
and future expected values. This process is repeated therefore
olicy for various dynamic indoor scenarios. Once trained the agent can
thus enabling adaptive and efficient VLC communication with loT
DM’s spectral efficiency with RL's adaptive decision-making the system

arning rate a, discount factor y, and exploration rate €.
efine environment constraints (room size, LED layout, user locations, 10T devices).
Stef 2: Define State Space (S)
Each state represents a snapshot of the indoor environment:
e VLC channel condition (Good/Moderate/Poor)
e  User location or mobility (Fixed/Moving)

e Light interference or ambient light levels



o Data traffic load from loT devices
Step 3: Define Action Space (A)
Available actions taken by the RL agent:
e Select EACDO-OFDM variant (ACO, DCO, EACO)
e  Adjust LED transmission power (Low/Medium/High)
e Change subcarrier allocation strategy
e  Prioritize loT data (e.g., emergency health data first)
Step 4: Observe Initial State
e The agent observes the current state so of the indoor system:
o e.g., "moderate light, user near edge, high 10T load"
Step 5: Select an Action (Exploration vs Exploitation)
e  With probability &, choose a random action (explore)
e  Otherwise, choose the best-known action:
a=arg max Q (s,a)
Step 6: Execute Action
o Apply the selected action:
o Modify EACDO-OFDM par4

o Adjust VLC transmission settings
o Route IoT data with selected priority
Step 7: Receive Reward and Next Staj
e  Measure system feedb,

o Positive Zaimard

o fl

) acket loss 7, Power 1, Congestion 1
. rve state s'
Step at able

xR
the Q ning update rule:

Q(s,a) = Q(s,a) +a [rty-max Q(s",a")~Q(s,a)]
Step 9: Transition to Next State
e Sets«s

e Repeat from Step 5 until convergence or max iterations reached

Step 10: Optimal Policy Deployment

e  After learning, the agent uses the optimal policy:



n(s)=arg max Q(s,a)
e Apply this in real-time to optimize indoor VLC-lIoT communications

End

Initialize Q-table Q(s, @) arbitraily
Set parameters:a,y, £

!

Observe initial state s,
Action selection (explor vs exploitation)

i

\
Execute action
(Adjust OFDM variant, power allocation)
Observe reward r
and new state s’
/

~

!

[
[ \

Q-table update
Q(s,a) «Qfs, 1l)+u[f +ymax Q(s,a’)-Qfs, u‘

Update state s<—s' J

I

4(Repeat steps 3-7 until convergence J ,

i

( Policy deployment

Derive optimal policy z(s) =arg m
Qf(s,a)

Fig 4. Q-Learning e ing algorithm)

4. Results and discussion

leverages dynamic duty cycle variatio
power distribution across subcarriers

djusting the duty cycle in real-time the system efficiently manages
ding to a notable reduction in Peak-to-Average Power Ratio
lity and significantly boosts BER performance. The vDSM

modulation technique maximiz
are critical for real-time pati itoring in hospital environments. The flexibility offered by duty cycle
control enables the syst ying channel conditions thus further strengthening its overall reliability
and efficiency.

CDO-OFDM demonstrates superior performance compared to DCO-OFDM,
OFDM. At an SNR of 25 dB the EACDO-OFDM achieves a BER of 0.011,
DCO-OFDM which has a BER of 0.051 indicating a 78% improvement. Similarly
ADO-OFDM achieves BER values of 0.028 and 0.017 respectively but still lag behind
consistent reduction in BER highlights the enhanced efficiency of EACDO-OFDM
ost reliable technique for achieving improved communication performance in noisy
as shown in table 2.

Table 2 Comparison of BER for various modulation techniques

SNR BER (DCO- [ BER (ACO- | BER (ADO- | BER (EACDO-
(dB) OFDM) OFDM) OFDM) OFDM)

5 0.364 0.221 0.151 0.123

10 0.223 0.131 0.089 0.069

15 0.137 0.078 0.052 0.038

20 0.084 0.047 0.030 0.021

25 0.051 0.028 0.017 0.011




The BER performance of four different Optical OFDM techniques DCO-OFDM, ACO-OFDM, ADO-OFDM
and EACDO-OFDM has been analysed across varying SNR levels as shown in figure 5. A general trend
observed is that as the SNR increases the BER decreases for all techniques indicating improved signal quality
and reduced error probability. Among the four methods the DCO-OFDM exhibits the highest BER across all
SNR values primarily due to additional noise introduced by its DC bias. The ACO-OFDM shows a notable
improvement by avoiding DC bias noise through asymmetric clipping although it sacrifices spectral efficiency.
ADO-OFDM offers a better trade-off by combining features of both ACO-OFDM and DCO-OFDM th
resulting in lower BER values compared to the first two techniques.

conditions especially in optical wireless communication where noise resili
crucial.

BER Analysis of EACDO-OFDM vs DCO-OFDM, ACO-OFDM, and ADO-OFDM
DCO-OF
ACO,

— A
eNGPOFOM

1072

Bit Error Rate (BER)

DCO-OFDM exhibits the highe tion due to the necessity of a DC bias which ensures non-
negative signal transmission i ulation. This additional bias increases power requirements
significantly thus makin M the least energy-efficient among the compared schemes. As SNR

increases the power co PNl harply reaching approximately 15 mW at 10 dB, 20 mW at 20 dB and
25 mW at 30 dB. ACO@FDM eminates the need for DC bias by transmitting only odd subcarriers leading to
better power effigi

aan D@-OFDM. However it still has a relatively higher power demand due to

. 0 dB SNR, ACO-OFDM consumes around 9 mW, increasing to 12 mW at 20

DO-OFDM improves upon ACO-OFDM by selectively transmitting both odd and
even s i s achieving a better balance between power efficiency and spectral efficiency. With reduced
redu ; onsumption remains lower than ACO-OFDM measuring 7.5 mW at 10 dB, 10 mW at 20
dB a




Power Consumption Comparison of OFDM Variants
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Fig 6. Simulation for power consumption

EACDO-OFDM is most energy-efficient among all optimizes subcarrier allocag
transmissions significantly reducing power consumption. This scheme consumy

at 20 dB and 10.5 mW at 30 dB making it the best choice for applications wh
DCO-OFDM consumes the most power due to its DC bias while ACO-OFW
improvements in efficiency. EACDO-OFDM outperforms all other schemes by a
consumption across all SNR levels therefore making it the ideal solutig r
communication systems as shown in figure 6.

and ADO-OFDM offer
ing the lowest power
gy-sensitive optical

Spectral Efficiency vs SNR for Different OFj
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= N ~
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o
n

o
o
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The graph compares efficiency of four OFDM techniques DCO-OFDM, ACO-OFDM, ADO-

| efficiency by utilizing both positive and negative signal components. However its
h DC bias increases power consumption and reduces efficiency at lower SNR levels. The
nhances power efficiency by employing asymmetric clipping but this comes at the cost of lower

0 approaches thus offering moderate spectral efficiency with improved power utilization. EACDO-
distinguishes itself by dynamically adjusting key parameters based on real-time channel feedback
maintaining high performance even in low SNR environments as shown in figure 7. This adaptability makes it
ideal for high-speed wireless communication systems where both efficiency and reliability are crucial. The
graph highlights how adaptive techniques can effectively overcome the limitations of traditional OFDM
systems.

The results discussed in the section are derived through extensive simulation analysis performed using
MATLAB. This simulation framework is specifically designed to assess the performance of the proposed



EACDO-OFDM system integrated with 10T and VVLC within hospital infrastructure. Key performance indicators
like BER, power consumption and spectral efficiency are evaluated under diverse operating conditions.
MATLAB's powerful simulation capabilities enable accurate modeling of VLC channels and 10T data
transmission thus providing a reliable foundation for validating the system's effectiveness, efficiency and
scalability.

Table 3 Comparison among modulation techniques

Metric DCO-OFDM | ACO-OFDM ADO-OFDM | EACDO-OFDM +
Q-Learning
Power Consumption High Moderate Low Very Low

BER High Moderate Low Very Low
SNR (avg. Low Moderate High Very High
improvement)
Latency High Moderate Moderate
Adaptability None None Limited

Energy Efficiency Poor Fair Good

The performance evaluation of the proposed Q-learning-optimized loT-VLC
OFDM demonstrates significant improvements across key communicatiogn me as given in Table 3. Among
various OFDM schemes tested the DCO-OFDM exhibited the highe onsumption due to its dependence
on a constant DC bias thus rendering it unsuitable for energy-sens environments. ACO-OFDM is
subcarrier transmission. ADO-

- energy-efficient performance was
achieved with EACDO-OFDM with optimizeg jon and minimized redundancy. EACDO-
ared to DCO-OFDM making it ideal for
vhen coupled with Q-learning-based optimization the
godulation index and transmission power based on real-

long-term loT device deployment in indoor set
system dynamically adjusted VLC parameters such

an average SNR improvement of 8 , even under varying ambient light conditions. The Q-learning
algorithm demonstrated stable co ithin 150-200 iterations, learning to maintain optimal
communication settings across fltua wnments. Overall the integration of EACDO-OFDM with Q-
learning not only ensured high gy ef
communication.

5. Conclusion

The asse ption across various OFDM variants reveals key trade-offs between energy
ication effectiveness in optical wireless systems. While DCO-OFDM offers

O-OFDM strikes a middle ground by selectively employing odd and even subcarriers thus offering
between spectral efficiency and power usage. Among these the EACDO-OFDM stands out as the

O-OFDM significantly reduces power consumption while maintaining low BER and high spectral
effiCiency. This makes it a compelling choice for energy-sensitive optical communication systems. In the
context of loT-integrated VLC systems for real-time monitoring and smart automation the power efficiency is
paramount. These systems require continuous, reliable and interference-free communication to ensure smooth
and uninterrupted operation. The fusion of IoT’s connectivity and real-time data analytics with VLC’s high-
speed and EMI-free transmission enables seamless monitoring of critical parameters, automatic alert generation
for abnormal system behaviours and efficient resource management.



To further enhance adaptability and system intelligence the proposed framework integrates Q-learning-based
optimization. This reinforcement learning approach enables dynamic adjustment of VLC transmission
parameters such as modulation index and power level in response to fluctuating environmental conditions. By
learning from past decisions and continuously optimizing its strategy the system maintains optimal
communication performance while conserving energy. Incorporating EACDO-OFDM with Q-learning-driven
optimization into loT-based VLC systems enables the development of a highly efficient, secure and responsive
smart communication infrastructure. This combination effectively addresses challenges related to power
consumption and environmental variability, supporting the delivery of real-time, data-driven services in moder

smart environments.
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