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Abstract 
 
 
Looking beyond conventional wireless networks, VLC holds significant potential to 
revolutionize the way we perceive data transmission. Moreover, the lighting industry is 
undergoing a transformation towards a 'light-as-a-service' (LaaS) business model, where 
lighting infrastructure is repurposed into a wireless communication network. This 
transformation can enable VLC systems to access a frequency spectrum 1000 times larger, 
facilitating greater cell densification in the future communication and lighting landscape. 
Both VLC and its networked counterpart are expected to play a crucial role in the 
evolution of data transmission, especially in the context of upcoming 6G networks, the 
Internet of Everything, and Industry 4.0 applications. The central theme of the thesis 
revolves around the design, modeling, and assessment of indoor VLC Systems. The aim is 
to overcome the shortcomings observed in current indoor VLC system designs, 
particularly from a lighting perspective. This work seeks to provide constructive solutions 
that enable the harmonious integration of communication and illumination, fostering 
improved joint performance in these aspects. 
 

The initial phase of the research focuses on exploring the interferences arising from 
artificial ambient light sources and their integration with natural daylight in indoor 
environments. In indoor environment, all the light sources may not always used for both 
communication and illumination purposes. Also there is a need for dimming to make the 
system energy efficient as per the available daylight. This study introduces a forward 
error-corrected receiver configuration capable of effectively mitigating the impact of 
ambient light interferences. The proposed methodology involves employing a Tail Biting 
convolution encoder in the transmitter's encoding section and a Viterbi decoder in the 
receiver's decoding section to enhance bit error rate performance. Additionally, this 
research segment presents a stand-alone prototype for VLC that integrates daylight and 
supports dimming. The proposed system exhibits a remarkable energy-saving capability, 
reaching up to 37.29% under maximum daylight conditions. The investigation extends to 
assessing the performance of both illumination and communication under varying 
daylight conditions. Furthermore, the short-term Flicker Severity Index is experimentally 
evaluated and compared against the threshold level specified by the International 
Electrotechnical Commission. 
 

The next phase of this research focuses on designing an indoor multi-cell VLC 
system, which is crucial for utilizing the collective channel capacity from multiple optical 
sources /APs concurrently. Within the framework of indoor VLC multi-cell operation, 



CCI emerges as a major challenge when signals from one AP interfere with those from 
neighboring APs. The extent of this interference is closely tied to the distribution and 
HPBW of the installed APs. Moreover, the receiver structure and FOV play crucial roles in 
controlling CCI, as they can significantly degrade SINR performance. The primary 
objective of this segment is to analyze the impact of different transmitter configurations 
and receiver FOVs, considering a simple PD receiver. A design-centric methodology, 
based on multiple criteria decision modeling (MCDM), is proposed to determine the 
optimal transmitter configuration and receiver FOV under lighting constraints. This 
optimal selection ensures improved SINR performance with a simple PD receiver. 
Additionally, a hemispheric angle diversity receiver (HADR) structure is adopted to 
enhance both lighting and communication performances. It has been demonstrated that 
the optimal design of HADR not only improves the average SINR value across the CF but 
also reduces spatial fluctuations, resulting in a significantly high consistency factor. 
 

In the final segment of this thesis, the focus shifts towards designing a 
heterogeneous Li-Fi network. This endeavor aims to tackle practical challenges stemming 
from light path blockages and user mobility. With regard to multi-user association, this 
segment also imparts the motivation behind the adoption of an improved version of ADR 
(called FDR) in a hybrid Li-Fi Wi-Fi network (HLWNet). Based on different mobility 
scenarios and blockage conditions the performance of the proposed HLWNet has been 
evaluated. A Li-Fi channel model with FDR and a rule-based resource allocation algorithm 
(RBRA) has also been proposed for the purpose. Nevertheless, the network data quality of 
the multi-user system has been estimated in terms of packet loss, latency, and fairness 
index. 
 

The customizations and contributions outlined in various stages of this research 
are pivotal for the future adaptation of this eco-friendly technology in indoor 
environments. As communication and lighting industries increasingly prioritize this green 
technology and intertwine their efforts, the insights and innovations from this research 
will prove fruitful in driving the commercial success of VLC and Li-Fi. 

 
 
 
 
 
 
 
 
 
 
 
 

 



 
                                                                                                                               

Lay Summary 
 
The rapid growth of IoT devices and mobile data use raises concerns about limited RF 
spectrum for wireless communication. Optical wireless tech. like VLC and Li-Fi offer 
sustainable, uninterrupted connectivity, especially indoors. However, the primary 
objective of the VLC access points is to provide quality illumination, leading to a trade-off 
between lighting and communication. This study explores designs to enhance 
communication performance within lighting constraints. 
 
In indoor spaces, multiple WLEDs are commonly used for lighting. However, not all of 
these lights may be used for transmitting data, either due to cost or other requirements. 
When some lights are not used for data transmission, the regular room light could 
interfere with the optical signals they produce. Another issue is adjusting the brightness of 
these lights according to the amount of natural light available, which helps to save energy. 
This study initially addresses these challenges by proposing a design to reduce 
interference from ambient light. Additionally, it suggests creating a standalone prototype 
for VLC that can work with daylight and adjust brightness to save energy. Using multiple 
transmitters (luminaires) in a setup known as multi-cell VLC holds significant promise for 
enhancing data transfer speed and fairness among all individuals within the room. 
However, when you have these multiple transmitters close together, they can cause 
interference with each other, which is called co-channel interference (CCI). This 
interference often limits how well the communication works. Finding ways to reduce this 
interference without messing up the lighting is another important problem. A part of the 
thesis also looked at how different setups with diverse transmitter configurations affect 
things. Finally, it suggested the best solution that balances everything to reduce 
interference while still keeping the lighting good. The last segment of this thesis deals with 
more granular problems like light path blockage and multi-user random mobility which 
are very crucial for future commercialization. For seamless connectivity of all the mobile 
users, a specially tailored receiving front-end called freeform diversity receiver is 
suggested in a hybrid LiFi-WiFi network. Compared to the state-of-the-art schemes, the 
proposed solution exhibits significant improvement in terms of complexity, QoS and 
average user throughput. 
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“Whatever we are now is the result of our acts and
thoughts in the past; and whatever we shall be in the
future will be the result of what we think end do now.”

Swami Vivekananda

1
Introduction

1.1 Setting the Scene

Over the past two decades, remarkable progress has been observed in the field of wireless
communication, transforming it into an indispensablepart of bothourprofessional and

daily lives. The level of data sharing and connectivity achieved during this period has exceeded
even themost optimistic predictions from just a few years ago. This remarkable advancement
can be attributed to the evolution of mobile communication, spanning from 2G to beyond
5G (1,2,3,4), coupledwith significant strides in edge computing—from laptops to smartphones,
Smart TVs to tablets (5). The emergence of the Internet of Things (IoT) and the broader con-
cept of the Internet of Everything (IoE) have extended connectivity not only to humans but
also to machines (6,7). In the upcoming days, we anticipate a surge in progressive applications
and innovative services that will reshape our reality. Notably, technologies like augmented-
reality (AR) andvirtual-reality (VR) alreadymaking significant strides (8), promising enhanced
social experiences within virtual environments, allowing users to interact more immersively
and realistically. These high-precision applications are projected to demand data rates on the
order of terabits per second (Tb/s). Furthermore, the vision of Industry 4.0 involves highly
automated (9) and interconnected manufacturing processes, where reliable and low-latency
wireless connectivity plays a pivotal role. Communication technologies such as Vehicle-to-
Infrastructure (V2I) and Vehicle-to-Vehicle (V2V) (10) are poised to become the cornerstones
of the transportation sector.

To accommodate such scientific advances and foster economic development, bandwidth
and spectrum availability will be critical in the coming decades. Projections for 2030 indicate
an estimated annual increase in global data approaching one yottabyte, with a simultaneous
tenfold increase in general computing power, reaching up to 3.3 zettaflops (11,12). This ex-
ponential growth (13) underscores the need for continued advancements in communication
infrastructure to meet the escalating demands of an increasingly connected and data-driven
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Figure 1.1: Estimated spectrum crisis through to 2040 (14)

world.

1.2 Motivation

So far, wireless connectivity is solely dependent on radio-frequency (RF) technologies with
a limited bandwidth of almost 3 THz (15). Thus, the increasing demand for wireless services,
driven by emerging technologies and the growing number of connected devices, poses a risk of
spectrum scarcity. Serious concerns are coming up for resources like RF spectrum. The ade-
quacy ofRF spectrum to future-proof wireless communications remains a significant and on-
going challenge for the telecommunications industry. Figure 1.1 depicts the spectrum short-
age as estimated by Tezcan and Haas for the next 15 years (14). As per this article (14), by 2035,
the entire RF spectrum will be in use. So, the regulatory authority, technological innovators,
scientists and other communication engineers are making a constant effort to address this un-
precedented crisis. The importance of the leftover part of the huge electromagnetic spectrum
gradually increases to establish new wireless communication technologies. Already, optical
communication technology is deployed worldwide as a main enabler for high-speed broad-
band connectivity (16). So, exploiting the remainder part of the huge optical spectrum for free
space communication is a reasonably insightful and judicious approach to expanding future
wireless connectivity without overburdening the RF spectrum. Compared with the RF spec-
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trum, the visible light spectrum is itself 1000 times wider (17,18,19) and the lighting infrastruc-
ture is almost everywhere (20). Most importantly, LEDs are taking the driver seat and they can
be used as an optical transmitter (21,22). With the advent of LEDs, visible light communication
(VLC) emerged as a potential alternative (23,24) and currently penetrating the wireless commu-
nication market.

VLC is the backbone of OWC where intensity modulation of light is used to transfer
the data. With the help of optical modulators, optical sources (LEDs), and optical receivers
(photo-detector with front-end), this green technology can offer high-speed, short-range con-
nectivity especially suitable for the indoor environment (25). Li-Fi is the newest member of
the OWC family. This bidirectional technology is a total network counterpart of VLC that
uses optical links for seamless connectivity. In both VLC and Li-Fi, optical sources serve as
access points for data transfer, even though their primary purpose is to provide quality illu-
mination (26,27). Most of the research in this domain is heavily focused on the communication
perspective. Researchers carried out research in the direction of finding an optimummodula-
tion scheme in terms of data rate and BER for point-to-pointVLC link. The most common
and widely used modulation technique is binary on-off keying (OOK) (28,29). In addition to
OOK,pulse-position-modulation (PPM), andhigher-orderPPM (30,31) are employed to realize
a VLC system with intensity modulation and direct detection. However, often these modu-
lation techniques suffer from inter-symbol interference. In contrast, multi-level quadrature-
amplitude-modulation (M-QAM) and optical orthogonal frequency division multiplexing
(O-OFDM) exhibit robustness against ISI (32,33,34). Actually, in these modulation techniques,
the duration of the symbol is considerably large with respect to RMS delay spread of the op-
tical channel. Apart from modulation techniques, research has been carried out on multiple
input multiple output (MIMO)VLC systems (35,36) and different receiver technologies.

In spite of potential contributions in the communication field, those studies did not ad-
dress the primary objective of VLC-based system in a comprehensive way. So many crucial
research questions were still on the surface that need to be addressed both from a lighting and
communication perspective. Daylight integration with VLC system can improve the overall
energy efficiency. The entire thesis is dedicated to figuring out the trade-off between lighting
and communication parameters while designing an indoor VLC/ Li-Fi system. Although
VLC and Li-Fi are often used interchangeably, there is a significant difference between these
two. Li-Fi can be considered a networked counterpart of VLC. So, Li-Fi system can be de-
signed with VLC downlink and uplink or VLC downlink and RF/IR uplink. In the case of
an indoorVLC system, horizontal illuminance anduniformity are the key lighting parameters
while data rates, bit-error-rate, signal-to-noise ratio etc are the parameters under scanner from
the communication point of view. The data rate can be sufficiently improved by adopting the
multi-cell framework where ambient light interference and co-channel interference are other
areas of concern. Apart from that, both the transmitter and receiver configurations have a di-
rect or indirect effect on communication and lighting parameters. Unlike the RF femtocell,
the Li-Fi AP covers a relatively small area of more or less 2-3 m in diameter. This can poten-
tially accomplish an elevated bandwidth reuse and superior spectral efficiency. Nevertheless,
the system performance is restricted due to inter-channel interference (ICI) from the adja-
cent APs. This noise is maximum at the edge of the cell and can be tackled by beamforming
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. However, beamforming by reducing the semi-angle of an optical transmitter is not always
a good alternative as it significantly deteriorates the lighting performance in terms of overall
uniformity. To overcome this ICI without sacrificing the lighting requirement MIMO tech-
niques can be adopted in the Li-Fi receiver structure. A highly uncorrelatedMIMO channel
is obtained by using an angle diversity receiver (ADR) where multiple photodiodes (PDs) are
pointed toward different directions. Still there exists enough research opportunity to improve
the spatial SINR performance of the system by optimizing different parameters. Despite all
these efforts from different directions, so many practical problems like light path blockage,
random receiver orientation, and chipset integration into handheld gadgets stand as a barrier
between this promising technology and the mass market.

1.3 Contribution

To meet the expanding demand of numerous wireless communication applications with in-
creasingmobile data traffic, Visible LightCommunication& its networked counterpartLi-Fi
have evolved as a propitious green communication technology to provide ubiquitous connec-
tivity. The thesis focuses on the design, modeling, and evaluation of indoor VLC Systems
to address limitations of existing indoor VLC system design from a lighting perspective and
propose amicable solutions to achieve joint communication and illumination performances.
Specifically five research objectives have been addressed:

• The setback associated with ambient light interference is managed by designing a for-
ward error-corrected indoorVLC system.

• A daylight integrated energy efficient VLC system prototype has been designed and
developed.

• A design-centric methodology is developed to improve the multi-cell indoorVLC sys-
tem by estimating the optimal transmitter and receiver configuration under lighting
constrain.

• Optimized the design of a hemispheric angle diversity receiver to improve the average
SINR and reduce the SINR fluctuation of an indoor MIMOVLC system.

• Introduced the channelmodelwith a compact freeform-based receiving front-end (Freeform
Diversity Receiver) for improving the SINR performance of a multi-cell Li-Fi system.
Also, the performance of the proposed receiving front-end is evaluated in a mobility-
aware multi-user HLWNet environment.

In pursuit of the central research objectives outlined above, various minor contributions
have been made. Addressing the first objective, a configuration featuring Forward Error Cor-
rection (FEC) at both the transmitter and receiver has been introduced. Specifically, a tail-
biting convolutional encoder and Viterbi decoder have been meticulously designed for the

4



encoding and decoding sections, respectively, aimed at enhancing the bit error rate. Addition-
ally, in the context of an indoor environmentwith ambient light illuminants, a comprehensive
evaluation of joint communication and illumination performances has been conducted. This
evaluation encompasses key metrics such as Signal-to-Interference-plus-Noise Ratio (SINR),
Bit Error Rate (BER), horizontal illuminance, and uniformity. The assessment has been car-
ried out on evenly spaced grid points over the working plane, providing insights into the sys-
tem’s performance under varying conditions.

In case of the second objective, a cost-effective data-enabled LED driver circuit has been
conceptualized and implemented. This circuit is designed to be adaptable to ambient daylight
conditions, allowing it to regulate the LED current through a dimming control mechanism.
The incorporation of this feature enhances energy efficiency by adjusting the LED brightness
based on the available ambient light. Furthermore, the performance of the proposed proto-
type has undergone comprehensive evaluation. Various metrics, including short-term flicker
severity, energy efficiency, average horizontal illuminance, signal-to-noise ratio, and bit error
rate, have been rigorously assessed. This thorough analysis provides a holistic understanding
of the system’s capabilities and effectiveness, shedding light on its performance across differ-
ent parameters.

Addressing the third research objective, an in-depth study of a multi-cell Visible Light
Communication (VLC) channelmodel has been conducted and reported, aiming to estimate
the average Signal-to-Interference-plus-Noise Ratio (SINR) within an indoor environment.
The investigation involves the use of a simple Photodiode (PD) receiver. The study delves
into the critical aspect of simultaneously optimizing the transmitter configuration and the
receiver’s field of view. This exploration is undertaken to achieve a highly uncorrelated chan-
nel, a crucial factor for enhancing communication performance in a multi-cell VLC system.
The results obtained through analytical methods are also validated using an optical ray trac-
ing tool, Zemax. This validation ensures the reliability and accuracy of the analytically derived
outcomes, providing a robust foundation for understanding the intricacies of the multi-cell
VLC channel model.

Regarding the fourth research objective, an angle diversity receiver structure is adopted
instead of ordinary PD considered so far. To be specific, by adapting this multiple-input
multiple-output (MIMO) structure,weworkonhemispheric angle diversity receiver (HADR)
to improve the data rate further. In connectionwith the spatial SINR distribution, the signif-
icance of the random rotation angle, FOV, and inclination angle of HADR is first explored.
Then, the optimal HADR structure is designed to combat the spatial SINR fluctuation by
analyzing the impact of different parameters.

For the final research objective, a novel receiver structure named Freeform Diversity Re-
ceiver (FDR) is designed, leveraging the advantages offered by freeform optics. In contrast
to the Angle Diversity Receiver (ADR), this off-axis receiver is characterized by a more com-
pact size and superior Signal-to-Interference-plus-Noise Ratio (SINR) performance. A Li-Fi
channel model with FDR is proposed where off-axis and rectangular FOV is contemplated
instead of symmetrical FOV. Adopting this channel model, the performance of an indoor hy-
brid Li-Fi-Wi-Fi system has been evaluated in the presence of light path blockage for different
multi-user mobility scenarios. Moreover, a rule-based resource allocation algorithm has been
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developed for multi-user applications.
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“ You can’t connect the dots looking forward; you can only
connect them looking backwards. So you have to trust that
the dots will somehow connect in your future.”

Steve Jobs

2
Background of VLC System

& State of the Art

Way back in 1880, just after the invention of the telephone, Sir Alexander Graham Bell
along with his assistant Charles Sumner Tainter used light to transmit sound signals

wirelessly. They developed a device that used a thin mirror that vibrated in response to sound
waves. The mirror reflected a beam of light onto a distant receiver, where it was detected and
converted back into sound. They called the system as “Photophone”. This remarkable inven-
tion unveiled the pathway ofmodern optical wireless communication technology (37). Despite
this innovative idea, the project did not achieve any commercial success and for the next 120
years, researchers did not pay any attention to carry forward this idea in reality. The invention
of blue LEDs by Shuji Nakamura in the early 1990s revolutionized the lighting industry (38).
Blue LEDs, when combined with red and green LEDs or phosphors, can produce white light
which is nowwidely used in various applications, from residential lighting to commercial and
outdoor lighting. In 2004, Professor Nakagawa in Japan proposed the fundamental struc-
ture of an indoor visible light communication system using white LED (39). Inspired by this
study, Professor Harald Haas coined the term ‘Li-Fi’ in TED talk Global, 2011. Thereafter,
researchers around the globe have come to know the role of overhead lighting in high-speed
data communication. In the last decade, both LED technology and VLC has continued to
evolve and has witnessed significant advancements.

2.1 LED & Its Use As Optical Transmitter

In last two decades, especially in last few years solid state lighting technology has been evolved
in a rapid way. Solid-state lighting, particularly LED lighting has gained widespread accep-
tance and market penetration across the globe. With the rising awareness about energy con-
servation and environmental sustainability, there has been a substantial shift from traditional
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lighting sources to LED lighting in homes, offices, commercial establishments, and public
spaces. LEDs can be modulated at very high speed that human eye can’t detect. At the same
time it can provide sufficient illumination. It creates a great opportunity for the communi-
cation industry to utilize this ubiquitous lighting infrastructure as an access point for indoor
wireless communication.

Figure 2.1: Modulation bandwidth of different LED chips at a specific current density (40).

2.1.1 Different Types of LED

Typically, each lamp comprises more than one LED which is regulated by a controlling or
driver circuit. The driver circuit’smain function is to convey data bymodifying the flowing-in
current, consequently altering the intensity of light. The flowing-in current should fall within
the LED’s dynamic range to ensure linear proportionality between input current and output
(light intensity). White LED (WLED), known for accurately representing objects without
distorting their actual colors, is commonly employed for both illumination and communica-
tion. Two prevalent design schemes for WLEDs are observed. In one design scheme, a blue
LED with a yellow Phosphor coating (41) is used. Color mixing of three LEDs (red, green,
and blue) (42) is employed in other cases. Due to its affordability and straightforward imple-
mentation, the first kind of LED, featuring a blue LED and yellow phosphor layer, is widely
adopted for designing WLEDs than the RGB type. However, in comparison to RGB, it of-
fers a lower bandwidth due to the slower absorption and emission from the phosphor layer
coating. Data rates up to 1Gbps could be attained with this type of WLED (41). In contrast,
the RGB scheme exhibits superior communication performance by employing the CSK tech-
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nique, whichmodulates the signal using three LEDs of different chromaticity. This approach
enables achieving data rates of up to 3.4 Gbps (42).

The primary constraint on the frequency response of LEDs is determined by the lifespan
of minority carriers and the junction capacitance of the diode (43). To enhance the modula-
tion bandwidth of LEDs, light-emitting chips with dimensions in the micrometer range have
been incorporated. Micro-LEDs, leveraging GaN, have been suggested for achieving high-
speed VLC and communication through polymer optical fibers (POFs) (44). These devices
predominantly emit light within the wavelength range of 370 to 520 nm and can be paired
with wavelength converters to generate white light (44,45).

Recent research in this direction revealed that 7.91 Gbps data rate can be attained by em-
ploying a lone μLED alongside the OFDMmodulation format (46). In another study, a blue
series-biased µLED, comprising 3 × 3 elements with a diameter of 20 µm each has been re-
ported. This transmitter exhibits anoutstandingdata rate of 10Gbps even at a 5mdistance (47).
Micro-LEDdevices in semi-polar configurations, specifically in theblue andgreen spectra, fea-
turing a diameter of 60 µm, showcase notable bandwidth capabilities at low current densities.
These devices hold promise for integration into energy-efficient VLC systems (48). Modula-
tion bandwidth of different LED chips at a distinct current density is shown in Figure 2.1 (40).

2.1.2 Radiation Characteristics

The optical data radiation pattern from an optical source (LED) depends on the intensity
distribution of that light source on a particular plane. In general, the Lambertian radiation
model is conceived to represent the intensity distribution of a single LED. In the Lambertian
distribution, the radiant intensity (or power per unit solid angle) of the transmitter is propor-
tional to the cosine of the angle between the surface normal and the direction of observation.
Considering a point LED source with radiant output power Ps, the radiated power through
a solid angle dΩ is computed as:

dPr =
m+ 1
2π

× CosmαPsdΩ (2.1)

Here,m defines the shape of the beam, known as the Lambertian mode number. Using dif-
ferent epoxy lens or other optical arrangements the shape of the beam can be altered. The
angular spread of radiated optical power is also defined by the half power beam angle/ width.
This is an angle where the optical intensity reduces by a factor of 2.

This is clearly shown in Figure 2.2 where three different Lambertian beam patterns with
mode numbers 1, 11 and 45 have been shown.

2.1.3 LEDswithHigh-Speed Communication and Lighting Potential: Chal-
lenges

In section 2.1.1, it has been previously described that the modulation bandwidth of micro-
LEDs with less than 100 µm active area shows significant promise for Li-Fi applications.
However, in contrast to broad area LEDs (BALEDs), the light output power (LOP) ofmicro-
LEDs is currently considerably low. BA LEDs are generally highly suitable for lighting appli-
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Figure 2.2: LED Beam Lambertian Pattern.

cations due to their higher efficacy. However, the modulation bandwidth of these LEDs is
limited to the range of 10-40 MHz due to their lower recombination rate. Therefore, cur-
rent research efforts are focused on improving both the LOP and modulation bandwidth of
LEDs so that they can be simultaneously utilized for both illumination and communication
purposes. Careful consideration of state-of-the-art research on micro-LEDs for VLC appli-
cations reveals several challenges, summarized as follows:

• Quantum Confinement Stark Effect (QCSE):
QCSE arises from strong polarization effects observed in III-nitride LEDs. There are
two types of polarization effects: a) spontaneous polarization and b) piezoelectric po-
larization. Thesepolarization effects causedeformation in the energyband structure (49,50),
resulting in a reduction of the overlapping area of the electron-hole wave function (51).
Consequently, this phenomenon, known as QCSE, reduces the recombination rate of
free carriers. A lower recombination rate leads to a larger carrier lifetime and conse-
quently lower modulation bandwidth. To mitigate this situation, a high current den-
sity in the range of kA/cm2 is required. While this may be beneficial from a commu-
nication perspective, it simultaneously decreases power efficacy, which is undesirable
from a lighting standpoint.

• Droop Effect:
The droop effect in micro LEDs refers to a phenomenon where the efficiency of the
LED decreases as the current passing through it increases. This phenomenon is par-
ticularly significant in micro LEDs, characterized by their small size (52). The droop ef-
fect primarily occurs due to non-radiative recombination of charge carriers within the
LED structure at high current densities (50,40). As the current density increases, the rate
of non-radiative recombination also increases, leading to a decrease in the efficiency of
light emission. Consequently, this decrease in efficiency results in a lower light output
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for a given amount of electrical power supplied to the LED. The droop effect poses a
challenge for micro LED technology, especially in applications requiring high bright-
ness and efficiency (53). Researchers and engineers are continually working to mitigate
this effect through various methods, such as optimizing the LED structure, improving
heat dissipation, and developing novel materials with enhanced carrier mobility and
reduced non-radiative recombination rates.

Figure 2.3: Data transmission rate & LOP SH‐LED and µLED at different offset (54).

Very recently, a GaN based hybrid LED device (SH-LED) is proposed (54) where µLED&
BA-LED are connected in series configuration to obtain higher LOP and modulation band-
width. Figure 2.3 shows the practically obtained data rate and optical power at different offset.
Here, the offset defines the area coverage of a particular LED. Using the SH-LED, substantial
improvement in LOPhas been observed compared tomicro-LED.Also the decrement in data
rate is sufficiently low compared to BA-LEDs.

2.2 VLCReceiver

Direct detection (DD) with the help of a photodetector (PD) is the prevalent detection tech-
nique in case of VLC system. In proportion with the instantaneously received optical power,
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a PD generates current which is treated as a received signal after the optical to electrical con-
version. The dimensions of PDs typically span from hundreds to thousands of micrometers.
Given that the light interference pattern exists in themicrometer range (55), the PD has the po-
tential to average the received interference, and as a result, Doppler shift is not encountered.
PDs play a crucial role as a leading technology in VLC receivers, primarily due to their swift
response. This rapid response capability allows formodulation bandwidths to reach at the or-
der of gigahertz. Silicon (Si) PDs, with a typical spectral response peaking in the wavelength
window of 0.8-0.9 μm and a cutoff wavelength of 1.1 μm, are widely used. Alternatively,
germanium or III-V alloys like InGaAs cater to PDs with spectral responses at longer wave-
lengths.

Two primary categories of PDs have garnered considerable attention in the context of
VLC: the PIN and the APD. PIN PDs provide benefits over APDs, including higher tem-
perature tolerance and lower cost. In contrast, APDs excel in detecting lower levels of optical
power due to their internal gain mechanism, operating at a higher reverse voltage than PIN
PDs. Consequently, APDs find use in scenarios with low-intensity received radiation, while
PINPDs are suited for high-received irradiance. Nevertheless, a significant drawback ofAPDs
arises from the considerable shot noise generated by the high photocurrent induced by ambi-
ent light or the information signal. In a standardVLC receiver setup, utilizing PDnecessitates
a reverse bias, introducing an extra power consumption aspect to the process. An alternative
strategy for designing a VLC receiver involves employing photovoltaic cells (56,57). These de-
vices operate passively, generating electrical energy solely from an optical bias. A pioneering
solar panel receiver design capable of concurrently harvesting power atmW levels and facilitat-
ingVLCwith data rates in the order of Mb/s is introduced for the first time in Reference (58).
A significant drawback of most Silicon (Si) solar cells is their restricted bandwidth, typically
in the kHz range, owing to their extensive area and consequent large capacitance.

2.3 Modulation Techniques

Within this segment, an overview of digital modulation techniques commonly employed in
VLC/Li-Fi is presented. VLC, relying on electromagnetic radiation for information trans-
mission, can leverage modulation techniques typically utilized in RF communication, albeit
with essential adaptations. Furthermore, owing to the utilization of visible light for wireless
communication, it introduces a range of distinctive and specific modulation formats.

2.3.1 Modulationwith Single Carrier

In case of VLC, standard single-carriermodulation techniques encompassOOK,PPM,PAM,
PWM, and optical spatial modulation (59,60). OOK stands out as a widely recognized and un-
complicated modulation scheme, offering a favorable balance between system performance
and implementation complexity. Its inherent characteristic of transmitting data by alternately
activating and deactivating the LED allows for inherent dimming support. As outlined in
IEEE 802.15.7 (61,62), twomain approaches are considered to accomplishOOKdimming : (A)
implementing symbol compensation and (B) refining the ON/OFF levels.
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In contrast to OOK, another single carrier modulation technique, PPM exhibits greater
power efficiency while sacrificing spectral efficiency. By adjusting the width of signal pulses in
accordance with a designated brightness level a modified form of PPM is introduced, called
VPPM (59,61). Another noteworthy SCM scheme, known as optical spatial modulation (63),
harnesses the concept of spatial modulation, demonstrating improved efficiency in terms of
both power consumption and bandwidth utilization for indoor OWC.

2.3.2 Multi CarrierModulation

When the demand for higher data rates escalates, SCM schemes like PPM, OOK and PWM
encounter distortion in the transmitted signal at the non-linear LED front-end. Moreover,
inter-symbol interference is also induced due to the dispersive nature of optical wireless chan-
nels.

Hence, for high-speedVLC, attention is directed towardsmulti-carriermodulation (MCM).
In terms of bandwidth efficiency, MCMhas an edge over SCM but at the cost of reduced en-
ergy efficiency. Oneprevalent andwidely adopted formofMCMinLi-Finetworks isOrthog-
onal FrequencyDivisionMultiplexing (OFDM) (64,65,66,67,68). Over a set of orthogonal subcar-
riers, parallel information concurrently flows in this modulation technique. To construct an
OFDM modulator, an inverse DFT block can be employed, efficiently realized through the
use of inverse fast Fourier transform (IFFT), followed by a DAC. Consequently, the signal
generated byOFDM is inherently complex and bipolar in nature. Unfortunately, intensity of
light cannot be negative. So, the signal flows to LED must be unipolar. The unipolar signal
can be obtained by adopting mainly two techniques.

DCO-OFDMemploys apositive direct current (DC)bias to generateunipolar signals (69,70,71).
While this approach leads to an elevation in overall electrical power consumption, it does not
result in any additional reduction in spectral efficiency (72,73). ACO-OFDMaddresses the chal-
lenge of VLC (non negative intensity of light) by utilizing only the odd subcarriers in the
OFDM spectrum and clipping the time-domain signal at zero. The asymmetric clipping en-
sures that the resulting signal remains non-negative while still maintaining the orthogonality
of the subcarriers (74,75). This reduces the impact of clipping distortion to even subcarriers,
which carry no information, thereby preserving data integrity on the odd subcarriers. ACO-
OFDM enables high spectral efficiency and robustness against multipath effects, making it
well-suited for VLC environments where LEDs act as both transmitters and illumination
sources. Both DCO-OFDM and ACO-OFDM use Hermitian Symmetry property to make
OFDM signal real. This design choice results in a halving of the spectral efficiency in ACO-
OFDM.However, due to theminimal necessity for aDCbias inACO-OFDM, it proves to be
more energy-efficient compared to DCO-OFDM (75,76). Another technique has recently been
used in many studies where the elements from both DCO-OFDM and ACO-OFDM have
been considered. This hybrid approach is termed as Asymmetrically Clipped Direct Current
Biased OFDM or ADO-OFDM (77,78). ACO-OFDM is implemented on the odd subcarriers
while DCO-OFDM is applied to the even subcarriers. In some cases, ADO-OFDM demon-
strates superior power efficiency compared to both DCO-OFDM and ACO-OFDM (79,80).

In addition to the aforementionedMCM techniques, several other variants such as RPO-
OFDM (81), AHO-OFDM (82), and flip-OFDM (83,64) have been reported. These MCM tech-
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niques have been investigated to improve data rate under dimming conditions.

2.4 Multi-Cell VLC System

In indoor environments, multiple optical sources, such as LEDs, are frequently employed to
achieve high-quality illumination. The utilization of multiple LEDs consistently enhances
the overall uniformity of horizontal illuminance. Simultaneously, the data rate can be signif-
icantly improved by employing all lighting sources as distinct APs, particularly in multi-user
scenarios (84,85). A multi-cell VLC system refers to a communication infrastructure that uti-
lizes visible light to transmit data across multiple cells or areas. Each cell typically consists of
one or more light sources (such as LED luminaires) equipped with VLC transmitters and
receivers. (86,87) These cells are interconnected to form a network, enabling communication
between different locations within a given area. The advantages of the multicellVLC system
are:

• Increased Coverage and Capacity

• Seamless Mobility

• Improved Throughput

• Redundancy and Reliability

• Enhanced Quality of Service

2.4.1 Existing barriers with multi-cell VLC

Despite having so many advantages, the multi-cellVLC system suffers from one major draw-
back called co-channel interference (CCI) (88,89,90). This setback arises when signals from an
AP interfere with signals from the other AP. In a multi-cell optical network, each lighting
device can act as a VLC AP. Frequently, in order to fulfill lighting requirements, such as
achieving an overall uniformity of horizontal illuminance, coverage zones may overlap, lead-
ing to interference. It’s noteworthy that in certain literature, this type of interference is also
referred to as intercell interference (ICI) (91,92,93). To date, various methods have been pro-
posed (94,95,96,97,89,98) to combatCCI. In these studies, non-imaging (NI) receivers are predom-
inantly used compared to imaging receivers (97) (99) that suffer from the large size of the array
and high complexity of the systems. For a cell-free VLC network, Liu et al. proposed a joint
AP grouping and user clustering method to reduce interference (98). In (95), the decentralized
cooperation technique is used to counterCCI. This study hasn’t considered the random user
mobility, or multi-user system throughput and achieves a maximum of 30 dB SINR. Younus
et al. proposed a wavelength division multiplexing (WDM) technique in conjunction with
sub-carrier multiplexing tones to achieve a high data rate (96). Addressing the acute interfer-
ence management problem a novel shared frequency reuse technique is proposed by Ibrahim
et al. in association with two resource allocation algorithms (89). Cutting-edge research do-
main like RIS is also used to improve the communication performance of VLC system in the
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presence of CCI (94). In spite of their contribution, related practical challenges like light path
blockage, user mobility, network service quality, and illumination performance are not ad-
dressed in those studies (94) (96) (89). Most importantly, the SINR value is always on the lower
side.

2.5 Hybrid LiFi-RF System

Recent research highlights numerous benefits of Li-Fi over its RF counterpart. These include
i) its suitability for deployment in RF-restricted areas such as underwater (100,101) and hospi-
tals (102); ii) the absence of licensing requirements for its operation; and iii) the capability to of-
fer secure wireless communications (103), as light does not penetrate opaque objects. However,
LiFi does have limitations: i) its coverage is relatively limited, usually spanning a few meters
with a single AP; and ii) it is vulnerable to connectivity loss when the light path is obstructed.
The communication performance not only degrades due to light path blockage but also due
to frequent handover when the usermoves inside the indoor environment. Considering both
the mobility and light path blockage, network throughput needs to be determined for a prac-
tical indoor Li-Fi system (104). To counteract the mobility and light path blockage problem,
coordination betweenLi-Fi andWiFi has been studied in recent days (105,106,107,108,109). Hybrid
Li-Fi-RF typically refers to a concept that combines two different wireless communication
technologies (Li-Fi and RF/Wi-Fi) in a complementary manner (60,110) to provide enhanced
connectivity options (111,112,113,114,115,116). However,most of these studies have been performed
using a single PD receiver where degradation in SINR performance is more severe compared
to a system with ADR. In Ref (117), ADR is considered in a hybrid Li-Fi-RF heterogeneous
network.

IEEE 802.11bb Standard

To introduce Li-Fi into the mass market, a new Light Communication (LC) standard has
been developed through collaborative efforts from nearly 25 research and commercial enti-
ties. This initiative led to the amendment of the established IEEE 802.11 standard, resulting
in the creation of IEEE 802.11bb. This standard is specifically designed for fully networked
Li-Fi solutions, placing a strong emphasis on handover and mobility support.Major stake-
holders in this standardization effort include internet service providers (ISPs), telecom oper-
ators, lighting companies, industrial manufacturers, as well as aviation companies. Shifting
the center frequency of the baseband waveforms outputted byWi-Fi chipsets by a few mega-
hertz is the primary proposition of IEEE 802.11bb at the PHY layer (118). The potential to
reduce the form factor, cost, and energy consumption of Li-Fi systems lies in the availability
of suitable chipsets for Li-Fi-enabled devices. This approach might expedite the integration
and adoption of Li-Fi technology by device manufacturers and network operators.

2.6 Lighting Constraints

VLC distinguishes itself from most other communication technologies due to its dual func-
tionality, serving both communication and ambient lighting purposes (119,120). In an indoor
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environment, the main purpose of all the APs responsible for data transmission is to ensure
good quality of lighting (QoL). Therefore, numerous constraints are imposed from a lighting
perspective during the design of the VLC system/Li-Fi network. To date, only a few stud-
ies have considered the importance of both lighting and communication. The two key cri-
teria from a lighting perspective are average horizontal illuminance and overall uniformity.
In the initial phase of adoption, when the cost of LED lighting fixtures incorporating VLC
technology is high for enabling ultra-dense deployments, it is anticipated that only oneVLC
transmitter will be placed per room. In a study (121) conducted by Alexis et al., it is evident
that when utilizing a single optical source, indirect illumination outperforms direct illumi-
nance in terms of homogeneous data rate. Contrary to this, in recent times, smart lighting has
entered the scene, utilizing multiple LEDs. The primary focus of this smart lighting system
is to enhance energy efficiency through dimming and daylight integration. Ensuring high-
integrity color quality that satisfies human perception is the other area of concern in smart
lighting (121,120). When designing the VLC system to meet smart lighting requirements, four
distinct constraints are imposed (122): communication quality, power variation, transmission
power, and the metameric constraint.

The co-design of intelligent lighting and connectivity with light (SmartVLC) is crucial
and beneficial. However, it is still in its early stages of development. SmartVLC proves ad-
vantageous in areas experiencing unpredictable weather conditions during daylight hours, in-
cluding cities like London and Amsterdam (123). The foundational principles of SmartVLC
may serve as inspiration for additional research endeavors at the system level, concentrating
on the collaborative design of intelligent lighting and communication systems.
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“No one undertakes research in physics with the in-
tention of winning a prize. It is the joy of discover-
ing something no one knew before.”

Stephen Hawking

3
Mitigation of Ambient Light Interference

3.1 Introduction

Ambient light interference is a significant challenge in visible light communication (VLC)
systems. To transmit data, VLC uses the visible light spectrum, typically using White

LEDs (WLEDs) as the light source. However, the presence of ambient light can interfere with
the transmission of data, leading to errors in communication. This chapter tackles the issue
of interference from ambient light in an indoor VLC system, aiming to optimize both com-
munication and illumination within an office setting. It introduces an innovative VLC ar-
chitecture featuring an appropriate arrangement ofWLED luminaires designed to reduce the
variation of SINR throughout the room. The channel model along with the transmitter and
receiver architecture is illustrated in section 3.3. Luminaires are divided into two categories:
data-transmitting illuminants and those meant solely for lighting. The data-transmitting illu-
minants handle both data transmission and illumination, while the other group provides only
ambient lighting to ensure high-quality illumination. The proposed forward error-corrected
receiver configuration eliminates ambient light noise from the luminaires used for ambient
lighting. A tail-biting convolutional encoder and a Viterbi decoder are employed in the trans-
mitter’s encoding section and the receiver’s decoding section, respectively, to enhance the
bit error rate. This is clearly described in section 3.4. In section 3.5, the results obtained
through DIALux and MATLAB simulation to evaluate illumination and communication
performances are analyzed. As an extension of this study, a more realistic office environment
with cubicles and corridors is considered as indoor space and the corresponding lighting and
communication performances are estimated in section 3.6. Section 3.7 concludes the chapter
by discussing the relevance of this study.

17



3.1.1 Ambient Light Interference

The evolution of WLED as a potential optical transmitter has been noteworthy in recent
years, especially for short-range LOS communication. Apart from data transmission capa-
bility, these LED sources are also used for illumination purposes (124,119) . However, in addi-
tion to data-transmitting LEDs, additional light sources are required to achieve the desired
lighting quantity and quality throughout the indoor environment as per international stan-
dards. In the detection of transmitted data, the light generated by these illuminants imparts
noise (125,126,127,128). IEEE802.15.7 standard also adheres to this issueof impairmentdue to am-
bient light noise (129) which is severe when the brightness of these additional sources changes
tomeet dimming requirements. So, consideration of this ambient light noise is highly recom-
mended to design an energy-efficient lighting solution with a data transmission feature for an
indoor environment.

3.1.2 Research Gap

So far very few attempts have been reported to eliminate the ambient light interference in a
VLC system. In (125) simulation of a VLC system is done using OPTISYSTEM, considering
fluorescent light noise. In a recent work (126) by Chang, Hu and LEE proposed a method to
eliminate the ambient noise using a Schmitt trigger and a high pass filter. The reference volt-
age of the Schmitt trigger is kept at constant which limits the system to deal with variable
low-frequency light noise. If the noise voltage exceeds the threshold then the receiver can’t
detect the bit stream accurately. System accuracy of their proposed system (125,126) is not re-
ported in a quantitativemanner. In another work (127), Adiono et al. proposed aVLCAnalog
Front End (AFE) receiver to eliminate ambient light noise. However, they didn’t consider
any practical indoor environment and BER distribution over different positions in a room.
Furthermore, they have achieved minimum BER in the order of 10−3, which is not sufficient
in modern communication aspect (130). The average voltage tracking method (128) has been
proposed by Pham.et al. to counteract ambient light interference. They claimed that robust
interference rejection is possible inside a 5m×5m×3m room to establish an error-free com-
munication with OOKmodulation at a SINR of -2.7 dB. This work didn’t address the BER
issue. Moreover, luminaire arrangements of data sources and ambient light sources have not
been clearly demonstrated. This arrangement has a significant impact on reducing the SINR
fluctuation (131) from different locations in the room for multi-user visible light communica-
tions. These discussions indicate the possible research gaps that exist in the recent research of
indoorVLC systems considering ambient light noise as listed below-
• reprehensible luminaire arrangement leads to wide SINR fluctuation across a room which
in turn restricts the mobility
• considering ambient light interference, there is enough scope to improve BER at different
receiver locations inside a room
• The illumination performance of the indoor environment needs proper attention as per in-
ternational standard
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Figure 3.1: Arrangement of evenly distributed luminarie groups, z=3m

3.2 Luminiare Arrangement

In an indoorVLC system, roommodel, classically expressed as (L ×W×H), is one of the key
elements to inspect. It directly affects the quantity, allotment of LED luminaire and com-
munication eminence as well (132). In this study, a common office room model (39) of square
configuration (5m×5m×3m)has been taken to facilitate the analysis of results and subsequent
comparison with earlier works. Room surface reflectance of ceiling, walls and floor are taken
as 70%, 60% and 20% respectively. In the case of office lighting, ISO standard suggests a mini-
mumof 300Lux average illuminance (Em)with aminimumof 0.70uniformity of illuminance
(UO) over a horizontal work plane. Considering a commercial indoor downlighter of lumi-
nous flux 1140 lm, thirteen ceiling-mounted luminaries are required to achieve the required
illuminance level anduniformity as per the ISO standard (133). This estimation is donebyusing
well well-known Lumen formula (134). Among these thirteen luminaries, nine are dedicatedly
used only for ambient lighting purposes and the rest act as a data-transmitting hotspot that
transmits encoded binary packet data at a rate of 100Mbps. The details and specifications of
all the luminaries and room used in the present study are tabulated in Table 3.1.

These data-transmitting luminaries also contribute light to achieve the required horizon-
tal average illuminance with good uniformity. Here, in order to reduce SINR fluctuation
the ceiling of the room is subdivided into four equal segments, and four data transmitting
luminaires (DL) are mounted at the center of each segment, while the remaining nine lumi-
naires (L) are arranged uniformly across the ceiling to achieve uniform light distribution. The
arrangement of all of these luminaries is shown in Figure3.1.

3.3 SystemModel

The overall building block of designed VLC system is illustrated in Figure 3.2. Here the in-
coming binary serial data (bi) initially processed through the transmitter and optically modu-
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Table 3.1: Design parameters for simulation (room and luminaires)

Parameter Specification

RoomDimension(m) 5×5×3
Reflectance of ceiling, wall, floor 0.7, 0.6, 0.2
Mounting height of luminaires from working plane(m) 2.15
Luminaire wattage(W) 11.7
Luminous Flux (Lumen) 1140
Number of luminaire 13
Number of luminaire used for both data transmission and illumination (DL) 4
Number of luminaire used for illumination (L) 9
Height of working plane above floor(m) 0.8

Figure 3.2: Block diagram of forward error corrected VLC system

lates the data transmitting WLEDs. The ambient light noise along with optically modulated
data propagates through the channel before it has been received by the photo-detector. Since
the channel characteristic plays an important role to set up an efficientVLC system,modeling
of channel is essential (135,136) in order to understand the characteristics of visible light chan-
nels and thus to designwell-performing communication systems. Integral components of the
proposed system are described in the subsequent sections.

3.3.1 ChannelModel

The basic channel model of our designed system is given as:

y (t) = [xd (t) + xna (t)] ∗ h (t) (3.1)
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Here, y(t) = Received signal by the photo-detector (PD)
xd(t)= Transmitted signal by the data transmittingWLED sources (hotspot)
xna(t)=Transmitted signal (noise) by the ambient light sources
h(t)= Impulse response of the channel

For a given nth source (Sn) and receiver Rij placed at point Pij, the impulse response of
IM/DD communication channel is given by (137,138)

hnij (t) =
M∑
k=0

hk
(
t, Sn,Rij

)
(3.2)

M = order of inter reflection
It has been studied earlier that, apart from the direct response, the contribution of higher
order reflection in overall channel response is significantly small (139) . The direct gain of the
VLC channel is expressed by (39) ,

H (0) =
(m+ 1)A
2πd2

cosm (φ) cos (θ) when, 0 ⩽ θ ⩽ ψC (3.3)

Where, ψC represents FOV of the receiver,A is the physical area of a photo-diode, d is the
distance between optical source (Sn) and receiving point (Pij),m denotes Lambertian index,
φ represents the angle between the light emission direction and the light source normal direc-
tion, θ is the incidence angle of radiation. The value of the channel gain H(0) is zero when
the incidence angle is greater than the FOV of the receiver

In case of 1st reflection channel DC gain is represented as (39)

dHref (0) =
(m+ 1)A
2π2d21d22

ρdAwallcosm (φ) cos α cos β cos (θ) when, 0 ⩽ θ ⩽ ψC (3.4)

where d1 is the distance between optical source and a reflection point, d2 represents the
distance between the reflection point and receiving point (Pij), ρ denotes the reflection coef-
ficient, dAwall expresses emission area of indirect source, φ is the radiation angle of reflection
points, α expresses the incidence angle of reflection point, β denotes radiation angle of the
receiver, and θ is the incidence angle of the receiver.

Now, received optical power due to data transmitting LED sources Pr,data and ambient
light sources Pr,na have been computed incoherently by means of direct gain and reflection
channel gain. It is given by,

Pr,data =
∑

data sources
{Pt,dataH (0) + ∫wall Pt,datadHref (0)} (3.5)

Pr,na =
∑

ambient light sources
{Pt,naH (0) + ∫wall Pt,nadHref (0)} (3.6)

Where, Pt,data is the transmitted power by the data transmitting LED sources and Pt,na is
the transmitted power by the ambient light sources.
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Horizontal Illuminance at point Pij for a specified nth source (Sn) is given by, (140)

E0 = I (0) cosm
(
ϕ0
)
cos (θ) /d2 (3.7)

3.3.2 Transmitter Design

Figure 3.3 shows the main block diagram of the transmitter utilized in the proposed VLC
system. Here, ON-OFF Keying (OOK) modulation technique has been used to send data at
100Mb/s through visible light beam. Initially an infinite stream of binary data is broken into
packets/dataframes of length 100.

The output of FEC encoder is directly fed to the line coder to acquire a data pattern with
constant signal power. Manchester coding technique has been chosen in this work to facili-
tate the line coding operation. Because of its level insensitive, self-clocking characteristics this
line coding method is widely accepted in the communication field. This encoder is realized
with a number of logic gates, clock generator and a signal adder. The frequency of the clock
generator used in the Manchester encoder is set to double of the incoming bit stream.

Figure 3.3: Block diagram of the proposed FEC‐equipped data transmitter.

3.3.3 Receiver Architecture

The receiver architecture of the proposedVLC system is shown in Figure 3.4. The front end
of the receiving unit comprises with a photodiode followed by a TIA. The generated pho-
tocurrent is proportional to the incident optical power, while trans-impedance configuration
is used to convert the current in the corresponding voltage format. BPW34photodiode is con-
sidered as a front end of the receiver. This fast response PINphotodiode has a radiant sensitive
area of 7.5mm2 with NEP 4× 10−14W/Hz1/2. The received signal by the photo-detector is
an algebraic sum of received signals due to four data transmitter (DL) and ambient light noise
generators (L).Moreover, thermal noise and shot noise contributes to the receiving front end.
These noises are treated as the internal noise (nint(t)) of the receiver and can be estimated as
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Figure 3.4: Receiver block diagram of the proposed VLC system

Table 3.2: Receiver Specification

Parameter (Unit) Description Value

q(c) Charge of electron 1.6
Ibg(nA) Background current 30
I2 Noise bandwidth factor 0.562
γ(A/W) Detector responsivity 0.53
B(MHz) Equivalent Noise Bandwidth 100
Fn Noise figure of TIA 0.2
RL(Ω) Load resistance 50
KB(J/K) Boltzman’s constant 1.38
ψC(degree) Receiver’s field of view 65

additive white Gaussian noise (AWGN) (141) . The variance of the total noise and interference
is given as,

Ntotal = σ2shot + σ2thermal + γ2Pr,na (3.8)

The shot noise (σ2shot) and thermal noise (σ2thermal) variances are given as (39)

σ2shot = 2qγ (Pr,data + Pr,na)B+ 2qIbgI2B (3.9)

σ2thermal = 4
(
KBT
RL

)
FnB (3.10)

The signal to interference plus noise ratio of the receiver is given by,

SINR =
γ2Pr,data

Ntotal
(3.11)

Explanationof receiver’s parameters and its values used in the simulation are listed inTable
3.2.

The sampled output of the photodetector [y(kTs)] is fed to the FIR low pass filter as per
the configuration shown in Figure 3.4. In order to allow only low-frequency ambient light
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Figure 3.5: Magnitude response of FIR filter (Low pass) used in receiver

noise and block the transmitted high-frequency signal the cut of frequency of the filter at
parallel path is set at 2 kHz.The magnitude response of the LPF is shown in Figure 3.5. If the
ideal filter characteristics is considered with a sharp cutting edge then there should not be any
ambient noise component at the output. This is given by,

y (kTs) = yd (kTs) + yna (kTs) + nint (t) (3.12)

yLPF (kTs) = yna (kTs) + ñint (kTs) (3.13)

yo (kTs) = yd (kTs) + n0 (kTs) (3.14)

where,
n0 (kTs) = nint (kTs)− ñint (kTs) (3.15)

3.4 Forward Error Correction

The Forward ErrorCorrection (FEC) in the designed system includes an FEC encoder within
the transmitter. This encoder receives information bits, adds calculated redundant symbols,
and generates encoded data at an increased bit rate. In pursuance of forward error correc-
tion, channel coding of incoming continuous stream of bits has been done using (171,133)
Tail Biting Convolutional Code which is one of the recommendedNASA planetary standard
codes (142,143).

3.4.1 Tail Biting Convolution Code

A tail-biting convolution code is a type of error-correcting codeused in digital communication
systems. It is called ”tail-biting” because the encoder’s feedback loop is terminated after a fixed
numberof input symbols, insteadofbeing allowed to run indefinitely. Thismakes the encoder
more compact and easier to implement but also requires special decoding algorithms. The
encoding process of a tail-biting convolution code involves multiplying the input sequence
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with a set of generator polynomials, which generates a longer output sequence. The encoder
is designed to transmit both the input sequence and the generator polynomials to the decoder,
which uses them to reconstruct the original input sequence and correct any errors that may
have occurred during transmission.

In this design, the convolution encoder with constraint length seven is first initialized by
inputting the last 6 information bits of the packet with the help of a circular buffer and the
corresponding output symbols generated by the convolution encoder is ignored. Hereafter,
the remaining 94 data bits are encoded and transmitted, followed by the first 6 bits. As a
consequence, the starting state of the encoder remains the same as its ending state. It is also
ensured that the entire packet has been readily available at the encoder before the first symbol
is transmitted.

Figure 3.6: Block diagram of the convolution encoder

Figure 3.6 shows the block diagram of the convolution encoder used in this work. Incom-
ing packet data (bk) is passed through six sharingmemory elements and produces two output
streams, given by (144)

Ck
(1) = bk + bk−1 + bk−2 + bk−3 + bk−6 (3.16)

Ck
(2) = bk + bk−2 + bk−3 + bk−5 + bk−6 (3.17)

In order to generate the encoded output stream (Ck) these two streams are interleaved
together.

3.4.2 Viterbi Decoder

In present study, to decode the tail-biting convolution encoded sequence, the Viterbi decod-
ing algorithm has been used at receiving end. This decoder works by comparing the received
sequence of symbols with all possible paths through the trellis diagram of the convolution
code. The decoder computes a metric for each path, which is the sum of the Euclidean dis-
tances between the received symbols and the expected symbols for that path. The path with
the lowest metric is chosen as the most likely decoded sequence.

Maximum likelihood technique has been employed in this decoding algorithm to estimate
the transmitted bit sequence (145,146,147). In section 3.4.1 it has been mentioned that the initial
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Figure 3.7: Decoding technique for Tail Biting Convolution code

and final state of the tail-biting trellis structure remains the same. This approach enables the
Viterbi algorithm to maintain consistency with the end of a block by cyclically repeating the
received codeword. Consequently, the model duplicates the received codeword and processes
this data through the Viterbi decoder, performing the traceback from the optimal state after
the repeated data set. In this proposed study direct traceback with a traceback depth of 40
has been adopted. In a Viterbi decoder starting state plays an important role for trellis con-
struction. In our design, the last TB is considered primarily to obtain the correct state for TB
Block 0. At that time output data is simply overlooked. Now the process continues starting
fromTBBlock ’0’ toTBBlock ’N’. Finally, TBBlock ’0’ is inserted again to provide a training
sequence for decoding of last traceback block. This technique is clearly shown in Figure 3.7.

3.5 Results

In this section, joint communication and illumination performance of the proposed system
has been evaluated using MATLAB and DIALux respectively.

3.5.1 Illumination Performance

DIALux simulation in terms of average horizontal illuminance and overall uniformity. An
average horizontal illuminance of 363 Lux with uniformity of 0.841 has been achieved using
the parameter listed in Table 3.1. This result complies with the lighting requirement of an
office environment as per ISO as specified in previous section. Figure 3.8 shows the distribu-
tion of simulated horizontal illuminance on the working plane. From the distribution, it can
be observed that the corners of the room receive the lowest illuminance of 305 Lux while the
center receives the maximum illuminance of 391 Lux.

Maximum received optical power has been observed in between the middle and corner
positions of the room. The explanation behind these two different findings lies in the lumi-
naire layout-theDLs and the Ls referred to Figure 3.1. Both direct and reflected optical power
distribution are computed using equations 3.3, 3.4 and 3.5 and are shown in Figure 3.9 and
Figure 3.10.

26



Figure 3.8: Distribution of horizontal illuminance over the working plane, z=0.8m

Figure 3.9: Distribution of optical received power: direct component, z=0.8m
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Figure 3.10: Distribution of optical received power: direct with reflected component, z=0.8m

3.5.2 Communication Performance

From the communication point of view, as the reflected component of optical power reduces
noise due to intersymbol interference is gradually reduced. Result shows, -31.293 dBm av-
erage optical received power considering only direct component. 6% increment in average
optical received power can be observed if the reflected component is taken into account. This
result is advantageous from a communication perspective. However, greater uniformity in
horizontal illuminance demands higher reflected share. In spite of very little reflected compo-
nent, excellent overall uniformity (0.841) is achieved. This is only possible due to the lumi-
naire arrangement shown in Figure 3.1 where two different types of illuminant are considered
and placed accordingly.

Figure 3.11: Power spectrum of internal noise of photodetector

In order to determine the signal to interference plus noise power ratio, received power at
different grid points due to ambient light sources are determined using Equation 6. In gen-
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eral noise power at receiver is incorporated in form of thermal noise and shot noise. These
noises, considered as the internal noise of photodetector, are almost remain same irrespective
of the receiver location. The power spectrum of simulated internal noise is shown in Figure
3.11. Apart from this internal noise, the ambient light noise is highly dependent on luminaire
arrangement, room geometry and receiver location. In our system design, luminaries are ar-
ranged in suchways that signal to interference plus noise ratio, given by equation 13, does not
fluctuate over a wide range. Result shown in Figure 3.12 clearly suggests that SINR ranges
from -3.08 dB to 1.205 dB. In order to verify the validity of the proposed scheme, it is com-
pared with existing research outcome. In (128) Pham et al. achieved SINR ranging from -0.8
dB to -7 dB for same roomdimension. From this standpoint, results obtained by the proposed
VLC system exhibit better consistency with comparatively smaller deviation.

Figure 3.12: Distribution of SINR at different location inside the room, z=0.8m

The transmitted binary bit sequence and received data after demodulation are compared
in Figure 3.13. Even though an exact match of the transmitted and received waveform is ob-
served for some sample data, still there exists some error in the transmitted and received bit
pattern when a very long stream of data is taken under observation.

In spite of having negative SINR (in dB), excellent BER has been achieved by using the
proposed receiver architecture with FEC. It has been observed that the maximum ambient
light interference frequency is very low (less than 2 KHz). So, a substantial amount of noise
originating due to ambient light source has been removed by noise cancellation block using
low pass filter. With the help of MATLAB simulation BER has been computed for spatial
SINR, obtained at different receiving locations inside the room. Figure 3.14 shows BER per-
formance of the proposed scheme. It shows significant improvement in BER with a forward
error correction scheme compared to receiver architecture without forward error correction.
The BER of the designed system (with forward error correction) can be represented as a func-
tion of SINR and it can be obtained using the cubic curve fitting method given as,

BERFEC = Ax3 + Bx2 + Cx+D (3.18)

where,
x= SINR in dB
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Figure 3.13: Transmitted and Received waveform for sample random binary data

Figure 3.14: Variation of BER with SINR (dB)

A = 2.8× 10−9, B = 9.5× 10−9, C = −2.4× 10−8,D = 1.6× 10−8

From the distribution of BER shown in Figure 3.15 it can be noticed thatmaximumBER
(9.89× 10−8) has been recorded at corner of the roomwhile minimumBER (5.514× 10−9)
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has been obtained at four grid points just below the data transmitting optical source. How-
ever, in average BER lies in the order of 10−8 across the room.

Figure 3.15: Obtained BER at different location inside the room, z=0.8m

3.6 A Special Case: DesignwithOffice Environment and Infrastructure

The ambient light interference mitigation strategy discussed so far is now adopted for a more
realistic office environment with chairs, tables, and cubicles. Commercially available lumi-
naires are selected for lighting and data transmission purposes. In section 3.6.1 the office ge-
ometry and luminaire specifications have been described. Section 3.6.2 deals with the joint
communication and illumination performances considering the ambient light factor.

3.6.1 Office Geometry andDesign Parameters

The office room, measuring 7m×6m×3m, is divided into six small cubicles, as illustrated in
Figure 3.16. The corridor within the room is 1.6m wide, and each task area within a cubicle
measures 1.5m by 0.85m. Each cubicle is equipped with a separate AP with zero CCI. The
WLED installed at each AP can transmit data through intensity modulation and meet the
primary lighting needs of the task area. Additionally, Compact Fluorescent Lamps (CFL)
are installed throughout the office to ensure good uniformity and the necessary horizontal
illuminance across the entire indoor environment. As there is no CCI inside the cubicles
(clearly mentioned), a receiver with wide FOV can easily support the system. However, in
this specific study, 120-degree FOV is considered for simulation. The intensity distributions
of both light sources (LED and CFL) are depicted in Figure 3.17.
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Figure 3.16: Li‐Fi enabled LED lighting system in office cubicle (3‐D view)

Figure 3.17: Intensity distribution of the optical sources

3.6.2 System Performance

ADiaLux simulationwas conducted for the entire office space, considering the contributions
of both the optical transmitter and ambient light. Five CFLs, primarily installed to illuminate
the common corridor, also enhance the lighting within the task areas inside all cubicles. The
results, presented in Table 3.3, indicate satisfactory lighting performance across all task areas
and corridors in terms of horizontal illuminance and overall uniformity. Due to the sym-
metrical design of the room and the arrangement of luminaires, almost identical illuminance
distribution was achieved in all opposite-facing cubicles.

The simulated results indicate that the ambient light source’s contribution over the task
area inside the cubicle ranges from 41 to 109 Lux. As the ambient light increases over the task
area, the SINR gradually decreases from 5.94 dB to 0.96 dB. Allthough, satisfactory BER
in the order of 10−8 can be obtained over the communication floor (over the table at each
cubicle). The variation of BERand SINRwith an increase in ambient illuminance is depicted
in Figure 3.18.
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Table 3.3: Lighting performance over different task area

Task Area Avg. horizontal
illuminance (Lux)

Overall
Uniformity

Left Lower (C1) 311 0.73
Left Middle (C2) 338 0.76
Left Upper (C3) 314 0.74
Right Lower (C4) 311 0.73
Right Middle (C5) 338 0.76
Right Upper (C6) 314 0.74
Common Corridor 260 0.77

Figure 3.18: BER & SINR at different Ambient Light Intensity

3.7 Summary

This chapter considers an indoor visible light communication system within a room with
quality lighting provision, as per the ISO standard, in terms of two lighting design parameters
viz. average illuminance and uniformity of illuminance over the horizontal working plane.
All of the ceiling-mounted luminaires act as illuminator (light source) responsible to create
desired lighting ambience within the indoor space, while some of the luminaires act as both
the data transmitter as well as illuminator. Now at the time of data reception by the photo-
detector, the illuminators used only for illumination purposes create noise commonly known
as ambient light noise. In this work, novel receiver architecture with FEC is proposed to get
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back the transmitted packet data at a data rate of 100 Mbps by rejecting ambient light noise.
To achieve forward error correction, the receiver’s decoding section uses a Viterbi decoder,
while the transmitter’s encoding section employs a tail-biting convolutional encoder. Results
obtained using simulations show satisfactory BER ranging from 10−8 to 3× 10−9 in the pres-
ence of -26.19 dBm average ambient light interference and 363 Lux average horizontal illumi-
nance with 0.841 uniformity. Results reveal that the proposed VLC system can detect erro-
neous reception of packet data and correct it accordingly at a moderate BER even if ambient
light noise is significant along with internal noise.

3.8 ResearchOutput

The findings from this chapter are reported in the following research publications:

• Chatterjee, S., &Roy, B. (2020). An approach to ensure joint illumination& commu-
nication performance of a forward error-corrected indoor visible light communication
(VLC) system in presence of ambient light interference. Journal of Optical Commu-
nications.
DOI: doi.org/10.1515/joc-2019-0212

• Chatterjee, S., & Roy, B. (2020). Design, development and practical realization of a
VLC supportive indoor lighting system. Light & Engineering, 28(3).
DOI: doi.org/10.33383/2019-048
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“ Only a philosopher’s mind grows wings, since its memory
always keeps it as close as possible to those realities by being
close to which the gods are divine.”

Plato

4
Daylight Integrated Indoor VLC System

In Chapter 3, ambient light interference mitigation technique has been discussed. How-
ever, the ambient light from the sun can be purposefully integrated with artificial light

sources to reduce energy consumption, especially for lighting purposes. This chapter deals
with a dimmable VLC-supportive lighting system. Based on the block diagram of our pro-
posed system (see section 4.2) the brief system design with the practical circuit is presented in
section 4.3. The overall transmitter design involving data enabled LED driver, dimming con-
trol mechanism and OOK modulator have been discussed in sections 4.3.1, 4.3.2 and 4.3.3
respectively. Detail design of the receiving unit and the associated noise of the proposed sys-
tem are outlined in section 4.4. In section 4.5 illumination and communication performances
of the designed systemhas been evaluated. Finally, in section 4.6 the importance and relevance
of the work have been discussed.

4.1 Introduction

In sustainable buildingdesigns, daylight is considered as an alternative free source of light to ar-
tificial lighting. So, in the case of indoorVLC application available daylight can be integrated
with the artificial source to conserve energy andmake the systemmore energy-efficient (148). So
far, a step up in the energy efficiency of the existingVLC system has been achieved by control-
ling the brightness of the optical source using several data transmission and power allocation
schemes (149,150). PAM and PWM are widely adopted techniques for dimming support in an
indoor VLC system (151). To maximize the energy efficiency of the multi-color LED-based
VLC systems an optical power allocation scheme is formulated in (149). Din et al. proposed a
brightness control and sub-carrier L-ary pulse positionmodulation (SC-L-PPM) scheme that
proficiently minimizes the energy consumption of a VLC system (150). In this paper, it has
been claimed that the system satisfies users’ lighting and communication requirements. How-
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ever, none of the above-mentioned researches (149,150) specifies the inherent perceived flicker
of the systems. This issue of flicker puts a serious question on the implication of the system
from the lighting perspective. In contrast to the existing energy-efficient techniques proposed
in earlier works, automated dimmable VLC system can be adopted where illumination level
wouldbemaintainedbasedon ambient daylight (152). Integrationof ambient daylightwith the
artificial light source is a very well-known practice for lighting engineers. On the other hand,
it has been clearly demonstrated by the researchers that degradation in system performance
due to ambient sunlight is another key area of concern (153,154).

4.2 SystemDesign

This chapter considers a practicalVLC-supportive lighting system in anoffice cubicle as shown
in Figure 4.1. The LED luminaire which also works as a transmitter is placed at a 1-meter
height over the working plane. As per the international standard (133), for a commercial in-
door environment, the required minimum average indoor illuminance on the working plane
is 300 Lux. During the daytime, substantial energy can be saved by integrating diffused day-
light with this system. The proportion of daylight is varied depending upon room geometry
and sky condition. In this study, the measured average diffused daylight over the working
plane is 0 lux to 110 lux. As the experimentation is done in the interior portion of a build-
ing direct daylight component is unavailable. So, the diffused daylight value is in the lower
range. However, the goal is to utilize the full range of available daylight to design the subse-
quent segment and achieve the required lux level. This integrated daylight serves as a potential
source of noise considering our system from a communication perspective. So, the goal of the
project is to implement and evaluate the performances of a prototype system which is capa-
ble of transmitting the data with minimum error even in the presence of ambient daylight
noise and providing sufficient illuminance on the working plane at the expense of minimum
energy. Flicker is one of the important performance metrics in a VLC system. IEC 61000-3-
3 (155) suggests short-term flicker severity should have a maximum limit of 1. In this work, the
short-term flicker severity at the time of data transmission through the designedVLC system
has also been measured.

4.2.1 Overall Block Diagram

The optical wireless communication scenario is dependent on the modulation characteristics
of the transmitter and the detection characteristics of the receiver in an indoor environment.
A generalized block diagram of our proposed system is illustrated in Figure 4.2. The system
comprises mainly two units- transmitter and receiver. The transmitter section encompasses a
dimming control mechanism for energy-efficient illumination purposes along with a modu-
lator for data transmission.

In order to achieve the required illumination level with daylight integrated artificial light
source, Luxeon Rebel ES LEDmodule as shown in Figure 4.3 is used (156). This module con-
sists of seven LXML PWN2 LEDs (CCT: 4100K). Out of these seven LEDs six LEDs have
been used in a series configuration to design the luminaire. This luminaire contributes 200-
300 lux over the task area depending upon ambient daylight. When the ambient daylight is
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Figure 4.1: VLC supportive indoor lighting scheme

Figure 4.2: Generalized block diagram of the proposed system

at maximum, the artificial light source contributes 200 lux and the additional 100 lux is sup-
ported by daylight.

4.2.2 Mathematical Framework For Dimming ControlMechanism

According to the CIE technical report (155), the design of the transmitter needs careful consid-
eration of eye safety. So, to counter with the discomfort glare, a diffuser has been used over
the LED panel for uniform light distribution. Apart from the Lambertian scattering it also
absorbs light flux which in turn reduces the transmitted optical power.
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Figure 4.3: Luxeon LED Module used for designing optical source

The light output (ϕLED) from a single LED at constant LED current (ILED) is given by (39),

ϕLED|ILED = 683× kv ∫ V(λ)fe(λ)|ILEDdλ (4.1)

where, kv=Visibility index
V(λ)=Spectral lumionous efficacy function for photopic vision
fe(λ)=Relative spectral power distribution of LED
TheV(λ) function is definedby the numerical values at 1 nm intervals given in ISO23539

standard (157). In this case, the integration in Equation (4.1) usually takes the form of numer-
ical summation over the visible spectrum and given as,

ϕLED|ILED = 683× kv
780∑

λ=380

V(λ)fe(λ)|ILED (4.2)

Now, the light output of a single LED at different LED current is expressed by,

ϕLED|ILED = ψR × 683× kv
780∑

λ=380

V(λ)fe(λ)|ILED=700mA (4.3)

The relative output factor (ψR) of LXML PWN2 LED is modeled as:

u(ILED) = .001ILED + 0.054 (4.4)
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The luminous flux of the designed luminaire φLUM is given by,

φLUM = 683× (.001ILED + 0.054)kv
780∑

λ=380

V(λ)fe(λ)|ILED=700mA × LLF×NL (4.5)

where, LLF = Light loss factor of diffuser
NL =No of LED in array
Substituting ILED in terms of external bias current IEXT (158) of the sensor (briefly described

in Section 4.3),

φLUM = 683
[
.001

{(
1.255
RIADJ

− IEXT
)
249× 103

}
+ 0.054)

]
kv

780∑
λ=380

V(λ)fe(λ)|ILED=700mA×LLF×NL

(4.6)
In this design, external bias current (IEXT in ampere) is a function of ambient daylight

(EDL in Lux) given by,

IEXT = (0.779EDL − 0.733)× 10−6 (4.7)

when, 10 ≤ EDL ≤ 100
0 otherwise

The horizontal illuminance E over the working plane is expressed by (134),

E =
φLUM × COU

A
(4.8)

COU= Coefficient of utilization , A= Area of the working plane

4.3 Optical Dimmable Transmitter

Toachieve energy-efficient illumination followedbydata transmission through intensitymod-
ulation, a daylight integrated data-transmitter is designed using IC3414. This LED driver IC
is also capable of driving the source at rated current as per the requirement. Theoretical deriva-
tion using the lumen method (134) exhibits that the driving current of LED should be around
550 mA when daylight is not available. However, in case of maximum available daylight, the
required driving current dips to 350mA to achieve 300 lux average illuminance over thework-
ing plane hereby realizing an energy-efficient system.

4.3.1 Integrated Data Enabled LEDDriver

The circuit diagramof the proposed transmitterwithdimming control andOOKmodulation
is shown in Figure 4.4.The heart of the designed transmitter is ICLM3414. It is used as a LED
driver that contains a clock generator to generate constant internal switching frequency for the
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device. An external resistor RFS determines the switching frequency in the range of 250 kHz
to 1MHz. The internal switching frequency of the LM3414 is governed by Equation 4.9 (158).

fsw =
20× 106

RFS
(4.9)

Figure 4.4: Overall circuit diagram of transmitter involving dimming control and OOK modulator

The minimum inductance of the inductor (L1) is decided by the defined average LED
current and allowable inductor current ripple. It can be expressed in terms of input voltage
and internal switching frequency given by: (158)

LMIN =
VIN − VLED

1.2ILED
× VLED

VIN
× 1

fSW
(4.10)

Parameters used to design the transmitter section are summarized in Table 4.1.

4.3.2 Dimming ControlMechanism

In order to save energy during the daytime dimming controlmechanism is adopted using pho-
todiode sensor OPT101, Atmel SAM3X8E microcontroller (Arduino Platform) and an in-
terfacing circuit. The interfacing circuit shown in Figure 4.4 generates the external bias cur-
rent IEXT depending upon its input voltage VX which is fed from the DAC pin of the micro-
controller platform. When the current IEXT is applied to the IADJ terminal of LM3414 the
reduction of the output LED current takes place which is expressed by (158)

ILED =

[(
1.255
RIADJ

− IEXT
)
× 2490× 103

]
(4.11)

when, IEXT < 1.255/RIADJ
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Table 4.1: Design Parameters of Transmitter

Description Symbol Value

Input Voltage (DC) VIN 24V
Forward Voltage drop across LED array VLED 16.2 V
Average LEDCurrent ILED 348 mA – 555mA
Internal Switching Frequency fsw 800 kHz
Switching frequency-selective resistor RFS 25kΩ
LEDCurrent control resistor RIADJ 5.67 kΩ
Dimming Control Resistor RD 3.7kΩ
External Feedback Resistor of OPT101 RF 3MΩ
Min. Value of inductor L1 LMIN 10 µH
Light Loss Factor (for using diffuser) LLF 0.75
Downward Light Output Ratio (Luminaire) DLOR 0.8

At zero input voltage (VX), the external bias current (IEXT), fed by the interfacing circuit
is given by,

IEXT =
VCC − 1.955

(
R1/R2 + 1

)
RE

(
R1/R2 + 1

) (4.12)

In our designed circuit the value ofR1 andR2 are so chosen that IEXT is almost zero when
the input voltage (VX) of the interfacing circuit is zero. In that situation, no reduction in LED
current is observed. The theoretical calculation reveals that the ratio of R1 and R2 should be
1.557 for zero external bias current. However, in the practical circuit, theR1 is taken as 10kΩ
and R2 is adjusted using a 20 kΩ pot. As the input voltage (VX) increases, external bias cur-
rent gradually increases which in turn reduces the LED current. However, the current (IRADJ
) through the LED current control resistor (RIADJ ) remain almost constant. Figure 4.5 shows
the practically obtained transfer characteristics of the interfacing circuit between microcon-
troller and LM3414 for 550 mA maximum LED current. As suggested in Figure 4.5, the
operating range of the interfacing circuit is shown by the lower threshold input voltage (Va)
and upper threshold input voltage (Vb) respectively. So, for the faithful dimming operation,
the output voltage of microcontroller has to be mapped in betweenVa andVb.

The ambient daylight acts as input to the photodiode sensorOPT101and in return it gives
voltage output (159). This Integrated Circuit (IC) is a monolithic photodiode with an on-chip
trans-impedance amplifier and the internal feedback resistor of the amplifier is 1 MΩ (159).
However, in this work, 3MΩ feedback resistor is used externally to get higher voltage output.
Dependingupon the ambient daylight,OPT101generates a particular voltage (VSENSE)which
is fed to the analog input pin of the microcontroller. The microcontroller is programmed in
such away that it constantlymonitors the input voltages (VSENSE) and generates required out-
put voltages (VX) to control the current through the artificial light source (ILED). This voltage
is applied to the interfacing circuit through a 2 kΩ resistor. With the increment in ambient
daylight, microcontroller fed more input voltage (VX) to the interfacing circuit and the ex-
ternal bias current (IEXT) increased simultaneously. This, in turn, reduces the LED current
(ILED) accordingly. The correspondence between the measured LED current (ILED) and ex-
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Figure 4.5: Transfer characteristics of the designed interfacing circuit for dimming

ternal bias current (IEXT) is shown in Figure 4.6.

Figure 4.6: Variation of external bias current and LED current with ambient daylight
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It has beenmentioned earlier that themaximum available diffused daylight over thework-
ing plane is around 110Lux. However, the dimming controlmechanismof theVLC system is
designed for amuchwider range so that it can integrate amaximum500Lux ambient daylight
with the artificial light sourcewhenever required. This can be achievedwithminor customiza-
tion in the microcontroller program as per the requirement. In our case, LED current goes
down with the increment in ambient daylight up to 100 Lux and then saturates. It is clearly
shown in Figure 4.6. As the maximum available ambient daylight is not more than 110 Lux,
the verification of the dimming range is tested by using a separate light source that can provide
supplementary horizontal illuminance. Instead of saturation, if the LED current dips further
with the improvement in ambient daylight, then received optical power will also reduce and
affects inBERperformance of the system. Due to this reason, theremust be a higher LEDcur-
rent that can complement the amount of daylight integration and BER performance. When
ILED = 800mA, a maximum 500mA reduction is possible with the designed circuit depend-
ing upon the ambient daylight. Thus, the adopted dimming control mechanism provides a
higher degree of flexibility over a wide range.

4.3.3 OOKModulator

Binary Amplitude Shift Keying (BASK) or OOK modulation techniques is employed here
to transmit digital data using the optical source, i.e. LED array. To achieve the OOK data
transmission technique, the transistor 2N5298 is used which acts as a high-speed switching
device. The proposed system can be utilized to illuminate the working plane in standalone
mode. Alternatively, binary data could also be transmitted through intensity modulation by
OOK.For this purpose, a SinglePoleDoubleThrow (SPDT)mechanical switchhas beenused
for appropriate selection. Terminal ‘A’ corresponds to the only illuminationwhile terminal ‘B’
supports OOKdata transmission through the optical link. The transmitted optical power for
data transmission is given by,

Pt,data =
1
2
×

φLUM
683

(4.13)

The received useful optical power (Pr,data) due to data transmitting LEDmodule is given by,

Pr,data = Pt,dataH(0) (4.14)

HerePt,data is the transmitted optical power andH(0) is the channel gain defined inChap-
ter 3. In this work, data transmission has been considered inside a small cubicle of area (1.5m
× 1.5m) inside an office room. So, the only direct component of transmitted optical power
has been taken into account.

4.4 Optical Receiver

The optical receiver section is comprised of two major stages. The first stage involves a TIA,
constituted by CMOSOPAMPs whose current input is provided by a photodiode. The inci-
dent LED illumination alongwith the daylight excites the diode to get the TIA input current.
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Figure 4.7: Circuit diagram of Optical Receiver

The second stage is a high-pass Butterworth filter with additional gain. The detailed circuit
diagram of the receiver section is shown in Figure 4.7. The photodiode (160) acts as an optical
to electrical (O/E) signal interface.

Figure 4.8: AC transfer characteristics of TIA

simultaneously transmitted using an external switching circuit at 100 kHz. Both these
frequencies have some obvious effect on the receiver. However, rejection of unwanted high
frequency is required for faithful reception of the data pulse. This is obtained by an appropri-
ate bandwidth selection of TIA. AC transfer characteristic of the designedTIA filter is shown
in Figure 4.8. The second stage has been designed to provide additional gain and bypass the
disturbance due to the low-frequency component of ambient daylight. Design values of all
the components of the receiver section are outlined in Table 4.2.

4.4.1 ShotNoise

Shot noise is a type of noise that occurs in any optical receiver, including VLC receivers. It is
caused by the statistical fluctuations in the number of photons detected by the receiver (161,33).
As shown in Figure 4.7, light is converted into an electrical signal by a photodiode. When
a photon strikes the photodiode, it generates an electron-hole pair, which can be measured
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Table 4.2: Component values of designed optical receiver

Component Value

Photodiode (PD) VISHAY BPW34
OpAmp (A1) OPA725
OpAmp (A2) OPA2241
Resistor (R1) 1k
Resistor (R2) 5.5k
Resistor (Rf1) 10k
Resistor (Rf2) 3k
Capacitor (C1) 150nF
Capacitor (C2) 130nF
Capacitor (Cd) 10nF
Capacitor (Cf1) 500pF

in terms of current or voltage. However, due to the random nature of photon emission and
detection, the number of photons detected in a given time interval can fluctuate, leading to
shot noise.

Shot noise can limit the sensitivity of the optical receiver and increase the BER. To re-
duce the effect of shot noise, one can increase the received optical power of the transmitted
signal, by using a larger photodiode with higher responsivity, or reduce the bandwidth of the
receiver (162). However, reducing the bandwidth will restrict the data capacity and data speed.
So, reducing the bandwidth is not always a good option especially where high-speed data
transmission and reception are required. However, using advanced signal processing tech-
niques such as error correction codes and equalization can help mitigate the effects of shot
noise and improve the receiver’s performance.

The shot noise is dependent with received optical power (Pr) and its variance is given
by (39,163,164)

σ2shot = 2qγPr,dataB+ 2qIbgI2B (4.15)

Where, γ = responsivity of PD (0.54 A/W), B = Bandwidth of TIA (100 MHz), Ibg =
background current due to daylight (30 nA), I2 = noise bandwidth factor (0.562)

4.4.2 Thermal Noise

Thermal noise or Johnson-NyquistNoise occurs in each and everymaterial which is conduct-
ing in nature. So, it is obvious this noise will affectVLC detector as well. Thermal fluctuation
of electrons is the main cause of this noise. It depends mainly on the equivalent resistance of
the circuit and the temperature associated with it. The electrons always move with a steady
motion, but often then collide with neighboring atoms or molecules of the material. As a
result very small current flows for each and every free flight of an electron. However, the sum-
mation of all these minute current is zero considering a long time interval. The thermal noise
voltage is a function of frequency and is characterized by a spectrum. However, as this noise
has a zero time average, the power spectrum is specified for each frequency interval and the
spectral density (ST(f)) is constant for a long frequency interval. Due to this reason, the ther-
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mal noise is called as a ‘white’ noise. The thermal noise follows Gaussian distribution with
zero mean and variance.

The total current considering thermal noise is:

Itotal = Ip + is(t) + iT(t) (4.16)

here Ip is the average current, is(t) is the current due to shot noise and iT(t) is the current for
thermal noise

Mathematically, iT(t) is modeled as a stationary Gaussian random process with a spectral
density that is frequency independent up to 1THz (nearly white noise) and is given by

ST(f) =
2kBT
RL

(4.17)

From the auto-correlation function of iT(t) the noise variance can be calculated by setting
the scanning parameter to zero value, expressed as:

σ2T =

(
4kBT
RL

)
FnB (4.18)

Thermal noise can also be estimated from the NEP of the photodiode, given by

σ2thermal = NEP
√
B (4.19)

4.5 System Performance

The daylight-integrated VLC system incorporated in this chapter deals with two major sub-
areas namely only illumination on the working plane and transmission of data through inten-
sity modulation of the illuminated source (LED). In order to estimate the illumination per-
formance of the designed system, thrust has given on three aspects namely average horizontal
illuminance, short-term flicker severity, and energy efficiency of the source in the presence of
daylight. On the other hand, the quality of the received data in terms of waveform retrieval
has been taken care of mostly by the appropriate design of the TIA and high pass filter. The
SNR distribution over the working plane and BER of our proposed system have also been
computed to evaluate the communication performance of the designedVLC system.

4.5.1 AverageHorrizontal Illuminance

Inorder todetermine the averagehorizontal illuminance, the entireworkingplane (1.5m×1.5m)
is first divided into arrays of 5×5=25 grid points for grid-specific lux data collection purposes.
A lux-meter is placed at each grid point and the corresponding illuminance value is recorded.
This recorded illuminance incorporates two components. Apart from the LED light source,
diffused daylight inside the room also contributes to the measured lux value. The average il-
luminanceE is the arithmeticmean of the illuminance valuesmeasured at each grid point and
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Figure 4.9: Variation of ambient daylight during different time in a day

expressed as:

E =
1
25
∑25

i=1
Ei (4.20)

where, E = average Illuminance and Ei =Measured illuminance at the ith grid point.
The sole contribution of the diffused daylight has also beenmeasured at different daylight

conditions from 11 AM to 7 PM. During this measurement, the LED source has been kept
off. Figure 4.9 shows the variation of this ambient daylight throughout the day.

Figure 4.10: Obtained Average horizontal illuminance incorporating dimming control

Satisfactory uniform average illuminance around 300 lux has been observed by incorpo-
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rating the dimming controlmechanism and is shown in Figure 4.10. This result complieswith
ISO recommendation and exhibits close matching with theoretically obtained results derived
from the mathematical model discussed in section 4.2.2.

4.5.2 Short Term Flicker Severity

Short term flicker severity is another important performance metric for quality illumination
design. It has been pointed out by Saadi et al. that flickering is one of the challenging issues in
theVLC system and can cause grave detrimental physiological disorders in humans (165) . The
International Electrotechnical Commission (IEC) also mentioned the threshold of irritabil-
ity due to change of luminance of the artificial light source (155). So, consideration of flicker
severity at the time of data transmission has immense importance to evaluate the lighting per-
formance of aVLC system.

In this work, the LI-210R photometric sensor is used to figure out the short-term flicker
severity by measuring the light variation for a specified duration. This sensor has the same
spectral sensitivity as a CIE standard observer (166). The specified sensor is connected with the
Agilent 34970A data acquisition system to monitor the light intensity over a period of time
T. The measured data in the form of a time-domain signal is recorded and the cumulative
probability of discrete signal level l is computed. The cumulative probability p(l) that a signal
level l is exceeded during a period T is defined as p(l) = Tl/T (167) .

Figure 4.11: Cumulative Probability Function of the signal for 10 min observation time

Here,Tl is the total timewhen the signal level is no less than l. The cumulative probability
function (CPF) curve is obtained from the readings of the data acquisition system over the 10
min interval as suggested by the IEC. The short term flicker severity index (PST) for OOK
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modulation is calculated according to the formula, given as (167) .

PST = 0.1
√
(3.14P0.1 + 5.25P1 + 6.57P3 + 28P10 + 8P50) (4.21)

where, Pxi = CPF curve level is exceeded for xi % of the observation period.

P1 =
(P0.7 + P0.1 + P1.5)

3
(4.22)

P3 =
(P2.2 + P3 + P4)

3
(4.23)

P10 =
(P6 + P8 + P10 + P13 + P17)

5
(4.24)

P50 =
(P30 + P50 + P80)

3
(4.25)

Figure 4.11 exhibits experimentally obtained values of P(xi)at the time of data transmis-
sion in the presence of maximum ambient daylight. From the figure, it is evident that the
average intensity level is more than 50% for half of the observation period. As the profile of
this curve becomes flatter the flicker severity gradually increases. However, it is possible to
determine the exact flicker severity index from the obtained values of Pxi using Equation 4.21.
The calculated short-term flicker severity is 0.67 which lies within the threshold limit as spec-
ified by IEC (155).

4.5.3 Energy Efficiency

As explained earlier energy-saving opportunity by integrating available daylight is the key fea-
ture of our designedVLC system. In the absence of ambient daylight over the working plane,
555 mA current is fed to drive the artificial light source for achieving the required average
horizontal illuminance. With the improvement in ambient daylight, a substantial decrement
in LED current takes place automatically. However, horizontal illuminance and communica-
tion performance remain almost unchanged over the period. To evaluate the energy efficiency
of the system, LED current is measured at different daylight conditions throughout the day.

%EnergySavings = ((P0 − PVAR)/P0) ∗ 100 (4.26)

Where,P0=LEDpower consumption to achieve requiredhorizontal illuminancewithout
any daylight contribution and PVAR= LED power consumption considering daylight contri-
bution. In this work energy savings has been calculated at five different test time with two
hours interval. Test time 5 (at 7 PM) signifies zero daylight availability whereas test time 2 (at
1 PM) implies maximum available daylight over the working plane. Apart from the LED cur-
rent, ambient daylight and corresponding average illuminance are also noted down at five test
time. Results shown in Figure 4.12 exhibit 37.29% reduction in consumed energy at test time
2 when extreme ambient daylight is available over the task area. This result also ensures the
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Figure 4.12: Relative Horizontal Illuminance & Energy Savings at different test time

desired constant relative average illuminance over the working plane at five different daylight
conditions.

4.5.4 Signal toNoise Ratio

The maximum daylight condition is chosen strategically to evaluate the communication per-
formance of the proposed system. At maximum available ambient daylight condition, LED
current dips at the lowest value which in turn minimizes the received optical power. This is
obvious that increments in transmitted and received optical power provide a better signal-to-
noise ratio and improved communication performance.

The experimentation has been done by mounting the LED luminaire at a height of 1 m
above the horizontal working plane and modulating the intensity of the optical source with
the help of incoming binary data stream. This on-off keyingmodulation is done by the OOK
modulator of the transmitter section as described in section 4.3.3. The noise associated with
the designed receiver section has been computed with the help of Equations 15 and 16. As
the shot noise is related to the received optical power, it varies at different grid points on the
working plane. On the contrary, the thermal noise remains unchanged irrespective of receiver
location. The distribution of the signal-to-noise ratio (in dB) over the working plane at max-
imum daylight condition (at 1 PM) is shown in Figure 4.13.

4.5.5 BER Performance

In order to judge the waveform retrieval capability of the receiving unit of our developed sys-
tem, a square wave of 0.5 duty cycle is generated using a function generator and connected to
the data input of our proposed optical transmitter
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Figure 4.13: Signal to noise ratio over the task area (at 1 PM)

Figure 4.14: Transmitted and received waveform at 100 kHz frequency

Now the intensity-modulated data is received by the photodiode followed by TIA and
high pass filter. Figure 4.14 shows the transmitted and received waveform pattern at 100
kHz frequency in the presence of maximum available ambient daylight. The result shows
the proper reception of transmitted waveform in the presence of ambient daylight noise. To
evaluate the BER of the designed system theoretical approach has been taken in this work.
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The BER of the OOKmodulated system is a function of the SNR and is given by:

BER = Q
√
SNR (4.27)

Where,

Q (x) =
1√
2π

∞∫
x

e−y2/2dy (4.28)

The BER performance of the designed system, computed at each grid point is depicted in
Figure 4.15. The result shows satisfactory BER,which lies in the range of 10−10 over the entire
task area.

Figure 4.15: Distribution of Bit Error Rate over the task area

4.6 Discussion

It has been discussed earlier that BER is a function of the SNR and as the ambient daylight in-
creases the contribution of artificial light sources reduces accordingly tomaintain almost con-
stant horizontal illuminance. This has a direct effect on received useful optical power over the
task area. The received useful optical power and SNRdecrease with increasing daylight. Con-
versely, power saving is maximum when ambient daylight is utmost. So, in order to save the

52



input power, scarification of average BER is evident which is depicted in Figure 4.16. How-
ever, this increment in BER is trivial and the average BER in the order of 10−10 is obtained at
different test time throughout the day

Figure 4.16: Percentage power‐saving and BER performance at different test time

As illustrated in sections 4.5.1 and 4.5.2, the average horizontal illuminance and the short-
term flicker severity index of the proposed system meet international standards. So, the pro-
posed systemexhibits satisfactoryperformanceboth from lighting and communicationpoints
of view and simultaneously saves a considerable amount of energy by integrating available am-
bient daylight. The wide-range dimming mechanism adopted in this work has the provision
to integrate ambient daylight up to 500 Lux depending upon the daylight availability and
system requirement.

4.7 Summary

To implement the daylight-integrated VLC system, a low-cost data-enabled LED driver cir-
cuit has been initially designed using IC LM3414. Depending upon the ambient daylight the
transmitter can also control the LED current through an integrated dimming control mech-
anism. As the available daylight increases LED current goes down accordingly, however con-
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stant horizontal illuminance is retained over the task area. It is based on the fact that the trans-
mitter is also flexible to use as a standalone light source whenever data transmission is not
required. The communication performance of our proposed system has also been evaluated
experimentally in the presence of daylight. This work addresses a hardware design-oriented
approach to establish exhaustive lighting performances of VLC system in terms of horizontal
illuminance and short-term flicker as per standard. The energy savings have been calculated
at different daylight conditions. The result shows a satisfactory BER in the order of 10−10 in
the presence of ambient daylight which in turn saves a maximum of 37.29% energy. Also, the
obtained average horizontal illuminance and perceived flicker meet international standards.

The major contribution of this chapter is summarized as follows,
• Simple prototype of a daylight-integrated indoorVLC system is proposed to save a con-

siderable amount of energy and subsequently validate its illumination and communication
performances as per the international guidelines.

• Short-term flicker severity index is experimentally evaluated and the result is compared
with the threshold level as specified by the International Electrotechnical Commission (IEC-
61000-3-3).

4.8 ResearchOutput

The findings from this chapter are reported in the following research publication:

• Chatterjee, S., & Sabui, D. (2020). Daylight integrated indoor VLC architecture: an
energy‐efficient solution. Transactions on Emerging Telecommunications Technologies,
31(9), e3800.
DOI: doi.org/10.1002/ett.3800
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“ No communication technology has ever disappeared, but
instead becomes increasingly less important as the techno-
logical horizon widens.”

Arthur C Clarke

5
Optimal Transmitter Configuration &

Receiver FOV

This chapter thoroughly addressed the effect of installing luminaires with diverse trans-
mitter configurations and finally proposed the best-compromised solution to obtain the

optimal channel allocation scheme under illumination constraints. One of the most impor-
tant findings that emerge from this chapter is the proposed methodology to improve SINR
performance by accomplishing lighting recommendations. The influence of HPBW onCCI
in amulti-cellVLC network is initially discussed in Section 5.1. Section 5.2 deals with the sys-
temmodel where a mathematical framework of luminious intensity distribution and average
spatial SINR have been established for a given luminaire deployment and receiver FOV. The
proposedmethodology to determine optimal transmitter configuration and receiver FOV are
introduced in Section 5.3. This section also outlined the impacts of alteringHPBWover com-
munication and lighting performance metrics. TheMCDMoptimization algorithm and the
obtained results with discussion are presented respectively in Section 5.4 & 5.5. Eventually,
in Section 5.6 the relevance of the study is summarised.

5.1 Introduction

A multi-cell VLC network is a system that comprises multiple VLC base stations or access
points, each serving a specific coverage area or cell. These base stations use visible light as a
medium to transmit data to VLC-enabled devices. The network enables simultaneous com-
munication between multiple cells, employing techniques such as interference management,
handover support, networkmanagement, and scalability to optimize performance and cover-
age. It provides extended coverage, capacity, and connectivity options compared to a single-
cellVLC system. The intensity distribution of each optical source is an important parameter
that can control the interference from the surrounding sources and the overall uniformity of
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lighting design. The intensity distribution of a light beam is typically described by its beam
profile, which can have various shapes such asGaussian, flat-top, Lambertian, super-Gaussian
etc. Throughout this study, a Lambertian beam radiator with a specific angular spread is
considered. In Lambertian radiator, the intensity distribution follows Lambert’s cosine law,
which means the intensity gradually decreases as the viewing angle deviates from the surface
normal.

5.1.1 HPBW and CCI

The concept of half-power beam width is typically associated with the radiation pattern of
an antenna or an optical source such as a WLED. In general, luminaires provide a means to
control the direction, intensity, and distribution of light. They help to shape the light emitted
from the light source and direct it to specific areas or objects, allowing for effective illumina-
tion and highlighting of desired spaces or elements. To quantify the directionality of a light
source, the HPBW is used. Thus, it is an important parameter to compute the channel gain
of theVLC system.

Figure 5.1: Schematic representation of CCI

In the case of a light source, the half-power beamwidth refers to the angular extent of the
beam where the power density is at least half of the maximum power density at the center of
the beam. For example, if themaximumpower density of anLEDbeam is located at its center,
the half-power beam width would be the angle at which the power density drops to half its
maximum value. Thus CCI is strongly dependent on HPBW of all the APs. The schematic
description of CCI is given in Figure 5.1. The reduction in HPBW of APs always decreases
the interference signal power from the adjacent APs.

5.1.2 Research Gap

For any wireless communication system, channel allocation schemes are based on the insight
of the physically separated transmitters to reduce co-channel interferences (168). However, in
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the case of a multi-cellVLC system, the transmitter’s configuration (TxAi
αH) and optimal selec-

tion of the receiver’s FOV are the two important aspects for efficient utilization of downlink
optical channels. In general, TxAi

αH of aVLC system is described by the combination of spatial
luminaire deployment arrangement (Ai) andHPBW(αH) of the deployed luminaire. The use-
ful optical signal power (Psig) over the CF largely depends on this HPBW which determines
the radiating flux distribution over the coverage area as well (169). The HPBW can also be con-
sidered as twice the semi-angle of the Li-Fi AP or data transmitter. So, the VLC channel
gain is highly dependent onHPBW or semi-angle (γ1/2) at half power. Usually, the downlink
multi-cell VLC channel suffers from two major interferences (CCI and ISI) which limit the
SINR and overall throughput of the system. ISI is caused by multipath reflection &CCI oc-
curs when multiple adjacent transmitters run with the same optical frequency (170,104). In this
chapter, the joint effect of these two interferences over the CF is regarded as total interference
(Pintf). With the reduction in separation distance of neighboring AP(dS) and increment in
αH, the correlation between surrounding co-channels progressively increases which in turn
augments the total interference in terms of CCI and ISI. On the contrary, UO increases with
reduced ds and higher HPBW. Due to this lighting limitation, most contemporary studies on
MIMO/MISO VLC systems maintain the transmitter’s semi-angle at a higher range of 60°
to 80° (13,171,172,173,174,175). Nevertheless, choosing a non-optimal semi-angle result in subpar
channel allocation and low SINR.

So far, several researches have been carried out to improve SINR performance by modi-
fying receiver architecture. On the other hand, maximum utilization of the allocated chan-
nel through proper channel estimation is an important aspect for improved system perfor-
mance. Recently, a novel channel estimation approach is reported based on Bayesian CS al-
gorithm (176). Highly uncorrelated VLC-MIMO (multiple-input multiple-output) channel
matrices have been achieved by using different angular diversity receiving techniques where
several photodiodes (PDs) are used as front-end of the receiver (177,88,90). At the expense of re-
ceiver complexity and cost, this technique can eradicateCCI from the neighboringAP and re-
duce ISI caused bymultipath reflection. Additionally, efforts have beenmade tominimize ISI
in the downlink VLC channel using the OFDM technique (175). Another study (178) achieved
high spectral efficiency by combining asymmetrically clippedopticalOFDMwithOOKmod-
ulation schemes. Despite these advancements in improving communication performance,
research has largely focused on the receiver unit or modulation properties, leaving the trans-
mitter section relatively unexplored.

Moreover, modification in transmitter geometry and configuration strategy has no con-
flict with receiving architecture andmodulation schemes. Both can be accomplished together
to allocate optimal channels without sacrificing the recommended lighting criteria. This cre-
ates an opportunity for a detailed study of optimal channel allocation by selecting proper
transmitter and receiver parameters to facilitate joint communication and illumination per-
formance.

Despite the best possible literature survey, hardly any composite study has been noticed
regarding the optimal channel allocation from the lighting and communication aspects to-
gether. Very recently Saxena et. al reported a novel optimization approach of transmitter
semi-angle considering received optical power and degree of non-uniformity as objective pa-
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rameters inside a square room where only the contribution due to the direct component of
the optical source is considered and zero wall reflectance has been taken (179). However, in a
practical scenario, the reflected share of the received optical flux can’t be neglected and this is-
sue needs to be carefully addressed. As the optimization is performed only on the transmitter
side this approach can be treated as a sub-optimal solution to improve the performance of a
multi-cell indoorVLC system. In (180), an optimally designed semi-angle with the appropriate
LED arrangement was investigated to improve various communication performances. The
significance of LED lamp arrangement to reduce SNR fluctuation has also been reported in
another work (131). Despite some contributions from the communication point of view the
lighting design parameters and interference mitigation factors are not scrupulously consid-
ered in aforesaid studies. Moreover, a marginal improvement in SINR performance can be
observed considering low-cost single-PD receiver architecture.

Figure 5.2: Plan view of luminaire deployment arrangements

5.2 SystemModel

5.2.1 RoomGeometry and Luminiare Configuration

A square-shaped test room is considered for the purposewith dimension 5m×5m. Theheight
of the test room is taken as 3m. As per the ISO, an indoor environment, for example, any typ-
ical office room, requires a minimum of 300 Lux average illuminance

(
Eavg
)
and 0.7 overall

uniformity (UO) on the working plane to carry out visual activities (133). Considering these
lighting requirements, ceiling-mounted WLED down-lighter with three different luminaire
arrangements (A1,A2,A3) are considered for the experimentation. The plan views of the test
room with these three luminaire arrangements are shown in Figure 5.2. The entire working
plane is subdivided intoNt numbers of equal cells and luminaries are placed at 2.15 m above
the center of each cell. The height of the working plane/communication floor is 0.8 m above
the floor (181,182) . As the number of luminaries increases fromA1 toA3, SHRdecreases accord-
ingly. The lumen delivered by each of the three types of luminaires

(
φL

)
gradually decreases

proportionately to keep the total installed lumen output of the three arrangements constant.
The objective is to investigate the optimal transmitter configuration to achieve the best pos-
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Table 5.1: Parameters used for different luminaire deployment arrangements

Parameters A1 A2 A3

Total No of luminaires 4 9 16
Separation distance 2.15 1.66m 1.25m
Space to Height Ratio 1.16 0.7753 0.5814
Lumen package of each luminaire 2880 Lumen 1280 Lumen 720 Lumen
Wattage of each luminaire 26.55Watt 11.8 Watt 6.64Watt
Range of HPBW 20-120 20-120 20-120
Optical Power of luminaire 4.22Watt 1.88Watt 1.055Watt
Total optical power 16.9 Watt 16.9 Watt 16.9 Watt

sible communication and lighting performance together. The parameters used for different
luminaire arrangements inside the indoor environment are listed in Table 5.1.

5.2.2 Luminous Intensity Distribution

Average horizontal illuminance and overall uniformity of light distribution over the horizon-
tal working plane/CF for different luminaire configurations are computed using the lighting
design software DiaLux. To perform each simulation, the luminous intensity distribution
of optical source has to be provided in a standardized IES (Illuminating Engineering Soci-
ety) photometric format known as IES file (.ies file). This Section illustrates themathematical
framework to compute the intensity distribution of luminaires with different HPBWs and
wattages. In photometry, luminous intensity of an optical source can be described by mea-
suring radiated directional light propagation and is defined as:

I =
dφ
dΩ

(5.1)

Where,dφ is the luminous flux propagatedwithin the solid angle dΩ from the source towards
a particular direction. The radiated light from an indoor WLED downlighter with a diffuse
emitter can be modeled using a generalized Lambertian emitter where the spatial intensity
distribution of the optical sources is axially symmetric and hence depends only on the vertical
angle of emission. The intensity along a direction is directly proportional with the cosine of
the vertical emission angle γ, concerning the direction ofmaximum intensity (IN) and is given
as:

I(γ) = INcosmγ (5.2)

Here, ‘m’, the Lambertian order or mode number, decides the HPBW or the semi angle
of a luminaire/transmitter of the optical source. For the most commonly used Lambertian
emitter, the value of ‘m’ is 1 and the corresponding HPBW or the semi-angle are 120 degree
and 60 degree respectively. The photometric file for a light source of specific semi-angle γ1/2
is generated with the luminous intensity model, represented by eq. 5.2 in accordance with
IESNA:LM-63-2002 (183). In this experiment, IES files are generated for luminaires with a
range ofHPBW: 20 to 120 degrees. For a given value ofHPBWor semi-angle, the value of ‘m’
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can be obtained as:

m =
− log 0.5

log cos
( αH

2

) =
− log 0.5

log cos
(
γ1/2
) (5.3)

The value of maximum intensity IN can be obtained from the mathematical equation
5.4, formulated on the physical basis that the entire emitted flux (φL) from an indoorWLED
downlight is confined within 2π solid angle.

φL =

π/2∫
0

2πI(γ) sin γdγ (5.4)

Further equation 5.4 can be modified by replacing I(γ) from equation 5.2 to obtain the
maximum luminous intensity IN of a light source as given by:

IN =
φL
2π

1
π/2∫
0

cosm(γ) sin γdγ

(5.5)

5.2.3 Average spatial SINR

The estimation of the received signal power and its distribution over the CF is illustrated by a
channel model depicted in Figure 5.3. An NLOS channel model has been considered where
both the direct and the reflected components of the transmitted power have been taken into
account to estimate the strength of the desired signal and interferences. For a given ith source
and receiver placed at point Pj, DC channel gain depends on transmitter and receiver param-
eters and is given by (184,39),

Hi,j
LOS = fij(Si,Rj) =

m+ 1
2π

cosm(ϕij)dΩTs
(
θij
)
rect

(
θij
ψc

)
(5.6)

Here the source is defined by its position (vSi), orientation (n̂si) and the Lambertian order
or mode number (m) . It is given as:

Si = {vSi, n̂si,m} (5.7)

where,

vsi = Position vector of source = [Xsi,Ysi,Zsi] (5.8)

Similarly, the receiverRj at position Pj is represented using four parameters and expressed
by:

Rj =
{
vRj, n̂Rj,AR, ψc

}
(5.9)
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Figure 5.3: Downlink indoor Li‐Fi channel model

where,

vRj = Position vector of receiver = (XRj,YRj,ZRj) (5.10)

AR and ψc are the physical area and field of view of the receiving PD. Let, vd = vSi − vRj
and d =∥ vd ∥ .Now the radiation angle of transmitter and incidence angle cos(ϕij) of receiver
are given as:

cos(ϕij) =
Zsi − ZRj

∥ vd ∥
(5.11)

cos(θij) =
⟨n̂Rj, v⃗d⟩

∥ n̂Rj ∥∥ vd ∥
(5.12)
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The subtended solid angle of receiver differential area is written as:

dΩ =
cos(θij)gc(θij)AR

d2
(5.13)

gc(θij) is the gain of the optical concentrator that depends on lens index ( nc ) as:

gc(θij) =
n2c

sin2ψc
for θij ⩽ ψc

= 0 for θij > ψc

(5.14)

The function
[
rect

(
θij
ψc

)]
is defined as:

rect
(
θij
ψc

)
= 1 for θij ⩽ ψc

= 0 for θij ⩾ ψc

(5.15)

The received optical power due to LoS channel is expressed as:

Pi.j
LOS = Hi,j

LOS × Pti (5.16)

Where, Pti is the transmitted optical power from source.
To determine the NLOS channel gain Hi.j

NLOS the reflected components from four side
walls of the room are considered in this work. Each wall is subdivided into 240 numbers
of similar grids and the center of each grid is considered as an auxiliary point source. The
emissivity of each source is calculated by the product of received power at that point and the
reflectance (δ) of the wall. Due to multipath reflection, the NLOS channel is responsible for
intersymbol interference. The received optical power at jth point (due to the ith source) that
leads to ISI is given by:

Pi.j
NLOS =

∑
ref
Hi,j

NLOS × Pti = Pi,j
ISI (5.17)

As SSS scheme suggests, it has been considered that ith AP provides the highest received sig-
nal power at jth point over CF. Thus the desired signal strength and interference (in optical
domain) are formulated as:

Pi,j
sig = Pi.j

LOS (5.18)

and

Pi,j
int f = Pi,j

ISI + Pi,j
CCI (5.19)

here,

Pi,j
CCI =

∑
k ̸=i

Hk,j
Li−Fi × Ptk (5.20)
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Table 5.2: Simulation parameters for VLC receiver

Parameter Description Value

AR Physical Area of PD 1 cm2
RPD Responsivity of PD 0.53A/W
TS(θij) Transmission coefficient of the optical filter 1
nc Lens Index 1.47
ng Total test points over CF 400
δ Reflectance of wall 0.7
ηLi−Fi Noise Power Spectral Density 10−21A2/Hz
BLi−Fi Modulation bandwidth of LED 40MHz

and

Hk,j
Li−Fi = Hk,j

LOS +Hk,j
NLOS (5.21)

Now, the average useful signal power and interference over the CF are computed by:

P̄sig =
1
Ng

∑
i

∑
j

Pi,j
sig (5.22)

P̄int f =
1
Ng

∑
i

∑
j

Pi,j
int f (5.23)

WhereNg is the total number of test points over the CF. The SINR of the useful signal
received at jth test point is written as:

SINRi,j
Li−Fi = 10 log


(
RpdP

i,j
sig

)2
ηLi−FiBLi−Fi + (RpdP

i,j
int f)

2

 (5.24)

The average SINR over the CF is determined as:

SINRLi−Fi =
1
Ng

∑
j

SINRi,j
Li−Fi (5.25)

The simulation parameters are listed in Table 5.2.

5.3 ProposedMethodology

In an indoor environment, luminaries are generally used to achieve the desired average hori-
zontal illuminance with good uniformity over a horizontal working plane. The light loss due
to the reflection at walls can be restricted by installing a luminaire with shallow beam-width.
Improved average horizontal illuminance can be achieved with this type of luminaire but at
the cost of uniformity of light distribution. On the contrary, the overall uniformity can be im-
proved by selecting luminaires of wideHPBW/semi-angle. Therefore, the selection ofHPBW
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plays a critical role in indoor lighting design (185). Before physical installation, it is a common
practice for lighting engineers to choose suitable HPBW and spatial luminaire arrangement
by simulating the lighting environments using lighting design software. In addition to light-
ing requirements, when these luminaries are also used as communication links, the received
optical power over the CF profoundly depends on semi-angle of the transmitter, its deploy-
ment strategy and FOV of the receiver. The optimal selections of transmitter configuration
and receiver’s FOV are always beneficial to improve the system performance.

In this work, to transmit the data among users, signal strength strategy has been adopted.
Thismechanismsimplypicks out theAP that delivers themaximumreceivedoptical power (186).
Only the LOS path from the selectedAP has been taken to estimate the desired received signal
strength. The ISI is composed of the signal received from selected AP through NLOS paths
while the signal received from the rest of the APs acts as CCI. The deployment arrangement
(Ai) andHPBW (αH) of luminaire used only for the lighting purposemay not always be fruit-
ful from the communication perspective while designing a multi-cell indoorVLC system. In
that case, the channel allocation can be carried out by selecting HPBW in such a way that it
can provide maximum desired optical power with reduced interference signal accomplishing
recommended minimum lighting requirements. However, the selection is not very straight-
forward considering all the above-mentioned communication and lighting parameters simul-
taneously which engenders a constrained MCDM problem. An exhaustive study has been
done to demonstrate the dependency of two lighting parameters (Eavg,U0) and two commu-
nication parameters over HPBW of luminaries. The workflow diagram shown in Figure 5.4
describes the proposed methodology to determine the required parameters of the transmitter
and receiver to obtain optimal channel allocation.

Depending upon the luminaire deployment and the transmitted power of individual lu-
minaire (Pti) , three luminaire arrangements (A1,A2,A3) are takenup for the experimentation
process. However, the total transmitted optical power remains unchanged in all cases. These
luminaire arrangements are concisely illustrated in Section 5.2.1. Initially, any one arrange-
ment is selected and the arrangement-centric optimized FOV angle (ψopt) of the receiver is
computed so that the spatial coverage probability PCF

cov over the CF is greater than a threshold
limit. This optimal value of the FOV angle can effectively control a substantial amount of
CCI and ISI. In order to compute SINR coverage probability downlink channel gain and the
corresponding value of average signal and interference power have to be determined consid-
ering unity Lambertian order. This FOV optimization process is briefly explained in Section
5.4. Now, for each Ai, HPBW is varied from 20 to 120 degrees with 5-degree intervals. For a
specific beam-width and FOV, the VLC channel model is given in Section 5.2. Utilizing the
obtained channel gain for eachHPBW, average useful signal power

(
Psig
)
and average interfer-

ence
(
Pintf
)
over the CF are computed usingMATLAB simulation while the lighting param-

eters
(
Eavg,UO

)
are determined using the DiaLux lighting simulation tool. The required IES

(Illuminating Engineering Society) file for a particular transmitter configuration is generated
using the luminous intensity distributionmodel illustrated in Section 5.2.2. The sameprocess
is repeated until a set of four parameters are obtained for each HPBW at a 5° interval. When
complete results of all three luminaire arrangements are available, the set of Pareto optimal
solutions are determined keeping in view of the minimum lighting requirement as specified
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Figure 5.4: Proposed methodology to determine optimal transmitter configuration and receiver’s FOV

by ISO (133). This set (STx) of Pareto optimal solutions formulate the database for anMCDM
problem and optimization is done subsequently using the TOPSIS algorithm which is illus-
trated in Section 5.4. This TOPSIS algorithm select best-compromised solution of transmit-
ter configuration in terms of deployed luminaire arrangement and HPBW. Depending upon
the specific luminaire arrangement, optimal FOV of the receiver is obtained from the earlier
stage. Eventually, the required design parameters are obtained that ensure improved SINR
and comply with lighting requirements.

5.3.1 Selection of Optimal FOV

To improve the average SINR of the systemwith any transmitter configuration, total interfer-
ence (Pi,j

int f) has to be decreased. LOS signals coming from undesired AP are the major source
of interference signal power. It has been observed that the LOS signal comes frommore than
one transmitterwhen the receiver FOV is not optimized. It has been assumed thatPD is always
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placed at a test point in a vertically upward direction to receive the transmitted data. With the
reduction in the FOV angle of the PD, the total interference can be slashed in most of the test
points over the CF (187). However, the reduction of FOV in an uncontrolled way may lead to
zero signal strength at several test points. This manifests an optimization problem to improve
SINR over theCFwith extensive spatial coverage. The objective is to find theminimumFOV
angle (Ψopt) for each luminaire arrangementAi that ensures at least one LOS connectionwith
a target SINR and spatial coverage probability over the CF. In wireless communication, the
coverage probability is described as the probability PCF

cov with which the SINR of a distinctive
user achieves a target threshold SINRth. In thiswork, the threshold value of SINR is set at zero
dB and the FOV angle is optimized to achieve the coverage probability of greater than 0.95
over the CF. The objective function of this constrained optimization problem is formulated
as:

ψopt = min
j

min
i

θij(Si,Rj)

Subject to:
0 ⩽ XRj ⩽ Lx∀j,
0 ⩽ YRj ⩽ Ly∀j,

ZRj = hCF,m = 1, θij ∈ ψc∀i, j
i ∈ {1, 2, .......Nt} , j ∈

{
1, 2, .....Ng

}
(5.26)

This optimization process is carried out in this study for all three luminaire arrangements sep-
arately where the spatial coverage probability over the CF is determined as:

(PCF
cov) =

Nthreshold

Ng
(5.27)

Nthreshold is the number of test points where SINR is greater than zero dB while ng rep-
resents the total number of test points considered over CF. Irrespective of the transmitter’s
HPBW, PCF

cov increases with a higher FOV angle. Figure 5.5 depicts the optimized FOV angle
(ψopt) for three luminaire deployment schemes (A1,A2,A3) . With the increment in the total
number of luminaireNt , the value of (ψopt) gradually decreases. So the optimal value of FOV
is maximum for 2× 2 arrangement and minimum for 4× 4 arrangement.

5.3.2 Effect of AlteringHPBW

With the alteration in HPBW of optical links, the communication and illumination perfor-
mances of the system are changed considerably. This section illustrates the impact of varying
HPBW for a specific luminaire arrangement with the respective optimal FOV angle

(
ψopt

)
.

The experimentation is done analytically by varyingHPBW from 20° to 120° considering the
mathematical abstraction described in Section 5.2. For an explicit configuration and FOV,
system responses are evaluated in terms of four performance-indicating parameters at differ-
ent HPBWwith 5° interval.

Figure 5.6 shows the effect of altering the transmitter’s HPBW on communication per-
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Figure 5.5: Relational dependency between spatial coverage probability and receiver’s FOV

formance. As mentioned earlier, this performance is shaped by two parameters: a) Average
useful signal power on CF

(
P̄sig
)
(b) Mean signal interference (P̄intf).The variations of

(
P̄sig
)

and P̄intf with HPBW are explored for all three luminaire arrangements. For 2×2 luminaire
arrangement (A1) the FOV is set at 39° while the optimal FOV for other two deployment
schemes (A2,A3) are 28° and 22.5° respectively. Results suggest that as the directivity is get
reducedwith the increment inHPBW, themodulated light flux becomesmore diffused. This,
in turn, reduces the P̄sig value over the CF. On the other hand, the mean signal interference
(P̄intf) gradually increases and attains a peak value before it rolls down. However, the slope of
rolling down is very small compared to the rising slope. The rolling slope is highly dependent
on the reflectance of the wall. Results suggest that the correlations between the communica-
tion parameters and HPBW are true irrespective of luminaire deployment (Ai) and receiver’s
FOV. In contrast to communication metrics, lighting parameters are not at all dependent on
FOV and the effect of varying HPBW is depicted in Figure 5.7. The average horizontal illu-
minance drastically curtailed at higher HPBWwhileUO gets better with the enhancement in
αH. In a common lighting scenario, down-lighters with higher HPBW (120° and above) are
used in indoor space to improve the overall uniformity. However, this selection is not suitable
for a multi-cellVLC system asCCImay predominantly be increased, resulting in poor SINR
performance.

The inherent conflicting nature of thisVLC system-performance metric is a serious obli-
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Figure 5.6: Variation of communication performance metrics with transmitter’s HPBW

gation for picking the best alternatives (optimal solution) among a finite set of transmitter
configurations. To confront this conflicting state of affairs, a set of Pareto optimal solutions
are initially screened by imposing lighting constraints. Finally, an integrated approach of the
Analytic Hierarchy Process (AHP) and technique for order preference by similarity to ideal
solution (TOPSIS) has been applied to determine the best-compromised solution, briefly il-
lustrated in Section 5.4.

5.4 MCDMUnder Lighting Constraints

From the obtained results illustrated in Section 5.3, it has been observed that when the trans-
mitter’s HPBW is set at the lower side the combined effect of CCI and ISI are significantly
marginal. However, a lower value of transmitter semi-angle leads to very poor illumination
performance, especially in terms of overall uniformity. This striking difference in illuminance
around the task area gives rise to visual discomfort and glare. As per the IEEE 802.15.7-2018
standard, the communication performance has to be augmented without sacrificing existing
illumination service (61). Thus, for all three luminaire deployment strategies, a specific range of
HPBW is considered to find the best solution where lighting performance complies with ISO
standard. Theminimum requirement of horizontal illuminance for indoor is 300 luxwith 0.7
overall uniformity. Considering these lighting constraints, a set of (STx) 25 distinguish trans-
mitter configurations is obtained encompassing all three luminaire deployment arrangement.
Out of total 25 alternatives, six configurations are obtained from arrangement A1 where the
minimum HPBW of the transmitter is 95°. In the case of arrangement A2 and A3, nine and
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Figure 5.7: Effect of varying HPBW on lighting parameters

ten configurations are selected respectively that follow minimum lighting criteria. These 25
solutions are non-inferior and admissible in nature and all four performance indicators cannot
be simultaneously improved. Thus it forms a Pareto optimal front.

The prime goal of MCDM is to support decision-makers (DM) with an aid that helps to
select the best compromise Pareto solution under several conflicting criteria. Among different
MCDMapproaches “technique for order preferenceby similarity to ideal solution” (TOPSIS)
was found to be more proficient due to its simple computational complexity and it has been
used in this study.

In this problem, a set of transmitter configurations (alternatives) (Tc = {Tci, i = 1, 2, ...m})
have to be compared to a set of performance metrics (criteria)

(
C =

{
Cj, j = 1, 2, ...n

})
.

Thus the decision matrix; (D) which consist of alternatives and criteria, can be represented
as:

D =

 d11 . . . d1n
... . . . ...

dm1 · · · dmn

 (5.28)

Here, indicates the rating of viable alternatives. The criteria are classified into two cate-
gories: benefit criteria (JB) and cost criteria (JC). The cost criteria suggest the superiority of
lower value while benefit criteria are valid for a higher value. P̄sig , Eavg and UO are consid-
ered as benefit criteria and P̄intf comes under cost criteria. Out of four distinguishing criteria,
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the importance of any criteria depends on DM’s subjective preference as well as the objective
characteristics of the criteria themselves (188) .

The current optimization problem is addressed by considering the Analytical Hierarchy
Process (AHP) that gives a numerical weight through ordering criteria. Considering every ele-
ment of the decisionmatrix (D), the generated weights are evaluated by the pairwise attribute
comparison method (189). The total number of comparison (ON) is given by:

ON =
n(n− 1)

2
(5.29)

5.4.1 Closeness Coefficient

The execution steps to determine the closeness coefficient are summarized below:
Step-1: Tocompare all conflicting andheterogeneous criteria

(
Cj
)
the decisionmatrix (D)

is transformed into a dimensionless normalized decision matrix:

R =
[
rij
]
m×n

The normalized value rij is given by:

rij =
dij√∑m
1 d2ij

;∀ i = 1, 2........m& j = 1, 2.......n (5.30)

Step-2: The normalized decision matrix (R) is multiplied by its associated weight (W) to
obtain the weighted normalized decision matrix P,

P =
[
pij
]
m×nwhere pij = wi × rij∀i = 1, 2....m& j = 1, 2.......n (5.31)

Step-3: The positive (best) ideal solution (A+) and negative (worst) ideal solution (A−)
are identified as:

A+ = (p+1 , p+2 , .......p+m); A− = (p−1 , p−2 , .......p−m) (5.32)

Here, p+j = Max(pij) whenCj ∈ JB andMin(pij) whenCj ∈ JC, i = 1,2,....m
p−j = Min(pij) whenCj ∈ JB andMax(pij) whenCj ∈ JC, i = 1,2,....m

Step-4: The Euclidean distances from the best and worst solution are obtained as:

S+i =

√∑
j
(p+j − pij)2 (5.33)

S−i =

√∑
j
(p−j − pij)2 (5.34)

Step-5: The relative proximity to the positive ideal solution is obtained through a well-
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Table 5.3: Normalized Relative Weight (AHP)

Psig Pintf Eavg UO

Psig 0.363 0.363 0.375 0.333
Pintf 0.363 0.363 0.375 0.333
Eavg 0.181 0.181 0.186 0.250
UO 0.093 0.093 0.064 0.084
Sum 1.000 1.000 1.000 1.000

defined Closeness Coefficient ξi

ξi =
s−i

s+i + s−i
(5.35)

The transmitter configurationTxAi
αH corresponding to themaximum ξi is considered as the

best alternative.

5.5 Results

As mentioned in the previous Section, the decision matrix is generated considering a Pareto
optimal set of 25 transmitter configurations that encompasses all three luminaire arrange-
ments. Here the computed results of P̄sig, P̄int f,Eavg&UO are considered as criteria and cor-
responding transmitter configuration as alternatives. Subsequently, TOPSIS optimizations
are performed employing AHP based weighting method where DM’s observation is taken
into account to determine the weight. The consistency of the derived weight using the AHP
method is further verified by comparing it with Satty’s Random Consistency Index (190). Re-
sult shows a satisfactory and acceptedConsistency Index (CI) of 0.087 as per themethod pro-
posed in (191). Normalized relative weight, associated with pairwise criterion is shown in Table
5.3 and used to calculate the principal Eigen vector for subsequent TOPSIS optimization.

5.5.1 Best transmitter configuration

To determine the best-compromised TxAi
αH , closeness coefficients (ξi) are calculated and de-

picted in Figure 5.8. In comparison with arrangements A2 and A3 , A1 luminaire arrange-
ment exhibits better results. Overall maximum closeness coefficient of 0.8511 is obtained
at 95° HPBW with a 2×2 deployment scheme. However, the best result for 3×3 & 4×4 ar-
rangements are observed at HPBW of 80° & 75° respectively. Figure 5.9 shows the system
responses in terms of four performance indicating metrics where best transmitter configu-
rations are selected from respective luminaire arrangements with the help of corresponding
closeness coefficient. Transmitter configuration related with overall maximum closeness co-
efficient (95° HPBW& 2×2 arrangement) exhibits better communication performance com-
pared to the other two arrangement in terms of average signal power and interference. How-
ever, average horizontal illuminance is marginally smaller while the achieved overall unifor-
mity accomplishes identical results. Under these circumstances, the transmitter configura-
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tionwith 95° αH /47.5°γ1/2 &2×2 luminaire arrangement can be holistically considered as the
best-compromised transmitter configuration that can provide optimal channel allocation to
maximize SINR performance.

Figure 5.8: Closeness‐Coefficients for different transmitter configuration

5.5.2 SINRDistribution

It has to be noted that, a simple receiver with a single-PD is considered throughout this study
to compute and compare the SINR over the CF for different schemes. As mentioned before
the transmitter configuration and the FOV is set at its optimal value in the present study.
However, non-optimal transmitter and receiver configuration have been used inmost state of
the art researches (169,170,104,13,171) onVLCwhere transmitter HPBW is kept at a higher value .
Figure 5.10 shows the SINR distribution of a typical non-optimal case with a 70° semi-angle.

Considering the optimal semi-angle specified in (176) comparatively better SINR perfor-
mance is obtained over the CF as depicted in Figure 5.11. Despite the trivial improvement in
minimum and average SINR, neither the receiver FOV is optimized nor the illumination as-
pect is taken into account by the study (176) . So, this result can be considered as a sub-optimal
solution of channel allocation. Compared to this existing sub-optimal solution, the proposed
transmitter configuration along with its optimal FOV can provide significant improvement
in SINR with a coverage probability of 96 percent. The SINR distribution of the proposed
scheme is shown in Figure 5.12. With a maximum SINR of around 60.17 dB and an average
SINR of 36.13 dB, the proposed configuration simply outperforms the existing scheme.
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Figure 5.9: Performance indicating metrics at best transmitter configurations of different luminiare arrangements

Figure 5.10: SINR distribution without any optimization in transmitter configuration and FOV (Non‐optimal scheme)
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Figure 5.11: SINR distribution with only optimal transmitter semi‐angle (sub‐optimal scheme)

Figure 5.12: SINR distribution of the proposed scheme with optimal transmitter configuration & receiver’s FOV
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5.5.3 validation and comparison

Figure 5.13: Monte‐Carlo ray tracing (Zemax) with optimal transmitter configuration

In order to validate the analytically obtained result, a three dimensional indoor environ-
ment is simulated with optimal transmitter configuration and room geometry specification
using a commercial optical software, Zemax. The non-sequential platform of Zemax offers
an accurate Monte-Carlo based ray tracing description. IES files of 95° HPBW is integrated
to contrive the optimal source description inside the indoor environment. This is shown in
Figure 5.13. The receiver’s radial field is restricted to 39° by selecting appropriate radius of
curvature and lens-thickness through lens data editor. Subsequently, the receiver, designed in
sequential mode is imported in 3-D environment for ray tracing.

Figure 5.14 indicates composite representation of proposed optimal scheme, both analyt-
ical (using mathematical model) and simulated (using ray tracing-Zemax) results at different
room positions. The sub-optimal and non-optimal scenarios are also incorporated in same
figure. Less than 10% deviation have been observed between the analytical and simulated re-
sults. However, more importantly both the results are far better in comparison with existing
solutions.

The gross comparative result, depicted in Figure 5.15, indicates a noteworthy improve-
ment (27.35 dB) in average SINR at the expense of marginal decrement (0.04) of overall uni-
formity of illuminance. However, the obtained horizontal illuminance (345 lux) and its uni-
formity (0.70) comply with ISO recommendation. The distribution of the horizontal illumi-
nance is shown in Figure 5.16. So, the proposed optimal channel allocation strategy illustrated
in this work can be readily used to specify the HPBW of the optical luminaire that can serve
joint communication and illumination purpose.

5.6 Summary

For enhanced illumination and communication performance in a multi-cell indoorVLC sys-
tem, the choice of transmitter configuration and the receiver’s FOV are crucial factors. This
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Figure 5.14: SINR performance at different room positions along the x‐axis

Figure 5.15: Comparative results of average SINR and overall uniformity

76



Figure 5.16: Distribution of horizontal illuminance (Iso‐lux)for optimal transmitter configuration

chapter proposes a design-centric methodology based on MCDM to determine the optimal
transmitter configuration and receiver FOV within lighting constraints. These optimal pa-
rameter selections are instrumental to obtain a highly uncorrelated channel, thus significantly
mitigating both CCI from the neighboring transmitter and ISI due to multipath reflection.
The implication for the optimum selection is explored using two communication

(
P̄sig, P̄intf

)
and two lighting

(
Eavg,UO

)
performance indicating metrics.

The salient contributions of this study are summarized as follows:
• Considering simple single-PD receiver architecture, the design algorithm proposed in this
work exhibits significantly improved SINR performance by assigning an optimal downlink
channel. The proposed method can be readily utilized for the design of any multi-cell indoor
VLC system to achieve joint illumination and communication performance.
• The proposed solution undergoes zero real-time computational complexity tomitigateCCI
and ISI.
• Significance for concurrent adoption of the optimal transmitter configuration and the re-
ceiver’s FOV are explored to obtain a highly uncorrelated channel. Using the TOPSIS algo-
rithm the optimal configuration is determined to enhance communication performance un-
der lighting constraints.
• SINR performance at different room positions, obtained through analytical study are also
compared with simulated results using a ray-tracing optical tool.
• In contrast to the present state-of-the-art VLC system with a single-PD receiver the pro-
posed design exhibit 24 dB improvements in average SINR. At the same time, 345 lux with
0.7 overall uniformity is obtained that complies with the ISO recommendations.
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5.7 ResearchOutput

The findings from this chapter are reported in the following research publication:

• Chatterjee, S., Sabui, D., Khan, G. S., & Roy, B. (2021). Signal to interference plus
noise ratio improvement of a multi‐cell indoor visible light communication system
through optimal parameter selection complying lighting constraints. Transactions on
Emerging Telecommunications Technologies, 32(10), e4291.
DOI: doi.org/10.1002/ett.4291
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“ Nobody ever figures out what life is all about, and it
doesn’t matter. Explore the world. Nearly everything is
really interesting if you go into it deeply enough.”

Richard P. Feynman

6
Adopting Receiver Diversity Techniques

In Chapters 3, 4, and 5 a simple photodiode receiver with a symmetric FOV is employed
for system design. However, in a multi-cell VLC system where multiple APs are closely

deployed, mitigatingCCI proves to be extremely challenging with a simple PD receiver. Con-
sequently, theSINRperformance of the system is consistently restrictedwithin a certain limit.
Additionally, there is a concern about spatial SINR fluctuations. To address these challenges,
diversity in some form can be introduced to reduce channel correlation between adjacent spa-
tial points. In this chapter, various diversity techniques are showcased, aiming at enhancing
communication performance in a multi-cellVLC system. The relevance of this chapter from
a lighting perspective, as covered in Chapters 3, 4, and 5, is clearly outlined in sub-section
6.1.1.

6.1 Introduction

Despite the presence of a substantial optical bandwidth of 400 THz, the electrical bandwidth
of theVLC system, with a single transmitter, is confined to severalmegahertz. This limitation
arises from the comparatively low switching speed at the transmitter and the low cut-off fre-
quency of the TIA at the receiving end. Consequently, to enhance data rates, the adoption of
MIMO strategy becomes an obvious option, especially in indoor scenarios where more than
one WLEDs are used for illumination purposes (192,193). In spite of the numerous potential
advantages and excellent spectral efficiency of MIMO, the channel matrices become highly
correlated in a multi-cell indoorVLC system (194). Various efforts have been made to enhance
system reliability by mitigating channel correlation. For instance, in (172), the combination of
space-frequency block code (SFBC) with frequency-switched transmit diversity (FSTD) has
been explored to alleviateCCI. Another approach involves the introduction of a link-blocked
(LB) receiver to achieve robust channel performance (195), although LB receivers may not be
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suitable for high-mobility applications. In this context, the angle diversity receiver (ADR) has
emerged as a promising solution to address the challenges associated with inter-channel inter-
ference. The concept of utilizing ADR for parallel data transmission was initially introduced
in (196,197), presenting two distinct design proposals for practical implementation.

6.1.1 Importance of Receiver Diversity From Lighting Perspective

In the preceding chapter, it was established that enhancing the SINR performance is achiev-
able through the judicious selection of optimal transmitter and receiver configurations. An
optimal transmitter configuration encompasses factors such as theHPBWor the semi-angle of
the optical sources. A narrower semi-angle for optical sources effectively minimizes theCCI,
thereby elevating the SINR. However, it is crucial to note that a reduced semi-angle can com-
promise the uniformity of illumination, a consideration that may conflict with lighting stan-
dards. To reconcile this, the adoption of diversity techniques in the receiver front-end proves
valuable. By incorporating such diversity techniques, significant improvements in SINR can
be attained, even when utilizing a higher semi-angle for the transmitter. Consequently, prior-
itizing angle diversity or an enhanced version thereof in the receiving front-end is consistently
advantageous from a lighting perspective.

6.2 Angle Diversity Receiver for VLC

The concept of ADRwas initially introduced in 1997 by Kahn and Barry (59) as a solution for
infrared wireless communication, aiming to replace the single PD receiver. The same idea can
also be utilized in case of VLC. Each element in theADR employs an individual non-imaging
concentrator. Among the conventional concentrators, the hemispherical lens and the com-
pound parabolic concentrator stand out. The lens with hemispherical shape provides a broad
FOV. On the other hand compound parabolic concentrator achieves a high optical gain be-
cause of adopting narrower FOV. In the context of this study, the chosen concentrator for
ADRs is the compound parabolic concentrator. However, it’s worth noting that the advan-
tage of a smaller FOV comes at the cost of an increased length for the compound parabolic
concentrator. Considering the constraints in size and the complexity of implementation on
mobile devices, it becomes imperative to limit the number of PDs on each ADR. The fun-
damental concept behind the ADR design (for VLC) involves altering the normal vector of
each PD to introduce variation in the incident angles from a given LED. The arrangement
of PDs offers numerous possibilities for changing the orientation of these normal vectors. It
focuses on optimizing the reception of the optical signal by employing multiple receiving el-
ements oriented in different directions. Each element is equipped with its own non-imaging
concentrator. The primary goal is to improve the SNR and SINR, crucial metrics in com-
munication systems The ADR concept for VLC focuses on optimizing the reception of the
optical signal by employing multiple receiving elements oriented in different directions. Each
element is equipped with its own non-imaging concentrator. The primary goal is to improve
the SNR and SINR, crucial metrics in communication systems. Despite the basic design,
the configurations of ADRs remain suboptimal, and as a consequence, the achievable per-
formance improvement has not been fully harnessed. Furthermore, in the context of indoor
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Figure 6.1: Structure of HADR (a) 3‐D View (b) Side View.

multi-cell VLC systems, the incorporation of ADRs primarily aims at enhancing the overall
system capacity or the area spectral efficiency (ASE). Yet, there is a notable gap in research as
the fluctuation of SINR across the receiving plane has not been thoroughly investigated.

6.3 HADRArchitectureWithOptimal FOV

In thiswork, fiveOSD5ECentroic photo-detectors are considered as receiving element. These
PDs are pointing towards the different directions of a hemisphere as shown in Figure 6.1(a).
However, it is not mandatory to put the receiver on the surface of a hemisphere. Instead,
the hemispheric geometry is considered to determine the normal vectors of each PD (92). The
layout, given in Figure 6.1(a) suggests that the azimuth angle

(
θjaz
)
of the jth side detector is

determined as
θjaz = 360◦ × n

NS
+ ΘRRA, n = 0, 1, .......,NS − 1 (6.1)

HereNS is the number of side detectors andΘRRA is the random rotation angle (RRA) of the
HADR, which depends on the user’s application (92). It is clearly discussed in Section 6.3.1.

Four numbers of side detectors (NS) have been considered in this study. All four PDs
obtained the same inclination angle (β) with the X-axis as depicted in Figure 6.1B. However,
the top detector (PD5) makes a 90° inclination angle with X-axis, ie it is parallel with the Z-
axis. If the center of the hemisphere is located at (xh, yh, zh) then the co-ordinate of jth side PD
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can be represented as:(
xjs, yjs, zjs

)
=
(
xh + Rh cos θjaz, yh + Rh sin θjaz, zh − rpd sin β

)
(6.2)

Here, Rh is the horizontal distance between the center of the hemisphere and side detectors.
It is clearly illustrated in Figure 6.1(b). The radius of the centroic photo-detector is taken as
rpd and can be obtained from the respective datasheet. The co-ordinate of the top detector is
given by,

(xT, yT, zT) = (xh, yh, zh + Rh) (6.3)

6.3.1 RandomRotation Angle

From Eq. (6.1) and (6.2) it is evident that received optical power is highly dependent on ran-
domrotation angle (ΘRRA). The valueofRRA is same for all side detectors. When the receiver
is positioned at a different location over theCF,ΘRRA is uniformly distributed from0° to 360°
depending upon the user. Due to the symmetric receiver architecture with respect to both the
X and Y axis, the range of RRA can be considered from 0° to 90°. Figure 6.2 suggests that the
initial azimuth angle of the four side detectors are 0°, 90°, 180° & 270° respectively (shown by
blue colour). Now, due to the random placing of the HADR, all the PDs are encountering a
circular shift of ΘRRA (represented by yellow colour). This RRA can contribute a substantial
SINR deviation over the CF.

Figure 6.2: Illustration of Random Rotation Angle (ΘRRA).
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6.3.2 Design Principles

AMIMO(5×4)VLC system is presented in thisworkwhere a roomwithdimension (LX×LY×LZ)
is equipped with four luminaires for joint communication and illumination purposes.

For a given ith source and jth PD, LOS channel gain depends on transmitter and receiver
parameters and is given by: (184,39)

Hi,j
LOS = fij

(
Si,Rj

)
=

m+ 1
2π

cosm
(
φij

)
dΩTS

(
θij
)
rect
(

θij
ΨC

)
(6.4)

Here the source (Si) is defined by its position (vsi), orientation (nsi) and the Lambertian
order or mode number (m) associated with semi-angle (Ψ12)). φij and θij are the angle of
irradiance and incidence respectively. Ψc is the FOV of the PD. The subtended solid angle by
the differential area of receiver is written as:

dΩ =
cos
(
θij
)
gC
(
θij
)
AR

d2
(6.5)

AR is active area of photodetector and gc
(
θij
)
is the optical concentrator gain that depends

upon lens index (nc), given as:

gc
(
θij
)
=

n2c
sin2 (ΨC)

for θij ≤ ΨC

= 0 for θij > ΨC

(6.6)

The electrical signal obtained at jth RE, due to ith transmitter is expressed as:

Si,jelec = γμHi,j
LOSPti (6.7)

Tominimize the interference of theVLC attocell network, select best combining scheme
(SBC) has been adopted in this study. As the scheme suggests, the received signals from all
the PDs are continuouslymonitored and SINR is computed for each PD.However, PDwith
maximum SINR is solely considered as the output of the HADR. A dedicated circuit and a
very fast switch are generally used for this processing and selection purpose (198). The SINR
using the SBC scheme can be computed as

SINRℜ
j =

(
γμHi,j

LOSPti

)2
Nt∑

k=1,k̸=i

(
γμHi,j

LOSPtk

)2
+Ntotal

(6.8)

here, jth PD provides maximum SINR when the HADR is positioned at ℜth test point over
the CF. Considering all 400 test points, spatial SINR fluctuation can be determined and rep-
resented as

SINRdev = [max(SINRℜ
j )−min(SINRℜ

j )], ∀ℜ = 1, 2, ...400 (6.9)
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Figure 6.3: Variation of Average SINR withΨC for different values of β.

The spatial average SINR is given as

SINRavg =
1
m
∑
ℜ

SINRℜ
J (6.10)

The average SINR deviation due to variation in RRA (from 0° to 90°) is expressed as

SINRdev =
1
90

90◦∑
ΘRRA=0◦

SINRdev (6.11)

6.3.3 Impact of RRA

From the physical understanding, it is obvious thatwith the reduction in the FOVangle of the
RE,CCI should reduce resulting improvement in SINR. However, themoto is to investigate
the significance of the inclination angle (β) over this improvement in SINR due to a reduc-
tion in FOV. Figure 6.3 provides the intended results where it can be observed that in case of
HADR, SINR degrades almost in an identical way with an increase in FOV irrespective of
inclination angle.

However, an uncontrolled reduction in FOV may lead to blindness of received signal in
some of the positions over the CF. Thus the optimal FOV for our design can be determined
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as:

Ψopt
C = max

(xh,yh,zh,β)
θmin
ij

subject to :
θmin
ij = min

i,j
θij (xh, yh, zh, β)

(xh, yh, zh) ∈ f, 10◦ ≤ β ≤ 45◦
ΘRRA = 0◦, zh = hCF,
i ∈ {1, 2, ...,Nt} , j ∈ {1, 2, ...,Nr}

(6.12)

Figure 6.4: Impact of RRA on SINRdev at β = 30◦.

In the previous section, it has been mentioned that ΘRRA can be varied randomly in be-
tween zero to ninety degrees. Now, its turn to investigate the influence of the inclination
angle (β) over the spatial SINR deviation considering different ΘRRA and fixed Ψ

opt
C . One de-

gree interval of RRA is considered to compute the spatial SINR deviation. Meanwhile, the
inclination angle is also altered at 5° intervals. The simulation parameters are shown in Table
6.1. The optimal field of view Ψopt

C of 32.93° is obtained using the objective function given
in Eq. (16). This optimal value of the FOV angle ensures at least one LOS connectivity be-
tween any transmitter and RE of the proposed HADR examined over all the test points (ℜ).
In earlier research, optimal FOV of any ADR had been determined considering a fixed value
of inclination angle (β). However, in this study, a range of viable β (in between 10° to 45°)
is taken into account to compute Ψopt

C . So, it can be also recognized as the upper-bound of
the minimum incidence angle when all the test points and inclination angles are taken into
account.

This optimization creates an opportunity to investigate the impact ofRRA (ΘRRA) at dif-
ferent inclination angle. Because, at all inclination angle within the considerable range at least
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Table 6.1: HADR performance simulation parameters

Parameters Value
Room dimension, (LX × LY × LZ) 5m× 5m× 3m
No ofWLED transmitter,Nt 4
No of receiving element (PD),Nr 5
Height of the CF, hCF 0.8m
Semi angle of the transmitter, ψ1/2 60◦

Transmitted optical power/transmitter, Pti 4.22W
Physical area of PD, AR 5mm2

Lens index, nc 1.47
Optical to electric conversion efficiency, γ 0.53A/W
Transmission coefficient of optical filter, Ts(θ) 1
Gap between top and side detector, STS 3mm
Load resistance,RL 50Ω
Modulation index, μ 0.3
Noise Bandwidth Factor, I2 0.562
Modulation Bandwidth, B 100MHz
Background current, Ibg 30nA
Boltzman’s Constant,KB 1.38× 10−23

one LOS connection is guaranteed for all test points. Figure 6.4 suggests that the random-
ness of ΘRRA can substantially degrade the system mobility by increasing the spatial SINR
deviation / fluctuation (SINRdev).

6.3.4 Reducing Fluctuations of Spatial SINRDistribution

Figure 6.5: SINR distribution over the CF at β = 30◦.

From the spatial SINR distribution, shown in Figure 6.5 it has been clearly observed that
average SINR (SINRavg) is in the higher range (48.35 dB). However, the spatial fluctuation
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of SINR is a reason of concern. It has to be noted that the inclination angle and FOV angle
considered for the simulation of Figure 6.4 and Figure 6.5 are the same (30° and 32.93° respec-
tively). Thus, the objective is to select an inclination angle where the possibility to restrict the
SINR fluctuation within an acceptable threshold limit is comparatively better.

Figure 6.6: Relational dependency of spatial SINR distribution with Inclination angle (β) at optimal FOV.

Figure 6.7: Variation of spatial SINR deviation with RRA
(ΨC

opt = 32.93◦,β = 10◦) .

For this reason, a new parameter termed as “Spatial SINR Consistency Factor” has been
introduced in this study. It is defined as the probability of getting SINR deviation below the
threshold limit (TL) when RRA is varied from 0° to 90°. 10 dB threshold level have been
considered as shown in Figure 6.4. The spatial SINR consistency factor (Cf) is determined as
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Figure 6.8: SINR distribution over the CF at optimal condition
(ΨC

opt = 32.93◦,β = 10◦) .

(refer Figure 6.4)

Cf = P (SINRdev ≤ 10dB)

=

∑
k
bk∑

k
bk+

∑
k
ak

(6.13)

here, bk= range below TL and ak= range above TL.
The relational dependency of Cf with β (at optimal FOV angle) is depicted in Figure 6.6.

Where it can be observed that at lower value of inclination angle, probability of SINR fluc-
tuation is lesser. Hence the maximum SINR consistency factor (Cf=0.978) is obtained at 10°
inclination angle. Meanwhile the average SINR deviation is also least at the same inclination
angle.

The proposed design of HADR with 10° inclination angle and 32.93° optimal FOV can
provide excellent communication performance by negating the random error contributed by
ΘRRA. Consequently, the average SINR deviation is restricted to 8.6087 dB.The distribution
of SINR deviation at different RRA is shown in Figure 6.7. It can be seen that, the random
rotation angle hardly affects the SINR fluctuation at the proposed FOV and inclination an-
gle. The spatial SINR deviation is almost constant with respect to variation in RRA. So, 10°
inclination angle can be considered as an optimal preference to contain spatial SINR devia-
tion. Our proposed HADR with this optimal β and Ψopt

C also delivers outstanding SINR at
the 400 test points over the CF. This distribution is depicted in Figure 6.8. In comparison
with 15.7 dB SINR deviation in reference (88), the proposed system offers 45.17% reduction
in average SINR deviation. At the same time, 48.81 dB average SINR is obtained over the
communication floor.
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Figure 6.9: FDR Structure with four co‐planar RUs

Figure 6.10: Quadruple arrangement of RUs: Top view

6.4 A Step Forward: Design of Improved ADRwith Freeform Surface

Present architecture of ADRs necessitate additional mounting setup for positioning all the
PDs in an inclined way. Consequently, this consistently increases the height of the receiver,
posing a hindrance to the product’s viability in handheld mobile devices. Additionally, there
is an ongoing imperative for enhancing the SINR, to ensure higher channel capacity and data
rates with minimal errors. In association with ’SENSE, IITDelhi’, an initiative is undertaken
with twofold objectives: (a) elevating SINR and (b) reducing the size of the receiver. With
the help of freeform optics an improved version of ADR, called Freeform Diversity Receiver
(FDR) has been proposed (199).
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6.4.1 FDRGeometry

The freeform diversity receiver based specially tailored optical front-end (200,201) can be por-
trayed as amodified and improved version of the angle diversity receiver. In FDR, four identi-
cal co-planar receiving units (RU) are placed together in orthogonal orientationwith adjacent
units as shown in Figure 6.9 (201). Each RU has three parts: a PD chip, a freeform surface el-
ement(FSE), and a hollow cylindrical base. As shown in the figure, the position of the PD
chip is right at the focal point of the freeform surface element. The quadruple arrangement
is shown from the top in Figure 6.10 (201). The highest sag point of each FSE is marked by
the red arrow. Unlike the conical FOV of the existingVLC receiver, each FSE is rotationally-
nonsymmetric and acts as a lens aperture.

Figure 6.11: Perspective view of RU

The surface slope of all the FSEs is designed in such a way that FDR (four RUs together)
can collect optical signals from all the corners of the room with almost zero overlap. With an
offset from the optical axis of the lens, each RU offers a quadrilateral FOV. The perspective
viewof aRU is depicted in Figure 6.11 (201). As shown, the cylindrical base has a semi-diameter
rf. The variable curvature of FSE is denoted by cf. The thickness (hFDR) of the freeform lens
varies with cross-section. However, the maximum height (HFDR) of the lens with base height
is considered as the height of the FDR. A smaller circular aperture at the back side of FSE
acts as a stop. The designed FSE has a spherical curvature (cb) at its back side. To obstruct
the unwanted flux, the side of FSE and the base of the hollow cylinder are made opaque. The
designed parameters are listed in Table 6.2 (201).

6.4.2 Improved SINR Performance

To assess the SINR performance of the FDR, the indoor multi-cell VLC system is arranged
in a pre determined environment with dimensions of 5m × 5m × 3m. The CF is positioned
at a 0.85 m height. In Figure 6.12a, the SINR distribution across the communication floor is
depicted (201), revealing a spatial range from98 dB to 137 dB.Notably, the average SINR value
tends to be closer to the higher limit than the lower range, reaching an average SINR of 120.5
dB based on 121 uniformly distributed test points over the communication floor. Despite the
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Table 6.2: Designed parameters of FSE

Parameter Description Value

Number of freeform surface elements,NFSE 4
Refractive index (PMMA), n 1.49
Semi diameter, rf 3.78 mm
FSE height, hFDR 4.76 mm
Front surface clear aperture, df 7.56 mm
Freeform front surface radius of curvature, cf 6.609 mm
Back surface radius of curvature, cb 6.702 mm
Back surface aperture stop diameter, db 2.64 mm
Obtained field-of-view, ψF 28.9◦ × 28.9◦

presence of weak signal strength, the proposed design suggest remarkably high SINR (achiev-
ing 98 dB) at the centre of the room. In Figure 6.12b, a comparison of SINR performance
along the y-axis for variousVLC receivers is presented. The figure illustrates that, at each test
point along the y-axis, proposed FDR consistently outruns the existing VLC receivers. Fur-
thermore, the least SINR value noted in this work surpasses the maximum SINR reported in
other existing studies.

Figure 6.12: (a) Distribution of SINR over CF (using FDR) (b) Comparison of SINR along the y‐axis (using different re‐
ceivers)

6.5 Summary

This chapter focuses on addressing the spatial SINR fluctuations in amulti-cellMIMO-VLC
system, particularly when employing a hemispheric angular diversity receiver for the recep-
tion. These fluctuations arise from the random rotation angles introduced by end-users. A
comprehensive optimization of the receiver’s FOV and inclination angle is conducted to con-
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fine SINR variations within a significant threshold. The SBC scheme is implemented to se-
lect the relevant MIMO system channel during reception. Additionally, an enhanced iter-
ation of the ADR is devised, incorporating a freeform surface. This novel receiver, termed
the Freeform Diversity Receiver (FDR), boasts a more compact size and demonstrates im-
proved SINR performance. The development of the FDR is a joint effort in conjunction
with SENSE, IITDelhi and the outcome was reported in reference (201,200,199). Although I am
a contributor and co-author of those reported studies, still these works are not claimed as con-
tributions to this thesis. However, mentioning this work is imperative as the FDR is basically
an improved version of ADR and I have further carried forward this work which is reported
in the next chapter.

6.6 ResearchOutput

The findings from this chapter are reported in the following research publication:

• Chatterjee, S.&Roy, B. (2021). Multi-parameter optimization of a hemispheric angle
diversity receiver to reduce SINR fluctuation for an indoor MIMO-VLC system. 4th
Biennial International Conference on Nascent Technologies in Engineering (ICNTE)
(pp. 1-6) IEEE.
DOI: doi.org/10.1109/ICNTE51185.2021.9487694
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“ Most people believe the mind to be a mirror, more or less
accurately reflecting the world outside them, not realizing
on the contrary that themind is itself the principal element
of creation.”

Rabindranath Tagore

7
Moving Towards Hybrid Li-Fi Wi-Fi

System

The Sixth chapter explores the showcased architecture of a hemispheric ADR and its en-
hanced version, the FreeformDiversity Receiver. This chapter is dedicated to the explo-

ration of the LiFi channelmodel, utilizing the FDR and investigating its potential application
in a hybrid LiFi-WiFi network (HLWNet) for multiple users. Section 7.2 provides the system
model of the HLWNet system, offering an overview of its key components. The subsequent
Section 7.3 highlights the effective user throughput under various resource allocation meth-
ods. Moving forward, Section 7.4 delves into different network parameters influencing user
experience and data service quality. The intricacies of the random waypoint mobility model
and scenario formulation are addressed in Section 7.5. For a more in-depth understanding,
Section 7.6 meticulously presents detailed results accompanied by pertinent explanations.

7.1 Introduction

The potential of the Li-Fi network is poised to unfold, tapping into a frequency spectrum
that is 2600 times larger, enabling enhanced cell densification in the forthcoming 6G net-
works (202,104). It’s important to note that while Li-Fi offers promising advancements, higher-
tierRF technologies such asWi-Fi are not expected tobedisplaced. Instead,Li-Fi is envisioned
to complement and collaborate withWi-Fi, introducing a new layer of network heterogeneity
for improved overall performance.

Despite its numerousbenefits, this technologymay face certain challenges. (a)Co-channel
interference (CCI) can arise fromsignal reception frommultiple access points (AP) in amultiple-
input multiple-output (MIMO) or multiple-input single-output (MISO) framework. (b)
Light path blockage poses a significant disruption to Li-Fi standalone connectivity. (c) User
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mobility can also impact network performance. To address these issues, various research at-
tempts havebeenundertaken in recent years. A careful review reveals twomajor researchdirec-
tions tomitigate these challenges. In one direction, researchers propose enhanced transmitter
and receiver architectures such as angle-diversity-transmitter (ADT), angle diversity receiver
(ADR), freeformdiversity receiver (FDR) (203,204,205,93,99,91,197,206,201), aiming to improve SINR
and mitigate CCI for standalone VLC/Li-Fi systems. On the other hand, problems like
light path blockage, user mobility, multi-user association, and network performances are ap-
proached as completely different problems where different resource allocation algorithms are
applied for an HLWNet considering simple receiver architecture (207,111,115,208,209,108). How-
ever, for future commercialization anduse in handheld gadgets, integration of bespoke optical
components is the need of the hour (104).

7.2 SystemOverview

This heterogeneous network employs a noninterfering asymmetric topology, with the down-
link and uplink of Li-Fi being facilitated throughVLC and infrared, respectively. It has been
assumed that the channel state information (CSI) (210,211) feedback is there but its detailed ar-
chitecture is beyond the scope of this study. This section provides a concise overview of both
Li-Fi andWi-Fi channel models. Subsequently, an illustration of the system’s channel capac-
ity and LOS path blockage is provided.

7.2.1 LiFi ChannelModelWith FreeformDiversity Receiver

In FDR, four identical co-planar receiving units (RU) are placed together in orthogonal ori-
entation with adjacent units as shown in Figure 7.1. Each RU is comprised of a freeform lens
called freeform surface element (FSE) and one photodiode packed within a hollow cylindrical
base. The architecture of the FDR has already been discussed in last Chapter. However, in

Figure 7.1: FDR structure
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Algorithm 1:Computation of FDR Indicator Matrix
Data:
Input the position of ith AP& jth RU position on Communication floor
Result:
Elements of FDR indicator matrix hji
whilemodulo of

( j
2

)
̸= 0 do

if θ̂j,i ⩽
(

θ̂W+θ̂L
2

)
then

x̂ij = hCF tan ΨW ;

ŷij = hCF tan ΨW tan
(
θ̂j,i − θ̂W

)
;

else
x̂ij = hCF tan (ΨL) tan

(
θ̂W − θ̂j,i

)
;

ŷij = hCF tan (ΨL);
end

end
end
whilemodulo of

( j
2

)
= 0 do

if θ̂j,i ⩽
(

θ̂W+θ̂L
2

)
then

x̂ij = hCF tan (ΨW) tan
(
θ̂j,i − θ̂W

)
;

ŷij = hCF tan (ΨW);
else

x̂ij = hCF tan ΨW tan
(
θ̂j,i − θ̂W

)
;

ŷij = hCF tan ΨW ;
end

end
end

Compute
⌢

ψ
i

j,u; Compute ψj,i; Compute ϕij,u
if ψj,i ⩽ ϕij,u then

hji = 1;
else

hji = 0 ;
end

end
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Table 7.1: FDR indicator matrix parameters definition

NAP Number of total Li-FiAPs
ΓiAP Position of ith AP on xy plane
PRU Centre position of RU on communication floor
PRU The projection of RU on xy plane (APs plane)
MRU Number of total RUs
rf Semi-diameter of RU
dd Distance between PRU and PFDR
ΨL×ΨW Quadrilateral FOV of the RU (side of the quadrilateral field making angle with optic axis)
Ψ̂ The projection of FOV of jth RU on the xy plane (APs plane)
θ̂j,i Angle between positive x-axis and the line connecting ΓiAP & PRU in xy plane

ψ̂i
j,u Intersection (xij, yij) point between the side of

⌢

Ψ and the line connecting ΓiAP & PRU in x-y plane
ϕij,u Angle between z-axis and the line connecting ΓiAP & PRU

ψj,i Angle between z-axis and the line connecting ψ̂i
j,u& PRU

order to estimate the performance of this newly surfaced receiver front-end in HLWnet con-
figuration, a proper channel model is required. It has to be noted that the FDR is endowed
with a rectangular off-axis FOV (ΨL × ΨW) instead of a symmetric FOVwhich is extensively
considered in the existing Li-Fi channel model. So, in this section, the thrust is given in fram-
ing a mathematical framework for the Li-Fi channel model using FDR. Due to the off-axis
nature, each RU has a distinct azimuthal field in x − y plane bounded by θ̂L and θ̂W. This is
shown in Figure 7.2. With respect to FDR global position (xFDR, yFDR, hCF), coordinates of
the jth RU (xj, yj, zj) can be determined as:

xj = xFDR + dd cos

(
θ̂L + θ̂W

2

)
(7.1a)

yj = yFDR + dd sin

(
θ̂L + θ̂W

2

)
(7.1b)

zj = hCF (7.1c)

where,

θ̂W =
360
MRU

(j− 1) (7.2a)

θ̂L =
360
MRU

(j) (7.2b)

In the multi-user MIMO environment, all users are equipped with more than one RUs
and can access optical signals frommultiple Li-FiAPs. Now, for the uth user connected with
ith AP and receiving a signal using jth RU of FDR, the LOS channel gain can be determined
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Figure 7.2: LiFi channel and Off‐axis quadrilateral FoV of FDR

as:

Hi,j,u
LiFi =

m+ 1
2π(dij,u)

2 cos
m
(
θij,u
)
cos
(
ϕij,u
)
gcgfAPDIFDR (j, i) (7.3)

here, θij,u is the irradiance angle. The optical concentration gain and transmittance of the
optical filter are represented by gc and gf. IFDR(j, i) is an element of the indicator matrix that
represents the viewing condition of jth RU connected with ith Li-FiAP. Each element (hji) of
the indicatormatrix (IFDR) is a binary variable and analogous to the rectangular function used
in a conventional channel model with symmetrical FOV. The computational procedure of
IFDR is given inAlgorithm 1 andTable 7.1 defines the necessary related parameter description.

In general, considering simple PD receivers, the contribution from second and higher-
order reflection is very small. In the case of FDR this value reduces further due to off-axis
controlled FOV. So, only the first-order reflection is considered to calculate NLOS channel
gain. The first-order channel gain can be segmented into two distinct parts A) AP to a very
small part of the wall B) Wall to RU of FDR. For the first segment, ie from AP to wall, angle
of irradiance & angle of incidence are θiw & ϑiw. Similarly, for 2nd segment, these angles are ϑwj,u
and ϕwj,u respectively. Now the NLOS channel gain is expressed as:

Hi,j,u
NLOS =

∫
AW

ρW (m+ 1)

2
(
πdiwdwj,u

)2AFSEcosm
(
θiw
)
gfgc cos

(
ϑiw
)
cos
(
ϑwj,u
)
cos
(
ϕwj,u
)
dAW (7.4)

hereAW denotes the area of wall within the rectangular FOV of a specific RU. diw and dwj,u
are the Euclidean distance between ith AP to small patch of wall and wall to jth RU of user u.
The total channel gain of the LiFi system is computed as:

Hi,j,u
LiFi = Hi,j,u

LOS +Hi,j,u
NLOS (7.5)
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So, the received optical power by jth RU of user u is determined as:

Pi,j,u
rx = Hi,j,u

LiFiP
i
tx (7.6)

Considering, a frequency-independent constant optical to electrical conversion efficiency,the
SINR due to ith Li-FiAP experienced by user u can be computed as follows:

ηi,uLiFi = max
j


(
γoeP

i,j,u
rx

)2
∑

i′∈IAP,i′ ̸=i

(
γoeP

i′,j,u
rx

)2
+ Ntotal

 (7.7)

7.2.2 WiFi ChannelModel

In this study, only one RF channel is used. So, theCCI is zero for obvious reasons. However,
the downlink transmission spectrum can be divided intomore than one non-overlapping sub-
channels to accommodate all WiFi/RF APs without any CCI. From the previous study, it
is well established that the WiFi channel gain mainly depends on large-scale and small-scale
fading loss. However, the dominance of large-scale fading loss ismore compared to small-scale
fading gain that follows an identical Rayleigh distribution with a variance of 2.46 dB (212).

TheWiFi channel gain, at the centre frequency fc can be modelled as (212),

Gi,u (fc) =
√

10(−0.1L(di,u))hr (7.8)

here,
L (di,u)= Large scale fading gain for a user uwith separation distance di,u
hr= Small scale fading gain
The Large scale fading gain is computed as:

L (di,u) =


LFS (di,u) + XSF when di,u < dBP

LFS (dBP) + 35 log
(
di,u
dBP

)
+ XSF when di,u ⩾ dBP

(7.9)

Here LFS(d) is the free space path loss for a distance d, given as:

LFS (d) = 20log10 (d) + 20log10 (fc)− 147.5 (7.10)

XSF is the shadowing loss modeled as a random variable with Gaussian distribution, mean
zero and standard deviation σs. Here, dBP is the breakpoint distance. Since no interference for
RF is encountered; the SINR is analogous to SNR and it can be defined as follows:

ηi,uWiFi =
|Gi,u (fc)|2PWiFi

tx

NWiFiBWiFi
(7.11)
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7.2.3 Channel Capacity

In general, the channel capacity of any RF and LiFi communication system can be bounded
by Shannon’s principle. However, in the case of LiFi system, high-speed reliable communica-
tion is not the only design criterion. The same optical transmitters are also used for lighting
purposes as well. So, energy-efficient quality illumination design is the other lookout that can
be achieved when required horizontal illuminance with high overall uniformity is obtained
as per standard, that too with reduced lighting power density. In the presence of daylight or
depending on the user’s activity, dimming of light sources is quite a common strategy to save
energy. In that case, tighter bounds on channel capacitymay be considered for lower transmit-
ted power (213). When the user u is connected with ith AP, the channel capacity is determined
as:

ri,u =

BWiFi ∗ log2
(
1+ ηi,uWiFi

)
for WiFi AP

BLiFi

2
∗ log2

(
1+

e
2π

ηi,uLiFi
)

for LiFi AP
(7.12)

7.2.4 LOS Path Blockage

In reality, the LOS path of the LiFi channel can be blocked by some non-transparent objects
like furniture, appliances, or human bodies. The probability of LOS path blockage increases
when the users are in motion inside the indoor environment. In this study, FDR is consid-
ered as a LiFi-receiving front-end where more than 99% of received optical power comes by
LOS path. This occurs due to customized receiver design using freeform optics. So, hardly
any connectivity exists with the corresponding AP if the LOS path is blocked. Thus it can
be modeled with a binary variable, O(k)

i,u . Two parameters are considered to characterize this
random event, a) occurrence rate and b) occupation rate (111,207). The frequency of light-path
blockage is defined by the first parameter. A high occurrence rate often leads to an increase
in the handover number while the second parameter impedes the link status. The occupa-
tion rate determines how long the blockage will persist. As the blockage is unpredictable and
random in nature the Poisson point process (PPP) is preferred to mathematically model this
event.

7.3 MobilityModel and Scenario

7.3.1 RandomWaypointModel

RandomWaypoint (RWP)mobility model (214,215) has been adopted in this study where users
move in a random direction through a straight path from the starting node (Pnwp−1) to the
end or destination node (Pnwp). Each destination node is considered as the starting node for
the next waypoint. A random pause time (Tnwp

pause) is also considered at the end node. Hence,
mathematically the RWPmodel is characterized by an infinite chain of quadruple:{(

Pnwp−1,Pnwp , Snwp ,T
nwp
pause
)
|nwp ∈ Nwp

}
. Here, nwp is the movement index and Snwp denoted

as speed for the nwpth movement.The coordinates of all the successive waypoints are selected
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randomly within the network area. The transition time for eachmovement can be computed
as,

Tnwp
tran =

dnwp
Snwp

(7.13)

where,
dnwp =

∥∥Pnwp−1 − Pnwp
∥∥ (7.14)

Now, considering the pause time, the total elapsed time between two consecutive waypoints
is given by:

Tnwp
total = Tnwp

tran + Tnwp
pause (7.15)

7.3.2 Scenario Formulation

A uniform distribution with an upper (Smax
nwp ) and lower limit (Smin

nwp ) is considered in this study
to estimate the speed of the users within the simulation environment. Based on the user’s
speed and pause time, four different scenarios have been sketched out. Out of these four sce-
narios, three scenarios are framed with constant user speed while the remaining one attains
variable user speed and pause time.

Scenarios with constant user speed

Three scenarios have been considered in this mode: a) Low mobility scenario (ScenLM) b)
Average mobility scenario (ScenAM) c) High mobility scenario (ScenHM). For all these sce-
narios, every user moves at a constant speed with a fixed pause time. The upper and lower
limits of Snwp are kept at a fixed value in these scenarios to fit with themobility model. A speed
of 0.1m/s has been considered for ScenLM. In cases of ScenAM and ScenHM the user’s speed
is 0.5 m/s and 0.8 m/s respectively.

Scenarios with variable user speed

Random mobility scenario (ScenRM) has been framed within this category where users can
move with variable speed. However, during each excursion, the speed of any user remains
constant for a short period. The maximum speed (Smax

nwp ) is set at 0.8m/s where the minimum
speed (Smin

nwp ) is kept at 0.1m/s. The upper and lower limit of pause time (Tnwp
pause) is considered

as 0 and 10 second respectively.

7.4 Distributed Resource Allocation

In a dynamic HLWNet, the mobile/stationary user is either connected to Wi-Fi or served by
Li-FiAP for each quasi-static state. So, proper utilization of distributedAPswithmulti-node
receiver structures is always a challenging task. Throughout this chapter, single-AP associa-
tion is considered and it has been assumed that the channel state information remains the
same in between two quasi-static states. Two different resource allocation strategies have been
implemented to compute both the system throughput and average user throughput.
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7.4.1 Maximizing System ThroughputWithOptimal Resource Allocation

The prime objective of the optimal resource allocation (ORA) policy is tomaximize the over-
all system throughput. This technique is also known as the conventional load-balancing tech-
nique (215,216). Let c denote the type of network connectivity for a user. At kth quasi-static state
the total system throughput (R(k)

sys ) is computed as:

R(k)
sys =

∑
c

χ(k)c,u

∑
u∈Ui

∑
i

r(k)i,u χ(k)i,u z
(k)
i,uO

(k)
i,u (7.16)

here, χ(k)c,u = 1 signifies that network type c serves the user u while χ(k)c,u = 0 means oth-
erwise; Likewise χ(k)i,u = 1 means that the user u is served by the ith AP. O(k)

i,u is the blockage
indicating binary variable that accept a value 0when the uth user’s connectivity is lost with the
ith AP. z(k)i,u is the proportion of time that the ith AP allocates to user u . Now, the proportional
resource allocationmethod is adoptedwhere the AP connectivity variable (χ) and the propor-
tion of time variable (z) for each user are determined by solving a mixed integer optimization
problem. The optimization problem is framed as:

maximiseR(k)
sys

subject to χ(k)i,u ∈ {0, 1} , ∀i, u;

O(k)
i,u ∈ {0, 1} , ∀i, u;

χ(k)c,u ∈ {0, 1} , ∀c, u;∑
i

χ(k)i,u = 1, ∀u;∑
u

χ(k)i,u z
(k)
i,u ⩽ 1, ∀i;

(7.17)

7.4.2 Rule Based Resource Allocation (RBRA)

Effective resource management is the key to exploiting the maximum benefits of a hetero-
geneous network. The achievable system throughput not only depends on the efficiency of
the resource allocation algorithm but is also influenced by the distribution of Li-Fi APs and
receiver geometry. Existing resource allocation techniques always consider symmetric FOV
single PD receivers. Thus, frequent handover occurs when users walk in and out at overlap-
ping zones of Li-Fi attocells. Interestingly, this area of overlapping zone depends on Li-Fi
AP distribution and also with their radiation pattern. The probability of handover increases
with the rise in overlapping zones. Here, all Li-FiAPs are configured in such a way that they
can accomplish the lighting requirement as per ISO standard. However, the other influencing
parameter (receiver geometry) is customized in this study. As FDR is endowed with off-axis
rectangular FOV instead of symmetrical FOV, the overlapping region reduces substantially
from the receiver’s perspective. Thus the the ping-pong effect of handover is relatively less.
Maximum handover occurs as a consequence of the mixed integer non-linear optimization
process described in the previous section.
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In contrast with ORA, the rule-based resource allocation (RBRA) technique doesn’t go
for throughput maximization instead it looks for limiting the handover number and compu-
tational complexity. A simple rule-based policy has been adopted where each user is initially
connected to an AP with the best channel capacity. Both the horizontal and vertical han-
dover occur following the signal strength strategy with an exception. When theWiFi channel
is unoccupied, then only some user switches to WiFi to exploit the entire bandwidth of the
LiFi-WiFi network. The detailed scheme is illustrated through Algorithm 2.

Algorithm 2:Rule Based Resource Allocation Scheme
Input: ri,u, Oi,u
Output: χi,u, zi,u
1: Initialization

for each user u do
find the AP corresponds to maximum ri,uOi,u, i ∈ I
χj,u ⇐ 0 ∀j ̸= i
χi,u ⇐ 1
end for

2: Compute total no. of userNi
U connected to ith AP

∀i ∈ I
3: if NiWiFi

U = 0 andNiLiFi
U > 2 then

find the LiFi AP (iLiFi = ĩ)with maximum host
association
end if

4: Identify the user (u = ũ)with maximum r̃i,ũ
5: Switch the user (ũ) to WiFi AP

χĩ,ũ ⇐ 0
χiWiFi,ũ ⇐ 1

6: for each user u do
Compute zi,u = 1/Ni

U
end for

7: return χi,u, zi,u ∀u

7.4.3 User Throughput

Depending upon the resource allocation techniques described in the above sections both ver-
tical and horizontal handover may occur in two neighbouring quasi-static states. As a result,
the effective throughput of all the users and the system are reduced further. Considering the
horizontal (tHHO) and vertical handover (tVHO) overhead, the handover efficiency ζ(k)i,u is calcu-
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lated as (215):

ζ(k)i,u =



(
1− tHHO

Tqs

)+

for HHO(
1− tVHO

Tqs

)+

for VHO

1 otherwise

(7.18)

here, the function [.]+ correspond to max (., 0). Now, incorporating the handover delay,
the average user throughput can be estimated as:

Ravg
u =

1
NkNU

[∑
k

∑
u∈U

Reff
i,u

]
(7.19)

here,Nk is the total no. of iterations within a specific simulation interval andReff
i,u denotes the

effective user data rate in kth quasi-static state given as:

Reff
i,u = r(k)i,u min

(
z(k)i,u , ζ

(k)
i,u

)
(7.20)

Aggregating all the user throughput associated with different transmitting nodes, the ef-
fective system throughput is computed by:

Reff
sys =

∑
c

χ(k)c,u

∑
u∈Ui

∑
i

r(k)i,u χ(k)i,u min
(
z(k)i,u , ζ

(k)
i,u

)
O(k)

i,u (7.21)

7.5 HLWNetQuality of Service

Apart from system throughput, maintaining high quality in data traffic is essential for deliver-
ing a satisfactory user experience concerning accuracy, completeness, timeliness, and resource
allocation. In different real-time communication and network applications, quality of service
(QoS) encompasses these issues with regard to latency, throughput, packet loss, and jitter. In
this study, the network performance of our proposedHLWNet framework is also investigated
with FDR in terms of packet loss ratio, latency, and fairness index.

7.5.1 Packet Loss Ratio

Packet loss refers to the failure of one or more data packets to reach their destination within
any communication network. Packet loss may occur due to overflow of buffer and also for
network congestion. In a temporary overload situation, packets may be dropped to alleviate
the congestion and prioritize other traffic. In the present study, the networkmay be degraded
or congested due to light-path blockage or frequent handover. So, investigating the system
performance at the packet level is very important to have a clear understanding. It has been
assumed that the packet arrival (λ̄) follows a Poisson process as in the case of an M/M/1
queueing system.
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Let us consider RA
i,u denotes the data arrival rate of the user u connected with ith AP (Li-

Fi/WiFi) and Reff
i,u represents the effective link capacity. For any quasi-static state k, the effec-

tive link capacity of any user is obtained fromEq.7.20. Considering the effective link capacity,
user u needs time τi,u to receiveRA

i,u bits, given as:

τi,u = RA
i,u/R

eff
i,u (7.22)

The packet-loss ratio (Υi) of every users connected with ith AP are equal (114),

ie (Υu1,i = Υu2,i = .... = Υun,i) and it is given by:

Υi = max

(
1− LB

LB + LP

(∑
u∈Ui

τi,u

)−1

, 0

)
(7.23)

here LB is the buffer size and LP is the average packet size of the received data. The average
packet loss ratio of our proposed LiFi systemmay be computed as:

Υsys =

∑
i
Υi

(∑
u∈Ui

RA
i,u

)
∑
i

∑
u∈Ui

RA
i,u

(7.24)

7.5.2 Latency

Considering all the users connected with ith AP, the net data arrival rate associated with the
same AP can be expressed as:

λ̄i =
1
LP

∑
u∈Ui

RA
i,u (7.25)

Now, the service rate Si can be calculated as:

Si =
λ̄i∑

u∈Ui

τi,u
(7.26)

If LW is the average size of data waiting for service (only when LW is less than the buffer
size) then the packet latency of ith AP can be computed as:

Γi = LW

∑
u∈Ui

RA
i,u∑

u∈Ui

Reff
i,uRA

i,u

(7.27)
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where LW is calculated as:

LW = LP
λ̄i

Si − λ̄i
=

LP(∑
u∈Ui

τi,u
)−1

− 1
(7.28)

The above expression is only valid when the service rate is greater than the arrival rate. For
the sake of computation, the above equation can be restructured as:

LW =
LP

max

((∑
u∈Ui

τi,u
)−1

− 1, 0

) (7.29)

The average value of latency encountered by all the users allocated with different APs is
computed as:

Γavgsys =

∑
i
Γi
[
(1− Υ)i

∑
u∈Ui

RA
i,u

]
∑
i

[
(1− Υ)i

∑
u∈Ui

RA
i,u

] (7.30)

7.5.3 Fairness Index

In a hybrid LiFi-WiFi network, optimized resource allocation may improve the overall sys-
tem throughput but often it fails to look after the user’s interest to maximize their individual
benefits that can be quantitatively assessed by determining Jain’s fairness index. However, al-
locating all the users with indistinguishable benefits may reduce the system throughput. So,
always there exists a trade-off between system throughput and Jain’s index (217). In order to
evaluate the effectiveness of ORA and RBRA with our proposed system, the Jain’s Fairness
Index is also determined in this work. It is given as:

JF =

(
Nu∑
u=1

Reff
i,u

)2

Nu
Nu∑
u=1

(
Reff

i,u

)2 (7.31)

7.6 Results and Analysis

An indoor environmentwith 25m2 of floor area, 4Li-FiAPs, and oneWi-Fi AP is considered
in this study. For simplification, the optical reuse factor for each LiFi AP is taken as 1. Within
the network space, multiple moving users (4 to 14) are connected with the HLWNet. This is
further considered that each user is equippedwith FDR&height of the communication floor
(hCF) is 0.8m from the floor. Considering the scenarios mentioned in Section 5,Monte Carlo
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Table 7.2: HLWNet Simulation Parameters

Parameters Value
Dimension of network space, (L×W×H) 5m× 5m× 3m
Transmitted power (WiFi AP), PWiFi

tx 20dBm
Transmitted optical power (LiFi AP), Ptx 4.22W
Area of each PD at RU, APD 1 cm2

Optical concentrator gain (FSE) , gc 8.36
Responsivity of detector, γoe 0.53A/W
Transmission coefficient of optical filter, gf 1
Rectangular FOV of RU, (ΨL × ΨW) 28.9◦ × 28.9◦
Duration of quasi-static state, Tqs 1s
Horizontal handover overhead , tHHO 300ms
Vertical handover overhead , tVHO 500ms
PSD of noise in WiFi,NWiFi −174dBm/Hz
Optical Bandwidth (LiFi), BLiFi 40MHz
RF Bandwidth (WiFi), BWiFi 20MHz
Buffer size, LB 128KB
Average packet size, LP 1KB

simulations are performed with 2-minute simulation time for each iteration. The remaining
parameters are listed in Table 7.2.

7.6.1 SINRDistribution

Due to its excellent SINR performance and compact nature, FDR is used in this study as
a Li-Fi signal-receiving front-end. As 4 Li-Fi AP along with 4 RU is considered (MIMO
configuration), I have followed SSS technique at (21 × 21) grid points to estimate the Li-Fi
SINR. The SINR distribution for both Li-Fi andWi-Fi connectivity is shown in Figure 7.3.
Despite having multiple Li-FiAPs and their associatedCCI, it can be observed that in terms
of average spatial SINR, LiFi with FDR can provide more than 2 times better performance.

Figure 7.3: SINR distribution
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Figure 7.4: Effect of increasing no. of user on average user throughput

7.6.2 Effect of No. of Users

In Figure 7.4, the average user throughput is plotted against an increasing number of users
when there is no LOS blockage. Three specific observations have been noticed considering
three different mobility scenarios and optimal resource allocation. First, the average user
throughput gradually decreases irrespective of mobility scenario with an increase in the num-
ber of users from 4 to 14. When NU = 4, near about 500 Mbps average throughput is ob-
served for ScenLM. However, with the increased number of users, resource sharing increases
which in turn reduces the value of the proportion of time variable illustrated in Sec 3. Still,
more than 200 Mbps average user throughput is ensured (whenNU = 14) for ScenLM sce-
nario. Second, around 7 to 12 % reduction in the average user throughput can be observed
with higher user speed (ScenHM). This occurs due to the increasing number of handovers.
Finally, the overall system throughput improved gradually with the increase inNU. WhenNU
is small, often all the LiFi APs are not connected with at least one user. This occurs due to
the off-axis nature of FDR-receiving units in pursuit of lessCCI. As a result, some bandwidth
remains unutilized. However, as the number of users increases, all APs get involved in data
transmission resulting in greater utilization of resources. The overall system throughput in-
creases from 1980Mbps to 3094Mbps for ScenLM. Themaximum value of system through-
put for ScenAM and ScenHM scenarios are 3030 and 2730 Mbps respectively. Considering
the variable user speed and pause time (ScenRM) the average user throughput for different
NU is shown in Figure 7.5. A maximum 14% reduction is observed when LOS blockage is
taken into consideration.
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Figure 7.5: Average user throughput as a function ofNU and blockage (ScenRM)

(a)Without blockage (b) In presence of LOS blockage

Figure 7.6: Cumulative density function of achieved user data rate forNU = 4

7.6.3 Impact of LOS Blockage

Any obstruction in the LOS path of the LiFi channel may temporarily degrade the network
performance depending upon the fierceness of blockage. In this section, the individual user
data rate with and without LOS blockage has been studied and compared. In ScenRM (with
and without blockage) users are moving with variable speed and a gamma-distributed block-
age occurrence rate. Keeping the occupation rate fixed at 0.4, the performances for a small
and comparatively large number of users are investigated. (NU = 4, 10). WhenNU = 4, the
CDF of the individual user’s throughput is depicted in Figure 7.6. Without any LOS block-
age (Figure 7.6a), user 1 (U1) enjoys the best data rate as dissimilarity is there among different
users in terms of data rate. This is due to non-uniform user distribution over the network
area and optimal resource allocation at different quasi-static states. When the LOS blockage
is encountered the same user (U1) is highly affected. This is shown in Figure 7.6b. The outage
probability of achieving a threshold data rate of 500 Mbps suddenly increases from 0.48 to
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0.88 when blockage is encountered. However, a more than 150 Mbps data rate is always en-
sured for the most affected user. The rest of the users (U2,U3,U4) are rarely affected by LOS
blockage and at least 300Mbps of data rate is achieved for a 70% simulation period even in the
presence of blockage. However, theremay be some confusion aboutwhetherU2, U3, andU4
are consistently less affected by LOS blockage. The answer is no. To calculate the average user
throughput, the simulation was repeated 100 times, with the average taken across all simula-
tions. Each simulation included 120 quasi-static states. The CDF of user data rates shown in
Figure 7.6b corresponds to a single simulation instance. In other simulations, different users
might experience varying levels of impact, as the occurrence of blockages is entirely random.

(a)Without blockage
(b) In presence of LOS blockage

Figure 7.7: Cumulative density function of achieved user data rate forNU = 10

ForNU = 10, the individual user performance (shown in Figure 7.7 ) is a bit low due to
high user density and bandwidth sharing. Also, the fairness of the overall system resources is
reduced compared withNU = 4. This issue is separately addressed in the subsequent section.
Looking closely at Figure 7.7a reveals that U2,U5, and U7 are offered with a lesser share of
the overall system throughput and avail less than 200 Mbps data rate almost for the entire
period. Understandably, it occurs due to the inhomogeneous clustering of allocated users
with a particular access point. Figure 7.7b shows the performances of all users (NU = 10)
in the presence of LOS blockage. As mentioned earlier, in Figure 7.7a and Figure 7.7b the
occupation rate is kept constant. Figure 7.8 depicts the impact of variable occupation rate
on average user throughput. The maximum rate of degradation in average user throughput
occurswhen the occupation rate exceeds 0.6, ie LOSpath is blocked for a prolongedperiod. In
spite of such blockage severity, more than 300Mbps and 180Mbps average user throughput
has been achieved forNU = 6 andNU = 12 respectively.

7.6.4 Evaluation of Quality of Service

The packet loss ratio is shown in Figure 7.9 as a function of the data arrival rate. Here, the
total number of users with ScenRM is varied between 2 to 10, each with block and without
blockage mode. It has been assumed that the data arrival rate is a Poisson-distributed random
variable. It can be observed that the packet loss is almost zero within 150 Mbps data rate for
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Figure 7.8: Impact of occupation rate of blockage on user throughput

NU = 4. In the presence of LOS blockage maximum of 110 Mbps data arrival rate can be
tackled without any packet loss. However, the packet loss increases gradually with an increase
innumber of users. In thepresence of blockage, nearly 29%packet loss canbeobserved for 200
Mbps data arrival rate whenNU = 10. The latency for the HlWNet at different data arrival
rates is presented in Figure 7.10 before it saturates. For 4 and 6 users the latency is in the order
of microseconds, but for the higher number of users, it increases up to 1milliseconds. At 200
Mbps arrival rate, latency is 1.5 ms and 2.1 ms respectively forNU = 10 andNU = 10.

It has to be noted that, the optimal resource allocation method has been applied so far
to maximize the overall system throughput in every quasi-static state. However, if rule-based
resource allocation (RBRA) is used instead of ORA, the overall data traffic quality can be
improved, as illustrated in the following section.

7.6.5 QoS ImprovementWith RBRA

This subsection validates the influence of RBRA algorithm from four different perspectives.

Packet Loss:

To start with, the packet loss considering RBRA is depicted in Figure 7.11. With no loss of
generality, 6 and 10 users are taken as examples. In the case of 6 users, the packet loss is sub-
stantially reduced, both in the presence of LOSblockage orwithout blockage. The decrement
with respect to ORA is shown with a vertical error bar. It can be observed that the reduction
in packet loss gradually increases with the arrival rate, reaches a peak, and finally diminishes
slowly. A maximum reduction of 91% is observed at 160Mbps data arrival rate. However, in
the presence of blockage, this decrement is restricted to 25%. WhenNU = 10 and blockage
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Figure 7.9: Packet loss against data arrival rate (NU = 4, 6, 8, 10)

Figure 7.10: Latency versus data arrival rate (NU = 4, 6, 8, 10)
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Figure 7.11: Packet loss using RBRA with respect to ORA (NU = 6, 10)

is absent, the gap between the two RA techniques is not so much, especially after 120 Mbps
of arrival rate. At 200 Mbps, an increment of 13% is observed. So, it can be presumed that
the RBRA offers better performance in most cases, especially when user density is less. Even
with high user density it performs better for a low data arrival rate.

Fairness Index:

Secondly, the average fairness index of the network is estimated and compared considering
both ORA and RBRA. It is shown in Figure 7.12. Figure 7.12a provides the results for the
ScenRM scenario without any blockage while Figure 7.12b appraises the blockage condition
for the same scenario. In both cases, 6, 8, and 10 users are considered. When NU = 6 and
ORA is adopted (6UORA), the fairness index is 0.84 in the absence of LOS blockage. How-
ever, using the RBRA it increases to 0.9 (6URBRA). Even in the presence of blockage and
a higher no of users, the fairness index always improves with RBRA. For 10URBRA 5.7 %
improvement in fairness index is observed under blockage conditionwhile in the case of 6UR-
BRA, this increment is 6.4%. Due to the reducednumberofhandovers, it is possible to achieve
such improvement. The total number of handovers for each case is also shown in the same
figure.
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(a)Without LOS blockage

(b) Considering LOS blockage

Figure 7.12: Reduction in HO and improvement in fairness index adopting RBRA

Complexity:

In terms of algorithmic complexity, the RBRA is considered simpler when contrasted with
ORA. In the case of ORA, the complexity is heightened as it employs Mixed-Integer Non-
LinearProgramming (MINLP) tomaximize system throughput. This optimization approach
introduces both combinatorial complexities associated with optimizing discrete variable sets
and challenges related to managing non-linear functions. On the other hand, RBRA adopts
logical decision-based resource distribution.

To compare these two resource allocation techniques, twometrics namelyMcCabe com-
plexity and execution time complexity are employed. 10-user randommobility scenario is con-
sidered as a reference. McCabe complexity, also known as cyclomatic complexity, is a metric
used to quantify the complexity of a software algorithm or program. It provides a numerical
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Figure 7.13: System Throughput using RBRA with respect to ORA

measure of the number of linearly independent paths through a program’s source code. The
ORA exhibits a cyclomatic complexity value of 16, whereas the RBRA possesses only a quar-
ter of this cyclomatic complexity value. In terms of execution time complexity, RBRA is 89
times faster than ORA. Specifically, ORA requires 8.47 seconds for execution, while RBRA
completes its execution in a significantly shorter time, taking only 0.0948 seconds.

System Throughput:

Thus far, RBRA has offered notable enhancements concerning packet loss, fairness index,
and algorithmic complexity. However, its impact on system throughput yields varied results.
The effective system throughput (Reff

sys) is improved a bit usingRBRAwhen a lesser number of
users (NU ≤ 6) are associated with the network and blockage severity is low. But, as the user
density and acuteness of blockage increase ORA performs better. However, the deviation is
restricted to a maximum of 2% in the absence of light path blockage. The RBRA technique
withFDRoffers 2538Mbps ofReff

syswhenNU = 6. The system throughput slowly increases to
2552Mbps and 2920MbpswhenNU= 8 and 10 respectively. Considering the LOS blockage,
a maximum 14% deviation inReff

sys is observed.

7.6.6 Advancement Beyond Prior Research

The outstanding performance in this proposed system featuring FDR has been noted, par-
ticularly when employing the RBRA technique. This approach surpasses ORA in terms of
all network parameters and complexity. However, varied outcomes are obtained in terms of
system throughput. But, most significantly these values of system throughput (with RBRA)
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Table 7.3: Comparative outcome of existing studies

Ref. No. of
User

User
Mobility

Path
Blockage

System
Throughput
(Mbps)

User
Throughput
(Mbps)

Packet Loss (%) Latency
(ms)

Fairness
Index

Ref. (208) 1 Yes No × 71 × × ×
Ref. (209) 1 Yes No × 35-70 × × ×
Ref. (117) 50-200 Yes No × 30-80 × × ×

Ref. (111) 2-14 Yes Yes 450
(10 user) × × × 1

Ref. (114) 2-16 No Yes 100-300
(5 user) × 29

(5 user)
6.2
(5 user)

0.84
(5 user)

Ref. (107) 4-12 No Yes 800-1200 60-130 × × ×
Ref. (108) 2-14 Yes Yes 350-750 × × × ×
This Study
(With
RBRA)

4-14 Yes Yes 2012-2550 182-480 6.23
(6 User)

0.94
(6 User)

0.83
(6 User)

are way above the reported state-of-the-art research in this direction. Even with a higher fre-
quency reuse factor and complex resource allocation algorithm, a maximum of 1200 Mbps
system throughput has been reportedwhere almost every study considers a single PD receiver.
However, incorporating FDR in conjunction with our proposed RBRA could result in a sys-
tem throughput that is more than twice as high.

The comparative outcome from different studies is presented in Table 7.3. Only a single
study (114) in this direction addresses nearly all service parameters. However, unlike our case, it
does not account for usermobility. The network parameters are compared at an overall arrival
rate of 600 Mbps, considering 5 users as reported in (114). This is equivalent to a data arrival
rate of 120 Mbps for each user. Even considering both the user mobility and potential light
path blockages, the proposed system outperforms the existing studies.

7.7 Summary

Within the confines of this chapter, a thorough examination of the FDR is conducted, specif-
ically in the context of light path blockage scenarios. The investigation extends to multiple
users exhibiting random mobility within the framework of a Hybrid Li-Fi and WiFi Net-
work (HLWNet). The primary contributions of this study can be succinctly summarized as
follows:

• A LiFi channel model with FDR is proposed where off-axis and rectangular FOV is
contemplated instead of symmetrical FOV.

• By embracing this channel model, the performance of a hybrid Li-Fi-Wi-Fi system has
been assessed under various multi-user mobility scenarios, particularly in the presence
of light path blockage.
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• An innovative rule-based resource allocation algorithm is introduced, demonstrating
a superiority over existing optimal resource allocation techniques in terms of overall
network performance.

• Furthermore, an investigationhasbeen conductedon thedata servicequality ofHLWNet,
taking into account packet loss, latency, and fairness index, while considering handover
overload scenarios.

7.8 ResearchOutput

The findings from this chapter are reported in the following research publications:

• Chatterjee, S., Sabui, D. & Roy, B. (2024). “On the Performance of Hybrid LiFi-RF
Network Using Freeform Based Angle Diversity Receiver,” In 2024 3rd
InternationalConference onControl, Instrumentation, Energy&Communication (CIEC)
IEEE.
DOI: doi.org/10.1109/CIEC59440.2024.10468220

• Chatterjee, S., Sabui, D., Prakash, A., &Roy, B.(2024). Mobility aware blockageman-
agement of a multi-user multi-cell hybrid Li-Fi Wi-Fi system with freeform diversity
receiver. Optics Communications, 130487.
DOI: doi.org/10.1016/j.optcom.2024.130487
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“ My goal is simple. It is a complete understanding of the
universe, why it is as it is, and why it exists at all.”

Stephen Hawking

8
Conclusions, Limitations and Future

Research

8.1 Summary and Conclusions

To address the burgeoning demand for variouswireless communication applications amid the
surge inmobile data traffic, Visible Light Communication (VLC) and its networked counter-
part, Li-Fi, have emerged as promising green communication technologies, offering ubiqui-
tous connectivity. While recent research in this domain has witnessed notable advancements
in communication performance metrics such as modulation schemes, BER, and Signal-to-
Noise Ratio (SNR), a critical aspect has often been overlooked— the primary purpose of us-
ing optical access points, which is not only to facilitate communication but also to provide
lighting solutions with appropriate horizontal illuminance and uniformity. In the realm of
sustainable and smart building designs, the integration of time-varying daylight with data-
enabled artificial sources presents an opportunity to conserve energy and enhance connectiv-
ity. This proposed research deals with the current research gaps in indoorVLC systemdesign,
particularly froma lightingperspective. Theprimaryobjectives are to address thedual require-
ments of communication and illumination performances, offering harmonious and effective
solutions. By focusing on the integration of lighting considerations intoVLC system design,
this research seeks to contribute to a more comprehensive and sustainable approach to meet
the evolving needs of modern optical wireless communication applications.

Chapter 3 introduces an innovative strategy for mitigating ambient light noise in an in-
doorVLC system. The suggested approach involves incorporating Forward Error Correction
(FEC) techniques with a data rate of 100Mb/s. The evaluation of communication and illu-
mination performance takes placewithin a realistic indoor environment. DIALux simulation
results reveal that the proposed system achieves an average horizontal illuminance of 363 Lux
and an overall uniformity (U0) of 0.841, meeting the recommended standards outlined in
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international lighting guidelines. The arrangement of luminaires and the receiver architec-
ture, coupled with FEC, effectively limits the signal-to-noise ratio variation to a maximum of
4.28 dB across different receiver locations, surpassing previous outcomes. Additionally, the
relationship between signal-to-noise ratio, ambient light interference, and BER is established.
MATLAB simulations demonstrate that the proposed system exhibits superior BER perfor-
mance (on the order of 10−8) evenwith ambient light interference, ensuring seamless usermo-
bility throughout the indoor space. As a continuation of this investigation, a more authentic
indoor setting resembling an office environment with cubicles and corridors is taken into ac-
count. The associated lighting and communication performances in this realistic workspace
are then assessed and analyzed.

Chapter 4 introduces an energy-efficient indoor Visible Light Communication (VLC)
systemdesigned to incorporate daylight through a suitable dimming controlmechanism. The
proposedVLC architecturedemonstrates significant energy savings,with amaximumof37.29%
power conservation achieved under optimal ambient daylight conditions. The dimming con-
trolmechanism for the transmitter is implementedusing a continuous current reduction tech-
nique. This study thoroughly investigates and analyzes the communication and illumination
performances of the system across various ambient daylight conditions. The experimentally
obtained average horizontal illuminance over the task area aligns with ISO recommendations.
Consistently, an almost constant illuminance of approximately 300 lux is recorded, closely
matching the theoretical model. The optical receiver’s waveform retrieval capability is ex-
amined in the presence of daylight interference, revealing a close resemblance between the
received and transmitted waveforms with data-rate of 100 kbps. Furthermore, BER in the or-
der of 10−10 is observed under different dimming conditions. Also, the recorded short-term
flicker severity index during data transmission is 0.67, demonstrating conformity with the
guidelines established by the International Electrotechnical Commission (IEC).

Chapter 5 comprehensively investigates the impact of luminaire placement on both LOS
&NLOSVLC channels. The studydelves intodiverse transmitter configurations andmeticu-
lously examines their effects, ultimately presenting a well-balanced solution for optimal chan-
nel allocation under illumination constraints. A pivotal outcome of this research lies in the
innovative methodology proposed to enhance SINR performance while adhering to light-
ing recommendations. The AHP weighted Technique for Order of Preference by Similar-
ity to Ideal Solution (TOPSIS) optimization framework serves as a robust tool in achieving
this objective. Among the three luminaire arrangements considered, the 2 × 2 deployment
scheme with a 39-degree receiver Field of View (FoV) emerges as the most favorable, boast-
ing the highest closeness coefficient. The corresponding optimal HPBW is determined to be
95 degrees. The results indicate a remarkable 27 dB improvement in average SINR, coupled
with a negligible reduction in the overall uniformity of horizontal illuminance. Notably, this
enhancement in SINR is achieved through the implementation of a straightforward receiver
architecture employing a single PD.

Chapter 6 delves into the significance of using angle diversity receivers. Unlike the sin-
gle PD counterparts, this diversity technique proves highly effective in enhancing SINR per-
formance, even in the presence of luminaires with a high HPBW. Consequently, there is a
marked improvement in the uniformity of horizontal illuminance. Our focus lies in opti-
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mizing a hemispheric ADR for the purpose of minimizing spatial SINR fluctuations. This
study introduces a pioneering methodology, jointly optimizing the receiver’s FOV and incli-
nation angle to confine SINR fluctuations within a significant threshold. The system utilizes
the SBC scheme for dynamic channel selection within the MIMO system during reception.
Importantly, the proposedHADR outperforms the state-of-the-art ADR, particularly in the
realm of reducing spatial SINR deviation.

Chapter 7 meticulously explores the feasibility and potential of integrating FDR tech-
nology into a multi-cell HLWNet. Distinguishing itself from angle diversity receiver, FDR, a
more compact and enhancedversionofADR,demonstrates superior capabilities inmitigating
CCI and elevating SINR. This work employs a specialized optical front-end with a rectangu-
lar FOV in lieu of a conventional receiver configuration, conducting thorough testing across
various mobility-aware multi-user scenarios. Four distinct scenarios, shaped by mobility and
pause time considerations, evaluate performanceboth in thepresence of randomblockage and
without blockage. To facilitate this assessment, a Li-Fi channel model incorporating FDR is
proposed. Results exhibit a substantial enhancement in throughput performance compared
to state-of-the-art research. Furthermore, the study explores network quality of service met-
rics, including packet loss, latency, and fairness index. Notably, the application of FDR in
conjunction with the proposed Receiver-Based Rate Adaptation (RBRA) algorithm show-
cases heightened robustness in network performance when compared to the conventional
load balancing technique. This tailored solution serves as a crucial milestone in charting the
future research trajectory for commercializing FDR technology. Despite the significant con-
tributionsmade, the study suggests potential extensions, such as examiningmobility scenarios
with random receiver orientation and investigating the efficacy of various optical front-ends
withinHLWNet, incorporating reflective intelligent surfaces. Customization and further re-
search endeavors in this domain are deemed essential for the prospective integration of this
heterogeneous technology into the evolving Li-Fi ecosystem.

8.2 Limitations and Future Research

To craft an effective indoorVLC system, this thesis thoroughly examines key factors pertain-
ing to both communication and illumination perspectives. All these investigations are con-
ducted within an individual capacity, primarily relying on simulation-based approaches, and
undertaken without external funding or financial support. Nevertheless, it is essential to em-
phasize that practical considerations play a crucial role in solidifying the proposed solutions.
The firm establishment of these solutions can only be achieved through collaborative efforts
across multiple domains, working together with the shared goal of designing a finished prod-
uct.

A simple on-off keying technique has been used in Section 3.3.2 to design a forward error-
corrected transmitter. However, a more sophisticated optical orthogonal frequency division
multiplexing technique can be adopted. OFDM is known for its high spectral efficiency
and is well-suited for multi-path environments. In the future, we are planning to establish
aVLC/Li-Fi test bed where the influence of ambient light can be practically investigated for
different modulation techniques. Moreover, investigation has been performed on horizontal
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illuminance and overall uniformity as lighting parameters. The lighting quality of LEDs is in-
tricately tied to variations in the driving current, directly influencing chromaticity and color
rendering properties. Any fluctuations in the driving current can bring about alterations in
lighting quality, impacting not only visual perception but also bearing significance for asso-
ciated health and psychological effects (218,219). Additionally, undesirable shifts in LED chro-
maticity may contribute to a decline in LED efficiency, a phenomenon commonly known as
the droop effect. Hence, understanding and controlling driving current variations is crucial
for maintaining optimal lighting quality and efficient LED performance. So, an in-depth ex-
ploration of CCT andCRI at the time of data transfer will contribute valuable insights to the
overall understanding of lighting quality.

The concept of designing an energy-efficient daylight-integrated VLC system holds the
potential for extension into a multi-cell framework. Chapter 3 introduces the idea of an
energy-efficient dimmable VLC system, while Chapter 4 provides an in-depth exploration
of CCI in a multi-cell environment. Bymerging these concepts, a practical and realisticVLC
system can be devised to not only harness energy efficiency but also effectively address chal-
lenges posed by CCI in a multi-cell setting. This integrated approach aims to enhance the
overall performance and sustainability of VLC systems, offering a comprehensive solution
to the demands of modern communication environments. This topic will be studied in our
future research. Chapter 4 delves into the study of the optimal transmitter and receiver con-
figuration, taking into account a fixed height of the working plane at 0.85m. While this pro-
vides valuable insights, it is acknowledged that in practical scenarios, the height of theworking
plane can vary within a range. Such variationsmay impact the optimal receiver’s FOV and the
transmitter’s semi-angle. Additionally, the room’s shape presents another influencing factor.
Consequently, further research becomes imperative to identify the optimal solution, consid-
ering these practical variables. A more comprehensive investigation will contribute to a nu-
anced understanding of the optimal configuration under real-world conditions, enhancing
the applicability of the findings.

To improve theSINRwithout sacrificing the uniformity of illuminance, different receiver
diversity plays an important role. Thus, in this thesis, work has been done on the design of
hemispheric ADR and the potential use of an FDR in a multi-user HLWNet framework.
Even though a few practical issues like light-path blockage, andmobility have been addressed,
other important factors like random receiver orientation remain untouched. Here, we assume
that the receiver is always in a vertically upright position. However, the receiver orientation
often changes in practice, particularly in the case of handheld gadgets. This variability poses a
tangible barrier to the advancement of Li-Fi for commercial use. The performance of hybrid
Li-Fi/Wi-Fi system has not been tested for large dimension of room in this study. This can
be considered as a potential direction for future work. Additionally, the technology faces a
significant obstacle in enhancing the frequency response of optical front-end devices in both
transmitter and receiver components which limit the achievable data rates. To maximize the
utilization of optical spectrum resources, it is imperative to persist in the innovation of high-
bandwidth electrical-to-optical conversion devices (optical sources) and optical-to-electrical
conversion devices (optical detectors) reaching into the hundreds of gigahertz range.
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“ You cannot hope to build a better world without improv-
ing the individuals. To that end, each of us must work for
his own improvement and, at the same time, share a gen-
eral responsibility for all humanity, our particular duty
being to aid those to whomwe think we can bemost useful.”

Marie Curie

A
Other Publications On VLC

This chapter comprises a compilation of research papers distinct from the original contri-
butions presented in this thesis. The research outputs of this thesis (publications related to
the thesis) have been previously mentioned. Nonetheless, it is pertinent to incorporate other
relevant contributions within the realm of Visible Light Communication (VLC), which sig-
nificantly bolster the groundwork in this field, especially the last chapter.

Journal Publications

1. Sabui, D., Chatterjee, S., Prakash, A., Roy, B., Khan, G. S., (2022), ”Design of an
off-axis freeform diversity receiver to improve SINR performance of a multi-cell VLC
system”. Optics Communications, 510, 127937.

2. Sabui, D., Mishra, V., Chatterjee, S., Roy, B., Khan, G. S., (2023), ”Freeform based
compact receiver front-end for indoormulti-cellVLCsystem: Fabrication, optical char-
acterization and associated challenges”. Optik, 274, 170539.

3. Sabui, D., Chatterjee, S., Khan, G. S., (2024), ”Impact of different receiver geometry
on reconfigurable intelligent surface assistedmulti-cell VLC system in presence of light
path blockage”. Applied Optics 63, no. 10 : 2404-2414.

Proceedings in International Conferences

1. Sabui, D., Chatterjee, S., Prakash, A., Roy, B., Khan, G. S. (2022, October), ”An im-
proved angular diversity receiver structure for indoorVLCsystemusingoff-axis freeform
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optics”, in Novel Optical Systems, Methods, and Applications XXV (Vol. 12216, pp.
164-168). SPIE.

2. Sabui, D., Chatterjee, S., Mishra, V., Roy, B., Khan, G. S. (2023, September), ”Com-
pact monolithic freeform Fresnel receiver front-end for Li-Fi application: a step for-
ward”, in International Optical Design Conference 2023 (Vol. 12798, pp. 7-8). SPIE.

3. Sabui, D.,Chatterjee, S., Khan, G. S., ”Multicell VLC System and Reconfigurable in-
telligent surfaces: Connecting the dots ”, In 2024 3rd
InternationalConference onControl, Instrumentation, Energy&Communication (CIEC)
IEEE.
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