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Executive Summary:

Achieving universal broadband connectivity has become a central objective of digital
developmentinitiatives worldwide. Significant progress has been made through the deployment
of optical fiber and radio-frequency (RF) wireless networks, forming the foundation of modern
broadband infrastructure. However, extending these gains uniformly across rural, remote,
border, coastal, and geographically challenging regions continues to require solutions that can
adapt to diverse deployment environments and operational constraints.

This White Paper on Alternate Connectivity examines the challenges associated with providing
reliable and affordable connectivity in rural and remote areas, where limited infrastructure
availability, lower population density, difficult terrain, and constrained commercial viability
continue to affect network expansion. These conditions often make conventional deployment
models cost-intensive, operationally complex, or slow to scale.

Against this backdrop, the paper explores the potential role of emerging technologies
particularly Free Space Optical Communication (FSOC) and Li-Fi (Light Fidelity) as
complementary enablers within a broader connectivity ecosystem. Rather than positioning
these technologies as replacements for existing networks, the paper evaluates how they can
augment fiber and RF systems by addressing specific deployment gaps, improving flexibility,
and enabling targeted solutions suited to rural and remote environments.

The paper assesses the technical characteristics, advantages and limitations of these alternate
technologies, with a focus on their applicability in scenarios where traditional approaches
face economic or logistical constraints. It further emphasizes the importance of designing
connectivity solutions that account for the unique requirements of rural communities,
including coverage resilience, scalability, latency sensitivity, and operational sustainability.

The paper concludes by advocating a holistic approach to rural connectivity one that combines
appropriate technology selection with enabling policy frameworks, deployment innovation,
and local ecosystem engagement to support universal, reliable, and meaningful access to
digital services.
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CHAPTERI

Introduction:

Connectivity Challenges and the Need for Alternate Solutions in
Rural and Remote Areas

The Digital Divide in Rural and Remote Areas

Rural and remote areas have historically faced disadvantages in accessing essential infrastructure such as
transportation, power, and civic amenities. In recent decades, these disparities have increasingly extended
to telecommunications and digital infrastructure, even as digital connectivity has become a critical enabler
of economic growth, governance, education, healthcare delivery, and social inclusion. While advances in
communication technologies and sustained public investment have significantly improved connectivity in
urban and semi-urban regions, extending these benefits uniformly across all geographies remains a complex
and resource-intensive task.

From a commercial and operational standpoint, rural and remote regions often present weak business
cases for infrastructure deployment. These areas are typically characterised by wide geographic dispersion,
low population density, and limited revenue potential, requiring substantial capital investment to serve
relatively few users. As a result, market-driven network expansion tends to prioritise urban and high-density
regions, leaving rural and remote communities dependent on government-led initiatives and public funding
mechanisms. This imbalance has contributed to a persistent digital divide, where significant segments of
the population remain under-connected or unconnected—particularly with respect to broadband and data
services—even when basic voice connectivity is available.

Definition of rural and remote areas

The International Telecommunication Union (ITU-D), in its report on “Telecommunications/ICTs for rural and
remote areas,” defines rural and remote regions as areas located away from large cities or towns, typically
with smaller populations and limited infrastructure. Such areas often face geographic access challenges
due to distance, terrain, and poor transport networks; lack reliable electricity supply; suffer from inadequate
telecommunications infrastructure; and incur high costs for physical access and equipment installation.
These challenges are compounded by low income levels, limited awareness of digital services, and constraints
on both public and private funding. Together, these factors highlight the multi-dimensional nature of rural
connectivity challenges, encompassing geographic, infrastructural, economic, and socio-cultural dimensions.

Limitations of Conventional Connectivity Technologies

Conventional connectivity technologies, while central to national telecommunications strategies, face
inherent limitations in addressing these challenges. Optical fiber has emerged as the preferred medium for
delivering high-capacity broadband and continues to formthe backbone of modern networks. However, in many
rural and remote regions—particularly in geographically diverse countries such as India—fiber deployment
is operationally complex, economically unviable, or technically infeasible. Difficult terrain, long distances
between settlements, right-of-way constraints, and high deployment and maintenance costs significantly
restrict fiber rollout. These challenges are not limited to rural geographies alone; even urban areas may
contain pockets where fiber deployment is constrained by inadequate planning, limited duct infrastructure,
or prolonged approval processes.
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Radio-frequency (RF) wireless technologies have helped address some access challenges, but they too
face constraints in rural and remote environments. Spectrum availability is limited and costly, interference
management becomes increasingly complex over large geographic areas, and coverage requirements often
necessitate extensive infrastructure with high power and maintenance demands. Power availability further
compounds these challenges, as many rural and remote areas lack reliable 24x7 electricity and experience
frequent outages or voltage fluctuations. This necessitates the use of alternate energy solutions such as solar
or battery-backed systems, increasing both capital and operational expenditure.

As aresult, connectivity networks in rural and remote regions cannot be designed using the same assumptions
applied in urban environments. They must support wider coverage with lower infrastructure density, operate
under constrained power conditions, tolerate environmental variability, and deliver acceptable performance
for essential services. These requirements call for simplified architectures, reduced dependence on extensive
civil works, and flexible deployment approaches tailored to local conditions.

Need for Alternate Connectivity Solutions

The convergence of geographic, infrastructural, economic, and operational constraints underscores the
need for alternate and complementary connectivity solutions that can augment existing fiber- and RF-based
networks. Rather than replacing established technologies, such solutions are best positioned as part of hybrid
network architectures that integrate multiple technologies based on specific deployment scenarios. In this
context, optical wireless communication technologies have gained increasing attention for their ability to
deliver high data rates without reliance on licensed spectrum or extensive physical infrastructure.

By examining the characteristics, advantages, and limitations of FSOC and Li-Fi within the broader connectivity
landscape, this white paper seeks to evaluate their potential role in hybrid network models aimed at improving
broadband access, infrastructure utilisation, and service delivery in underserved areas. Such an approach
aligns with the broader objectives of inclusive digital development, ensuring that public investment in
connectivity translates into meaningful and sustainable outcomes for rural and remote communities.

Alternate connectivity technologies are not intended to replace established broadband frameworks but
to complement them by addressing specific gaps in last-mile, last-meter, and backhaul connectivity. Such
technologies are particularly relevant in scenarios where fiber deployment is technically not feasible,
economically unviable, or operationally complex, and where spectrum-based wireless solutions face limitations
related to coverage, interference, or power availability.

Among the emerging alternatives, optical wireless communication technologies have gained attention due
to their ability to deliver high data rates without reliance on licensed spectrum or extensive civil infrastructure.
By transmitting data using optical signals through free space or visible light, these technologies offer
opportunities for rapid deployment, high capacity, and enhanced security in controlled environments. Their
characteristics make them suitable candidates for targeted use in rural and remote connectivity scenarios,
particularly when integrated into hybrid network architectures.

This white paper focuses on two such optical wireless technologies—Free Space Optical Communication
(FSO) and Li-Fi (Light Fidelity)—which operate at different layers of the network and address distinct
connectivity requirements. FSO is primarily suited for point-to-point, long-range links and can be used to
bridge gaps in backhaul and aggregation networks where fiber deployment is constrained. Li-Fi, on the other
hand, is designed for short-range, indoor or localized access and can complement existing wireless access
technologies by providing high-capacity connectivity in controlled environments such as schools, healthcare
facilities, administrative buildings, and community centers.

The following chapters examine these technologies in detail, outlining their operating principles, technical
characteristics, advantages, limitations, and potential application scenarios. A comparative analysis is
subsequently presented to highlight their complementary roles and to assess their suitability for deployment
in rural and remote contexts. Together, these discussions form the basis for evaluating hybrid connectivity
models that integrate alternate technologies with conventional networks to improve coverage, resilience, and
deployment efficiency.
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CHAPTERII

Free Space Optical Communication (FSOC)
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Free Space Optical Communication (FSOC) is an optical wireless technology that enables data transmission
through the atmosphere using narrowly focused beams of light. By relying on optical signals rather than radio-
frequency (RF) waves, FSOC offers a fundamentally different approach to wireless connectivity, combining
high data capacity with physical-layer security and immunity to electromagnetic interference. These
characteristics make FSOC particularly relevant in scenarios where conventional RF systems face spectrum
congestion, interference constraints, or regulatory limitations.

FSOC has attracted attention as a complementary technology within broadband networks, especially for
applications requiring rapid deployment of high-capacity links without the need for extensive civil infrastructure
or licensed spectrum. At the same time, its operational characteristics impose specific deployment
considerations, most notably the requirement for a clear line of sight and sensitivity to atmospheric conditions.

Key Capabilities and Advantages

A defining attribute of FSOC is its ability to support very high data transmission rates. Advances in optical
sources, detectors, and modulation techniques have enabled FSOC systems to achieve fiber-comparable
performance over short to medium distances, making them suitable for bandwidth-intensive applications
such as high-definition content delivery, enterprise connectivity, and backhaul links.

Security is another significant advantage of FSOC. Optical beams used in free-space transmission are highly
directional and difficult to intercept without physical access to the transmission path. This inherent property
provides a level of physical-layer security that is difficult to achieve with omnidirectional RF systems and is
particularly valued in sensitive communication environments.

FSOC is inherently immune to electromagnetic interference and is unaffected by RF noise or congestion.
This makes it well suited for deployment in environments where RF spectrum is heavily utilized or where
electromagnetic compatibility is a concern. In addition, FSOC systems typically operate in unlicensed optical
spectrum, eliminating the need for spectrum allocation and simplifying regulatory and deployment processes.

Low end-to-end latency further enhances the applicability of FSOC in time-sensitive applications. The direct
nature of optical transmission, combined with minimal protocol overhead, allows FSOC systems to support
use cases that demand rapid and deterministic communication performance.
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From a deployment perspective, FSOC transceivers can be compact and lightweight when compared to RF
antenna systems. This enables flexible installation on rooftops, towers, and other constrained locations,
supporting scenarios where space, load, or aesthetic considerations are important.

Technical and Operational Considerations

Despite its advantages, FSOC deployment requires careful consideration of several technical factors. The
selection of operating wavelength—typically in the visible or near-infrared spectrum—directly influences link
performance, eye-safety compliance, and susceptibility to atmospheric attenuation. Wavelength choice is
therefore a critical design parameter in FSOC systems.

Maintaining precise alignment between transmitting and receiving terminals is essential for reliable FSOC
operation. Accurate pointing, alignment, and tracking mechanisms are required to sustain line-of-sight
connectivity, particularly over longer distances or in installations subject to structural movement or vibration.

FSOC systems employ a range of modulation techniques to encode data onto optical carriers, including
intensity modulation and coherent modulation schemes. The choice of modulation affects achievable data
rates, link robustness, and system complexity, and must be aligned with application requirements.

Atmospheric effects such as turbulence canintroduce signal distortion and power fluctuations in optical links.
Advanced FSOC systems may incorporate mitigation techniques, including adaptive optics and turbulence
compensation, to improve link stability and performance under varying environmental conditions.

Deployment Contexts and Use Scenarios

FSOC has been evaluated and deployed in a variety of contexts where its characteristics align with specific
operational needs. These include high-speed point-to-point links between buildings or campuses, secure
communication systems in defense environments, optical links for satellite and space communication, and
specialized applications such as communication between underwater platforms and surface assets.

However, FSOC's applicability is inherently constrained by its reliance on unobstructed line-of-sight paths
and its sensitivity to adverse weather conditions such as fog, rain, haze, or dust. These factors can limit link
availability and must be accounted for in network planning and reliability assessments. In addition, FSOC
links generally operate over shorter distances than RF systems at comparable data rates, requiring careful
placement within a broader network architecture.

Indian Players & Involvement in FSOC

¢ NAV Wireless Technologies is one of the pioneer companies in the world who provides Optical Wireless
Technologies FSOC made in India products.

¢ Citoto-Olee Space is an indigenized solution provider for terrestrial, space, and deep space applications of
FSOC, offering data transfer rates from 1.25 Gbps to 100 Gbps. They have successfully demonstrated their
systems with the Indian Navy, Air Force, and other defense agencies.

¢ Project Taara is the brainchild of Google-parent Alphabet's moonshot lab ‘X’ has been working in India
since 2017

e ERNET India: Implements FSO technology for educational and research networks, demonstrating its use
in India.
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Global Players Involvement in FSOC

o fSONA (Canada): Offers terrestrial FSO solutions for backhaul.

e EC System (Czech Republic): Provides FSO communication solutions.

¢ Wireless Excellence (UK) / Cablefree: Offers a range of FSO products for wireless connectivity.
¢ Cailabs (France): Develops optical beam shaping technology for FSO.

¢ Collinear Networks (US): Focuses on robust backhaul architectures.

e L3Harris Technologies (US): Involved in defense and space FSO applications.

e Mostcom JSC (Russia): Offers FSO systems.

¢ Plaintree Systems (Canada): Provides FSO solutions.

e Axiom Optics (US): A provider in the FSO space.

¢ General Dynamics Mission Systems (US): Offers FSO solutions.
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CHAPTERIII

Current State of FSOC Deployment

The

current state of Free-Space Optical Communication (FSOC) deployment is primarily focused on research,

pilot programs, and specialized high-speed, secure applications, with widespread commercial adoption not
expected until late in this decade. While it excels in space-based, line-of-sight communication, terrestrial
adoption is hindered by atmospheric conditions (fog, rain, turbulence) and the need for high-precision
alignment.

Key Deployment and Market Trends (2025-2026):

« Space & Defense Focus: Major initiatives are driven by defense programs aiming to use FSOC for
secure, high-bandwidth data, with many systems transitioning from lab prototypes to field-ready units.

« Satellite Constellations: SpaceX (Starlink) has been using Optical Inter-Satellite Links (OISL) since the
early 2020s, and Amazon (Project Kuiper) is integrating OISLs, with many other companies (Telesat,
OneWeb) developing similar, laser-based space communications.

« Long-Range Terrestrial Testing: Field tests have demonstrated practical, long-range (e.g., 10+ km)
FSOC systems, such as the AraOptical project, using commercial off-the-shelf components for rural,
high-capacity, backhaul networks.

o Technical Challenges: Key development areas include improving beam-tracking, adaptive optics to
counter atmospheric distortion, and ruggedizing terminals for harsh environments.

e Hybrid Systems: A significant trend is the development of hybrid FSOC-RF systems, allowing for
seamless, high-speed data transmission with RF acting as a failover during poor weather.

Key Players and Research:

o Organizations: DARPA (US), ESA (Europe), and various defence-related organizations.

o Companies: SpaceX (Starlink), Amazon (Project Kuiper), Teslat (Lightspeed), OneWeb, and specialized
firms developing terrestrial systems.

« Key Projects: NASA's TBIRD system (200 Gbps), Warpspace (optical inter-satellite links), and the EU’s
IRIS2 network

Airtel has explored alternative, innovative solutions to address these issues. To complement its existing
mix of fiber and microwave technologies, Airtel is employing emerging technologies like FSOC and forging
partnerships to expand coverage, enhance capacity, and meet growing data needs. The deployment
conditions varied across states, with challenges such as high RoW costs, monsoons limiting construction
windows in Mumbai, and permission delays due to heavy construction in densely populated areas of
Kerala. Airtel has partnered with Taara, a team within Alphabet's X moonshot division, to deploy wireless
optical communication (WOC) products in Karnataka, Maharashtra, Kerala, and Tamil Nadu. Taara's high-
speed, long-range technology utilizes wireless optical communication to transmit data at speeds of up to
20 Gbps bidirectional throughput, covering distances of up to 20 km with a clear line of sight.

In each case, Taara's WOC technology acted as a workaround solution, enabling Airtel to quickly deploy
RAN sites and expand coverage. Additionally, Airtel utilised Taara's Link Availability Prediction Tool, which
uses multi-year weather and visibility data to model WOC link availability, optimising deployment planning!
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2. The Education and Research Network of India (ERNET India) — under the Ministry of Electronics and
Information Technology (MeitY) — implemented a pilot FSOC project to connect Kohima Secretariat to
Kohima Science College (Nagaland). This pilot was designed to provide high-speed network connectivity
(targeting gigabit data rates) and to measure performance under local weather conditions where
conventional connectivity has been difficult.

The project successfully extended the National Knowledge Network (NKN) / SWAN service via FSOC and
provided operational insights into real-world environmental challenges and link performance, shaping
future deployment planning criteria.

3. Research institutions in India are exploring advanced FSOC architectures for next-generation networks,
including aerial platform-based solutions for 6G. A notable project at Indian Institute of Technology
(IIT) Indore focuses on modeling aerial FSO systems that could serve as backhaul or relay links within
integrated space-air-ground networks.

These efforts reflect an emerging R&D ecosystem that envisions FSOC not just as a point-to-point
terrestrial link, but also as part of future holistic connectivity frameworks covering aerial and satellite
segments.?

4. The Universal Service Obligation Fund (USOF)/C-DOT has issued proposals to foster collaborative R&D
in FSOC technology development. The aim is to create field-deployable FSOC solutions with at least 10
Gbps capacity over 5+ km distances by bringing together Indian start-ups, research organizations, and
academic institutions.

Such schemes indicate a government interest in indigenous FSOC product development, potentially
leading to commercial products suited for rural broadband and enterprise backhaul.?

2 https://www.indiascienceandtechnology.gov.in/research/modelling-analysis-and-design-aerial-platform-based-free-space-optics-
communication-6g-networks

3 chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://usof.gov.in/web_assets/img/usof_proposals_c_dot/Proposal%20
02_%20for%20CFP%20FS0%20dy%2028Sep22.pdf
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CHAPTER IV

Li-Fi (Light Fidelity)
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Li-Fi (Light Fidelity) is an optical wireless communication technology that enables data transmission through
the modulation of light emitted from light-emitting diode (LED) sources. In a Li-Fi system, data is encoded
by varying the intensity of the LED light at very high frequencies—typically in excess of 1 MHz; well beyond
the perceptual limits of the human eye. The resulting optical signal is received by a photodiode, converted
into an electrical signal, and subsequently decoded into usable digital data. Advanced Li-Fi implementations
employ micro-LEDs or diode lasers operating at different optical frequencies to create parallel transmission
channels. Under laboratory conditions, such techniques have demonstrated data rates of up to 224 Gb/s,
significantly exceeding those achievable with conventional Wi-Fi systems. This performance potential is
primarily attributable to the vast size of the visible light spectrum, which is estimated to be approximately
10,000 times larger than the entire radio-frequency spectrum. By operating in this unlicensed optical domain,
Li-Fi avoids RF spectrum congestion while enabling high-capacity wireless communication.

Through the use of standard LED lighting infrastructure, Li-Fi provides high-speed, low-latency data
transmission while maintaining immunity to electromagnetic interference. Because optical signals are
spatially confined and do not propagate through opaque objects, Li-Fi offers intrinsic physical-layer security
characteristics that are difficult to achieve with omnidirectional RF systems.

Evolution and Standardization (IEEE 802.11bb)

The transition of Li-Fi from experimental research to deployable technology has been supported by formal
standardization efforts under the IEEE 80211 family. In 2019, the IEEE 802.11bb Task Group was established
with the objective of extending the IEEE 802.11 wireless LAN framework to include light as a communication
medium.

These efforts culminated in 2023 with the ratification of IEEE 802.11bb, a global standard for light
communications. The amendment specifies modifications to existing physical layer (PHY) and medium access
control (MAC) mechanisms that enable transparent operation of IEEE 802.11 networks over optical links in the
800 nm to 1000 nm wavelength band. It defines bidirectional communication capabilities with minimum and
maximum throughputs ranging from approximately 10 Mb/s to 9.6 Gb/s at the MAC service access point, while
facilitating interoperability among solid-state light sources with different modulation bandwidths.

.’\
~’/ B I F FSOC & LiFi: Alternative Technologies for Rural Connectivity

BROADBAND INDIA FoRuM
“Think Tank for Digi




The ratification of IEEE 802.11bb represents a critical milestone for Li-Fi, providing a standardized foundation
for interoperability, device integration, and large-scale ecosystem development.

Key Features and Advantages

Li-Fi offers several distinguishing features that make it a strong complementary wireless access technology.
Its ability to deliver gigabit-class data rates using LEDs or micro-LEDs enables high-capacity communication
in bandwidth-intensive environments. The availability of a large, unregulated optical spectrum eliminates
licensing requirements and reduces regulatory complexity and deployment cost. Because Li-Fi operates using
light rather than RF signals, it neither causes nor suffers from electromagnetic interference. This characteristic
makes it particularly suitable for environments such as hospitals, aircraft cabins, industrial plants, and power
stations, where RF emissions may disrupt sensitive equipment. The confinement of light within physical
spaces also enhances communication security, as signals do not penetrate walls or opaque barriers.

Li-Fi supports high spatial reuse by creating small coverage zones, often referred to as attocells, where each
light source can function as an independent high-speed access point. This enables ultra-dense wireless
deployments with minimal inter-cell interference. Furthermore, Li-Fi systems are safe for human use, as they
rely on visible or infrared light that is already widely used for illumination.

An additional advantage lies in the dual use of LED lighting infrastructure for both illumination and
communication. This integration reduces the need for separate communication hardware, supports smart
lighting and building automation, and improves overall energy efficiency by allowing data transmission to
“piggyback” on existing lighting systems.

Applications of Li-Fi

Smart Homes

In residential environments, Li-Fi can enable fast, secure, and reliable wireless communication. By offloading
bandwidth-intensive applications such as video streaming, conferencing, and gaming to Li-Fi, overall home
network performance can be improved while freeing Wi-Fi capacity for mobility-oriented use cases.

Defence and Government

Li-Fi is well suited for defence and government applications where secure and contained communication
is essential. Optical signals can be confined within physical spaces and exhibit negligible electromagnetic
signatures, reducing detectability and interception risks. Li-Fi has already been evaluated for mission-critical
communications in controlled operational environments.

Industrial and Manufacturing

In industrial and manufacturing settings, Li-Fi enables reliable wireless connectivity at the point of operation
without introducing RF interference. When integrated with IEEE 802.11-based network architectures, Li-Fi can
reduce deployment complexity while supporting robust industrial communication requirements.

Healthcare, Aviation, and Enterprise Networks

Li-Fi offers EMI-free wireless connectivity suitable for healthcare facilities, aviation environments, and
enterprise networks. It can support high-density user scenarios such as conference rooms, offices, and
collaborative workspaces, while ensuring compatibility with sensitive equipment and regulatory constraints.

Cable Replacement and Fixed Wireless Access

Li-Fi can serve as a short-range cable replacement technology, establishing high-speed, low-latency links
between devices such as displays, peripherals, and access points. It can also be used to bridge fixed wireless
or 5G connectivity into hard-to-reach indoor areas, reducing reliance on physical cabling.
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Benefits of Li-Fi

The primary benefit of Li-Fi lies in enhanced data and operational security. Because light cannot pass through
walls or opaque objects, communication can be confined to controlled physical spaces, reducing exposure to
external interception. In command-post and operational environments, Li-Fi can also eliminate the need for
extensive cabling, enabling rapid setup and reconfiguration.

Li-Fi's immunity to electromagnetic interference further enhances resilience against RF-based disruption or
jammingattempts. By offloading traffic from congested Wi-Fibands, Li-Fiimproves overall network performance
when deployed as part of a hybrid Li-Fi/Wi-Fi architecture. Additional benefits include low latency suitable
for real-time applications, energy efficiency through LED reuse, accurate indoor positioning capabilities, and
compatibility with future 6G network architectures that emphasize dense, heterogeneous wireless systems.

Key Limitations and Barriers

Despite its advantages, Li-Fi faces several technical, environmental, and market-related challenges. A
fundamental limitation is its reliance on line-of-sight or reflected optical paths; obstacles such as walls,
furniture, or human movement can degrade or interrupt connectivity, limiting mobility.

Li-Fi coverage areas are typically confined to portions of a room, requiring dense deployment of Li-Fi-
enabled luminaires to achieve continuous coverage. This increases installation complexity and necessitates
sophisticated handover mechanisms as users move between lighting zones. Ambient light interference from
sunlight or artificial sources can introduce noise and reduce signal-to-noise ratios, particularly in brightly lit
environments.

Uplink communication remains a challenge, as mobile devices often lack suitable light-emitting components.
Solutions may require infrared transmitters or specialized hardware, increasing system complexity. Achieving
gigabit-class performance also depends on advanced light sources and modulation schemes, which can raise
cost and limit near-term scalability.
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Integration with existing network infrastructure presents additional barriers. Li-Fi deployments require
specialized LEDs, photodetectors, driver circuitry, and backend controllers, as well as seamless interoperability
with Ethernet and Wi-Fi networks. While standardization has progressed significantly through IEEE 802.11bb,
deployment frameworks, device availability, and user awareness continue to influence adoption.

Key LiFi Indian Players & Collaborations:

Nav Wireless Technologies: Offers Optical Wireless Communication (OWC) modules and integrates
LiFi transceivers for industrial automation, smart infrastructure, and loT devices, focusing on OEM/
ODM partnerships.

Wipro Lighting: Collaborates with international LiFi leader pureLiFi to bring high-speed data
transmission solutions to smart cities, offices, and power plants in India.

Velmenni: An Indian startup developing its own LiFi mesh networks and collaborating with companies
like Airbus to integrate the technology into aviation.

RDL Technologies: Another emerging Indian company working on LiFi solutions, as indicated by their
R-LiFi initiative.

International OEM/ODM Vendors Active in India:

Oledcomm: Provides customizable LiFi OEM solutions, catering to various sectors in India, including
defense, manufacturing, and education, through tailored integration.

pureLiFi: A major global player that commercialized LiFiin India, partnering with Wipro for local market
penetration.

Research & Development:
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ERNET India, llIT Delhi, IIT Roorkee & IIT Madras: Conducted pilot projects and established testbeds
to study LiFi for smart cities, loT, and healthcare applications, using evaluation kits from leading
vendors.
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CHAPTERYV

Suitability of LiFi for Rural & Remote Connectivity

LiFi technology holds significant promise for addressing internet connectivity challenges in rural and remote
areas. It is particularly suitable for "last-mile" connectivity in locations with existing LED lighting, such as
schools, community centers, and homes, providing a secure and cost-effective alternative to traditional, hard-
to-install, radio-frequency-based infrastructure.

Key Suitability Factors for Rural & Remote Areas

« Infrastructure Leveraging: In many remote areas, while high-speed fiber backbone is absent, electric
lighting (LED) is increasingly available. LiFi can turn existing streetlights and indoor light fixtures into
communication access points, reducing the need for costly new fiber laying or tower installations.

« Cost-Effective Implementation: Retrofitting existing lighting with LiFi components is generally more
cost-effective than installing new cellular towers or laying extensive cable networks in challenging or
rugged terrains.

« High-Speed, Secure Connectivity: LiFi can deliver high-speed, 5G-enabled broadband. Because light
does not penetrate walls or opaque objects, it inherently provides high security, restricting signals to
specific areas, which is beneficial for community centers or schools.

o Solar Power Compatibility: For areas with unreliable electricity, LiFi systems can be combined with
solar-powered LED transmitters, offering a sustainable, green, and reliable energy solution.

« Resilience Against Damage: Decentralized LiFi networks can be more resilient to natural disasters
(e.g., landslides) that typically destroy physical cable infrastructure.

Potential Applications in Remote Areas

o Educational Connectivity: Schools in remote areas can be equipped with LiFi-enabled lights to
provide high-speed internet access to students.

« Rural Health Centres: Safe, interference-free connectivity for telemedicine and patient monitoring.

« Community Centers & Public Spaces: Streetlights equipped with LiFi can serve as public internet
hotspots.

While not a complete replacement for traditional radio-frequency, long-range cellular technology, LiFi serves
as an excellent complementary technology, especially in high-density, localized, or secure areas within remote
communities
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CHAPTER VI

Comparative Analysis of FSOC and Li-Fi Technologies.

Optical fibre has long been established as the principal medium for delivering high-speed broadband connectivity
across urban and semi-urban regions worldwide. It continues to form the foundation of national and global digital
infrastructure. However, there remain significant geographic, economic, and operational contexts in which fibre
deployment is either impractical or infeasible. In many countries, including Bharat, remote and rural regions are
characterised by difficult terrain, dispersed settlements, and low population density, all of which undermine the
techno-economic viability of fibre-based networks. Additionally, even within densely urbanised areas, limitations
arising from inadequate urban planning, constrained physical space, and prolonged right-of-way and multi-agency
clearance processes can delay or prevent fibre installation. While alternative high-frequency wireless solutions,
such as E- and V-band links, have been explored to address short-range urban connectivity requirements, their
applicability remains limited in widely distributed rural environments. These constraints underscore the need
to look beyond conventional connectivity models and systematically evaluate alternative and emerging optical
wireless technologies capable of complementing fibre in challenging deployment scenarios.

FSO vs. Li-Fi: A Comprehensive Comparison

1. Basic Definition
FSO (Free-Space Optics)

e Aline-of-sight optical communication technology that uses laser beams to transmit data through the air
(free space).

e Typically used for outdoor, point-to-point, long-range high-speed links.

Li-Fi (Light-Fidelity)

e A form of wireless communication using LED light sources for data transmission via rapid light intensity
modulation.

e Designed mainly for indoor, short-range, multiuser wireless networking—often envisioned as a
complement to Wi-Fi.

2. Operating Medium & Wavelength

Feature FSO Li-Fi
Medium Outdoor air/free space Indoor visible & near-IR light
Typical Wavelength IR or near-IR (780-1550 nm) Visible light spectrum (380-700 nm) or IR
Type of Source Laser transmitters White or IR LEDs
3. Range & Coverage
Category FSO Li-Fi
Range Up to several kilometers Typically 1-10 meters
Coverage Narrow laser beam; point-to-point Broad illumination area; point-to-multipoint
Mobility Very low (fixed installations) High mobility inside rooms (similar to Wi-Fi)
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4. Data Rate Capabilities
FSO: ‘ Li-Fi:
o Common commercial systems: 1-10 Gbps o Standard LED Li-Fi: 100 Mbps — 1 Gbps

o0 Experimental/advanced systems: 40+ Gbps | o Advanced micro-LED Li-Fi: 10+ Gbps (in laboratory
demonstrations)

5. Major Advantages
FSO Advantages ‘ Li-Fi Advantages
« Fiber-like speed without laying fiber. e Very high potential bandwidth from visible light spectrum.
e Highly secure, narrow beam prevents ¢ Indoorsafety—no harmful radiation.
interception. e No electromagnetic interference - ideal for hospitals,
« No electromagnetic interference (EMI). aircraft, industrial facilities.
« Suitable for long-distance links (campus links, | ® Can combine lighting and data transmission.
5G backhaul). e Supports dense multi-user environments.

6. Limitations

FSO Limitations Li-Fi Limitations

e Strongly affected by atmospheric conditions: | e Requires line-of-sight or reflection paths within a room.

o Fog, rain, haze, snow, sandstorms. « Cannot transmit through walls.

e Requires precise alignment between

. X e Performance depends on LED modulation capability.
transmitter and receiver.

e Ambient light noise (sunlight, indoor lighting) can cause
interference.

¢ No non-line-of-sight capability.
7. Applications
FSO Applications
e Building-to-building communication
e 4G/5G cellular backhaul
e Military secure links
e Satellite-to-ground and inter-satellite communication

e Disaster recovery when fiber is broken

Li-Fi Applications
e Indoor high-speed wireless networks (offices, homes)
e Smart lighting + data communication
e Hospitals and aircraft cabins (EMI-free environments)
e loT networks with precise localization

e Underground or RF-restricted environments
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8. Security

Aspect ‘ FSO ‘ Li-Fi
Interception Risk Extremely low (narrow beam) Low—light does not penetrate walls, but reflections
may leak
Vulnerability Physical obstruction Physical observability of light signal
9. Cost & Deployment

Cost Factor ‘ FSO ‘ Li-Fi

Medium-high (alignment, rooftop

Installation .
equipment)

Low-medium (Li-Fi-enabled lights + receivers)

Higher (environmental effects,

Maintenance . .
alignment issues)

Lower (indoor environment is stable)

Summary Table: FSO vs. Li-Fi

Feature ‘ FSO ‘ Li-Fi

Range Long (km) Short (meters)

Directionality Highly directional Semi-directional/omnidirectional
Data Rate Very high High—very high

Mobility Very limited High mobility

Environment Outdoor Indoor

Environmental Sensitivity High Moderate

Primary Use Backbone links Indoor access networks
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CHAPTERVII

Hybrid Li-Fi / Wi-Fi Systems: Architecture,
Management, and Benefits

While Li-Fi offers significant advantages in terms of bandwidth, security, and electromagnetic immunity, its
standalone deployment is constrained by factors such as limited coverage, strict line-of-sight requirements,
uplink complexity, and sensitivity to ambient light conditions. In practical indoor and localized environments,
these constraints limit Li-Fi's ability to support seamless mobility and continuous service onits own. To address
these challenges, hybrid Li-Fi/Wi-Fi architectures have emerged as a pragmatic and scalable solution that
combines the complementary strengths of optical and radio-frequency wireless technologies.

Hybrid Li-Fi/Wi-Fi systems are designed to leverage Li-Fi's high throughput and spatial reuse capabilities
alongside Wi-Fi's wide coverage, mature mobility support, and ubiquitous device compatibility. Together,
they form an integrated access framework capable of delivering high capacity, reliability, and seamless user
experience in diverse indoor environments.

Motivation for Hybrid Li-Fi/Wi-Fi Systems

Li-Fi excels in delivering ultra-high data rates using the visible and near-infrared spectrum but faces inherent
limitations related to small coverage cells, intermittent blockage, constrained uplink design, and limited
mobility support. Wi-Fi, by contrast, provides broader coverage, robust non-line-of-sight connectivity, mature
handover mechanisms, and universal device support, but suffers from congestion and interference in dense
user environments.

Hybridization allows these complementary characteristics to be exploited effectively. High-capacity downlink
traffic can be served by Li-Fi where conditions permit, while Wi-Fi ensures continuity of service, mobility, and
uplink reliability. This approach transforms Li-Fi from a niche access technology into a practical component of
enterprise-grade wireless networks.

Hybrid System Architectures

Several architectural models have been proposed and evaluated for hybrid Li-Fi/Wi-Fi deployments.

Vertical Heterogeneous Networks (VHetNet)

In vertical heterogeneous network architectures, Li-Fi and Wi-Fi operate simultaneously within the same
physical environment. User devices dynamically switch between the two access technologies based on link
quality, availability, and application requirements. Wi-Fi serves as a fallback mechanism when Li-Fi coverage is
unavailable due to blockage or mobility. This architecture is particularly suitable for offices, libraries, airports,
and educational institutions.

Load Balancing and Traffic Offloading

Hybrid systems often employ asymmetric traffic distribution, where high-bandwidth downlink traffic such as
video streaming, large file transfers, and content delivery is offloaded to Li-Fi, while control signaling and uplink
traffic remain on Wi-Fi. This approach mitigates Li-Fi uplink challenges while significantly reducing congestion
in Wi-Fi bands and improving overall network capacity.
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Hybrid Access Point Design

Hybrid Access Points (HAPs) integrate Li-Fi transceivers and Wi-Fi radio interfaces within a single device.
Intelligent control algorithms route traffic across optical and RF links based on environmental conditions,
network load, and user requirements. This unified design simplifies deployment, management, and integration
with existing network infrastructure.

Cooperative Communication and Multi-Path Operation

Advanced hybrid systems enable simultaneous use of Li-Fi and Wi-Fi interfaces through multi-homing
or Multipath TCP (MPTCP). In such configurations, traffic can be aggregated across both links to increase
throughput, reduce latency, and provide seamless failover. If the Li-Fi link degrades, traffic is instantaneously
carried over Wi-Fi without session interruption.

Addressing Li-Fi Barriers through Hybridization

Hybrid architectures directly mitigate the key barriers associated with standalone Li-Fi deployments. Line-
of-sight blockage caused by human movement or furniture is addressed by instant Wi-Fi fallback, ensuring
uninterrupted service for real-time applications such as video calls and cloud access. Limited Li-Fi coverage
and small attocells are complemented by Wi-Fi's broader coverage, reducing the need for excessively dense
Li-Fi access point deployment.

Ambient light interference is handled through adaptive link selection, allowing devices to switch to Wi-Fi when
optical signal quality deteriorates. Uplink challenges are simplified by retaining RF-based uplink transmission
while using Li-Fi primarily for high-capacity downlink. Device compatibility concerns are also eased, as users
can connect via Wi-Fi by default while benefiting from Li-Fi enhancements when supported hardware is
available. Selective deployment of Li-Fi in high-density zones further optimizes overall deployment cost.

Benefits of Hybrid Li-Fi/Wi-Fi Systems

Hybrid systems significantly increase aggregate network capacity by offloading traffic from congested Wi-
Fi bands to the optical spectrum. Intelligent network selection and seamless handover mechanisms ensure
service continuity and mobility comparable to Wi-Fi-only networks. By utilizing both RF and optical spectrum
efficiently, hybrid deployments improve spectral efficiency and reduce interference.

Security is enhanced through the combination of Li-Fi's spatial confinement and Wi-Fi's mature authentication
and encryption mechanisms. Energy efficiency is improved by leveraging existing LED lighting infrastructure
and dynamically prioritizing the interface with better link quality and lower power consumption.

Application Scenarios

Hybrid Li-Fi/Wi-Fi systems are well suited for high-density indoor environments such as airports, stadiums,
schools, and libraries, where Li-Fi can handle downlink-heavy traffic while Wi-Fi supports mobility. In industrial
and EMI-sensitive environments, Li-Fi provides interference-free connectivity at fixed workstations, while
Wi-Fi supports roaming devices. Healthcare facilities and aircraft cabins benefit from EMI-free optical access
combined with RF-based mobility. In smart homes and loT deployments, appliances and media devices can
use Li-Fi for high-speed data transfer while Wi-Fi handles background communication.
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CHAPTER VIl

Load Balancing and Handover Management

Effective load balancing and handover management are critical to the performance of hybrid Li-Fi/Wi-Fi
networks. Traffic offloading strategies assign bandwidth-intensive flows to Li-Fi while reserving Wi-Fi for
latency-sensitive or control traffic. Dynamic access point selection algorithms evaluate signal strength,
signal-to-noise ratio, network load, and user mobility to optimize interface selection in real time.

Cross-layer resource allocation techniques combine physical-layer and MAC-layer parameters to improve
stability and throughput. Multipath transport protocols allow simultaneous use of both interfaces, enhancing
resilience and minimizing packet loss.

Li-Fi's small cell sizes and sensitivity to blockage necessitate frequent handovers. Intra-Li-Fi handovers occur
between adjacent optical cells, while vertical handovers between Li-Fi and Wi-Fi ensure continuity when
optical links degrade. Predictive and hybrid decision algorithms, combined with buffered and soft handover
techniques, reduce packet loss, jitter, and service disruption.

Impact of Load Balancing and Handover on Network Performance

The effectiveness of hybrid Li-Fi/Wi-Fi systems depends not only on their architectural design, but also on
how intelligently traffic is balanced and how seamlessly handovers are managed between optical and RF links.
When implemented correctly, load balancing and handover mechanisms have a measurable and positive
impact on overall network performance, user experience, and operational reliability.

Improved Connection Stability

Dynamic load balancing and vertical handover mechanisms significantly reduce service disruption caused by
Li-Fi link blockage, mobility, or changes in ambient lighting conditions. By enabling instantaneous fallback to
Wi-Fi when optical links degrade, hybrid systems maintain session continuity for real-time applications such
as voice calls, video conferencing, and cloud-based services.

Higher Aggregate Throughput

Offloading high-bandwidth downlink traffic to Li-Fi allows the optical spectrum to be utilized efficiently while
relieving congestion in Wi-Fi bands. This results in higher aggregate network throughput, particularly in dense
indoor environments where Wi-Fi alone struggles to meet capacity demands.

Reduced Latency and Packet Loss

Buffered, soft, and predictive handover techniques minimize packet loss and jitter during transitions between
Li-Fi and Wi-Fi links. When combined with multipath transport mechanisms, these approaches ensure low-
latency performance and smooth application behavior even during frequent handovers.

Enhanced Quality of Experience (QoE)

Users experience more consistent datarates and fewer interruptions, leading to improved quality of experience
forbandwidth-intensive and latency-sensitive applications such as video streaming, online gaming, augmented
and virtual reality, and industrial automation systems.
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Optimized Spectrum Utilization

By distributing traffic across both RF and optical spectrum, hybrid systems achieve more efficient spectrum
utilization. This reduces interference in crowded Wi-Fi bands and enables better coexistence of multiple
wireless technologies within the same environment.

Operational and System-Level Benefits

Scalability in High-Density Environments

Effective load balancing allows networks to scale to higher user densities without proportionally increasing
infrastructure complexity. Li-Fi attocells absorb localized traffic surges, while Wi-Fi ensures broader coverage
and mobility.

Resilience and Reliability

Hybrid handover strategies improve network resilience by providing redundancy at the access layer. If one
communication medium is temporarily unavailable, sessions are maintained over the alternate interface,
increasing overall system reliability.

Energy Efficiency

Intelligent interface selection enables devices and access points to prioritize the link offering better signal
quality and lower power consumption. Leveraging LED lighting for communication further contributes to
energy-efficient operation.

Remaining Challenges

Despite these benefits, the impact of load balancing and handover mechanisms also introduces challenges
that must be addressed. Sophisticated decision algorithms increase system complexity and coordination
overhead between access points. Simultaneous use of multiple interfaces may raise energy consumption
on mobile devices if not carefully managed. Additionally, frequent interface switching introduces security
considerations that require consistent authentication and encryption handling across technologies.
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CHAPTER IX

Li-Fi for Underwater and Maritime Communications
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Conventional radio-frequency communication technologies face severe limitations in underwater
environments due to rapid signal attenuation, particularly in saltwater. As a result, underwater communication
has traditionally relied on low-frequency RF or acoustic systems, both of which offer limited bandwidth and
high latency. Li-Fi has emerged as a promising alternative for underwater and maritime communication
by exploiting the favorable propagation characteristics of visible light, particularly in the blue and green
wavelength bands.

Suitability of Li-Fi for Underwater Environments

Radio-frequency waves experience extreme attenuation in water, restricting usable underwater RF
communication to very low frequencies that support only low data rates. High-speed wireless technologies
such as Wi-Fi and 5G are therefore ineffective underwater. In contrast, visible light—especially blue and
green wavelengths in the 450-550 nm range—can propagate relatively efficiently through water. LEDs and
laser sources used in Li-Fi systems offer high bandwidth, low energy consumption, and compact form factors,
enabling high-speed underwater optical communication.

Underwater Li-Fi Application Areas

Li-Fi enables high-bandwidth communication for diver-to-diver interaction using wearable optical modules,
supporting hands-free communication, real-time video, and biometric data exchange. It also facilitates
diver-to-vehicle and diver-to-base station links for scientific research, underwater inspection, and military
operations.

Underwater sensor networks benefit from Li-Fi by enabling high-speed data transfer for environmental
monitoring, pipeline inspection, and oceanographic data collection. In maritime operations, Li-Fi supports
rapid offloading of high-resolution imagery and sensor data during ship hull inspections and port activities.
Swarmrobotics applicationsleverage Li-Fiforinter-robot communication, precise localization, and coordinated
underwater exploration. Above water, Li-Fi can also support ship-to-ship and ship-to-shore communication as
a secure and interference-free alternative to RF in congested maritime environments.
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Advantages in Underwater and Maritime Domains

Li-Fi provides significantly higher data rates than acoustic systems, enabling real-time video transmission
and precise remote control of underwater vehicles. Optical communication offers microsecond-level latency,
making it suitable for mission-critical operations. Energy efficiency is enhanced through the use of LEDs, which
is particularly important for battery-powered sensors and autonomous underwater vehicles. The directional
nature of optical links also enhances security by limiting interception opportunities.

Challenges and Limitations

Despite its advantages, underwater Li-Fi faces several challenges. Water turbidity and suspended particles
scatter light and reduce transmission range and signal quality. Optical links require precise alignment, which
is complicated by currents, waves, and platform movement. Compared to acoustic systems, Li-Fi has a more
limited range, typically extending from a few meters to several tens of meters depending on conditions.
Biofouling of optical components and ambient light interference near the water surface further affect
performance.

Hybrid Underwater Communication Systems

To overcome these limitations, hybrid underwater communication systems combine Li-Fi with acoustic and
low-frequency RF or magneto-inductive technologies. In such systems, Li-Fi is used for high-speed, short-
range data transmission, while acoustic links provide long-range communication and RF or inductive methods
support specialized use cases. This hybrid approach ensures continuous connectivity, extended operational
range, and improved reliability under varying environmental conditions.
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Impact of Hybrid Load Balancing and Handover in Underwater and
Maritime Li-Fi Systems

In underwater and maritime communication environments, the impact of load balancing and handover
mechanisms is more pronounced than in terrestrial networks due to extreme channel variability, mobility of
nodes, and the heterogeneous nature of available communication media. Hybrid communication architectures
combining Li-Fi, acoustic, and low-frequency RF or inductive links rely heavily on intelligent load balancing and
handover strategies to ensure operational reliability and mission continuity.

Performance and Reliability Impacts

Improved Link Availability and Mission Continuity

Underwater Li-Fi links are highly sensitive to alignment, turbidity, and obstruction caused by diver movement,
currents, or vehicle motion. Hybrid load balancing mechanisms allow high-bandwidth data streams—such
as video feeds or sensor dumps—to be carried over Li-Fi when optical conditions are favorable, while control
traffic and fallback communication are seamlessly shifted to acoustic or RF links when optical connectivity
degrades. This ensures uninterrupted mission execution during inspection, surveillance, and exploration
operations.

Higher Effective Throughput

By dynamically prioritizing Li-Fi for short-range, high-capacity data transfer and reserving acoustic links for
low-rate, long-range communication, hybrid systems significantly increase effective throughput compared to
acoustic-only solutions. Load-aware traffic distribution prevents overloading any single medium and enables
efficient utilization of scarce underwater communication resources.

Reduced Latency for Time-Critical Operations

Li-Fi's microsecond-scale latency provides a decisive advantage for time-critical underwater applications such
as remotely operated vehicle (ROV) control, swarm robotics coordination, and diver safety systems. Intelligent
handover mechanisms ensure that latency-sensitive traffic remains on optical links whenever possible, while
non-critical data is redirected to higher-latency acoustic channels.

Mobility and Handover Impacts

Seamless Mobility for Divers and Autonomous Platforms

Underwater mobility introduces frequent changes in orientation and relative positioning between transmitters
and receivers. Vertical handover mechanisms between Li-Fi and acoustic or RF links allow divers, autonomous
underwater vehicles (AUVs), and robotic swarms to move freely without losing connectivity. Buffered and
soft handover techniques minimize packet loss during transitions, which is critical for real-time video and
telemetry streams.

Resilience to Environmental Variability

Water turbidity, ambient light near the surface, and biofouling effects can cause rapid fluctuations in optical
channel quality. Hybrid handover strategies enable proactive or reactive switching based on signal quality
metrics, ensuring communication resilience across changing environmental conditions.
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Operational and System-Level Impacts

Energy Efficiency and Battery Life

Battery-powered underwater devices benefit from load balancing strategies that prioritize energy-efficient
Li-Fi transmission for bulk data transfer while limiting the use of power-intensive acoustic communication.
Intelligent interface selection reduces unnecessary retransmissions and prolongs mission duration for
sensors, AUVs, and diver equipment.

Scalability of Underwater Sensor Networks

In underwater loT deployments, hybrid load balancing enables scalable network operation by distributing
traffic across multiple communication layers. Li-Fi handles localized high-data-rate communication among
nearby nodes, while acoustic links maintain long-range network connectivity, supporting larger sensor
deployments without excessive congestion or delay.

Enhanced Security and Operational Safety

Directional and spatially confined Li-Fi links reduce the risk of interception during sensitive underwater or
naval operations. Hybrid systems ensure that secure optical links are used whenever available, while encrypted
acoustic or RF channels provide continuity without compromising operational security.

Remaining Challenges

Despite these benefits, implementing effective load balancing and handover in underwater hybrid networks
introduces additional system complexity. Accurate channel estimation in dynamic aquatic environments
remains challenging, and coordination across heterogeneous communication technologies increases
protocol overhead. Energy consumption associated with maintaining multiple active interfaces and the
security implications of frequent interface switching require further research and careful system design.

Future Research Directions

Ongoing research focuses on adaptive beam steering and auto-alignment techniques, blue-green laser-based
Li-Fi for extended range, biofouling-resistant optical materials, and machine-learning-based underwater
channel prediction. Further work on hybrid Li-Fi/acoustic protocols is expected to enhance performance,
resilience, and scalability in underwater and maritime communication systems.
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CHAPTER X

Current State of Li-Fi: Market Maturity,
Deployments, and Ecosystem Readiness

Li-Fi was initially positioned as a transformative wireless communication technology with the potential to
fundamentally alter how broadband connectivity is delivered, particularly by leveraging the vast, unlicensed
visible light spectrum. Early narratives around Li-Fi emphasised ultra-high data rates, inherent security
advantages, and relief from radio-frequency congestion. However, nearly a decade after its introduction, Li-Fi
has not yet fulfilled the high expectations that accompanied its early development phase.

Commercial availability remains limited, with only a small number of market-ready products currently
available. Examples such as OledComm’s “MyLi-Fi" lamp, introduced in 2018, demonstrate technical feasibility
but have not delivered the transformative, mass-market user experience originally envisioned. While
laboratory demonstrations continue to report exceptionally high data transmission speeds, translating these
results into reliable, scalable, and user-friendly commercial deployments has proven challenging. Practical
implementations continue to face constraints related to short operating range, strong dependence on stable
line-of-sight conditions, susceptibility to interference from ambient or harsh lighting environments, and
unresolved challenges associated with uplink design and performance. As a result, Li-Fi adoption has largely

been confined to controlled or specialised environments rather than widespread consumer use.

Targeted Deployments Demonstrating Practical Value

Despite these limitations, targeted deployments across different geographies demonstrate that Li-Fi can
deliver meaningful and measurable outcomes when applied in contexts where conventional connectivity
technologies are impractical, uneconomical, or restricted.

In India, Ahmedabad-based NAV Wireless Technologies has undertaken early deployments as part of
initiatives aimed at creating “smart villages” using Li-Fi-based connectivity. Akrund and Navanagar villages
in Gujarat's Aravalli district have become the first villages in the country to receive broadband connectivity
through Li-Fi. In these deployments, fibre connectivity from the Gujarat Fibre Grid Network has been extended
from the Akrund Gram Panchayat building to the Navanagar primary school—approximately 1.5 kilometres
away—using Li-Fi-based wireless optical communication. This approach has enabled schools, hospitals, post
offices, and government offices to access faster and more secure internet services using existing electricity
infrastructure, without the need for additional fibre trenching.

Building on these pilots, NAV Wireless collaborated with BharatNet to plan similar Li-Fi-enabled connectivity
across approximately 6,000 villages in Gujarat, supported by an allocation of 500 crore. The company has
also proposed extending Li-Fi-based solutions to remote regions of Himachal Pradesh and Uttarakhand,
where mountainous terrain and dispersed populations make conventional fibre and radio-based solutions
persistently challenging.
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The Ladakh Educational and Cultural Student Movement (SECMOL) has become the first institution in
the Union Territory of Ladakh to receive an internet connection using Free Space Optic Communications
(FSOC) and Light Fidelity (LiFi) technology, by Ahmedabad-based Nav Wireless Technologies. With this setup,
SECMOLSs students and faculty can access faster and safer internet services over existing electric power lines
for educational purposes, making it India's highest educational institution to adopt FSOC and LiFi solutions.

Taara FSOC (Free Space Optical Communication) is Alphabet's (Google’s) innovative project, using beams of
light to deliver high-speed, fiber-like internet connectivity wirelessly, bypassing the need for physical cables in
hard-to-reach areas like remote regions, rivers, or post-conflict zones, extending existing fiber networks and
bridging the digital divide with rapid, cost-effective deployment and has been working in India since 2017 and
has a working partnership with Airtel, and ISP Bluetown in India to connect governments and rural parts of the
country to this technology.

Taara’s first product, Taara Lightbridge, can transmit data at speeds of up to 20 gigabits per second over
distances of up to 20 kilometers.

Dr. Satya N. Gupta, Chairman India & BIMSTEC, Asia at Bluetown told ET Telecom that the ISP currently has 10
FSOC sites deployed between Delhi and Uttarakhand. FSOC can bridge the middle mile communication gap
in the areas where the optical fiber cable is difficult to deploy, like river crossing, railway track crossing, and
difficult terrains. There we can use FSOC to get the bandwidth and distances which are at par with the optical
fibere cable and much more than what the radio can give where there is a limit of up to one gigabit only.

Security-Sensitive and Geographically Constrained Environments

Li-Fi has demonstrated particular value in environments characterised by difficult terrain and heightened
security constraints. NAV Wireless has deployed Li-Fi technology at Nadabet, one of the most remote and
secluded locations along the India—Pakistan border in Gujarat. The region’s saline ecosystem prevents the
laying of underground or overhead optical fibre, while the use of radio frequencies is restricted due to proximity
to the international border.

In this context, Li-Fi has enabled high-bandwidth internet connectivity for both Border Security Force (BSF)
personnel and tourists. Approximately 15,000 visitors per month are able to access high-speed internet
services at Nadabet. Connectivity is extended from Suigam—Iocated roughly 30 kilometres away and
connected by optical fibre—using Li-Fi devices integrated with the telecom infrastructure of BSNL and
Gujarat Informatics Ltd. NAV Wireless, while not acting as a telecom service provider, supplies the enabling
technology and equipment. This deployment represents one of the first large-scale applications of Li-Fi in
India under conditions involving both difficult terrain and stringent security requirements.

AT
€%
FSOC & LiFi: Alternative Technologies for Rural Connectivity ‘A,g/

BROADB
“Think Tank

BIF

RUM




International Experience in Underserved Regions

Internationally, Li-Fi has also been deployed in extremely underserved and infrastructure-poor environments.
In Drongouiné, arural area in western lvory Coast that has suffered prolonged conflict and lacks both electricity
and mobile network coverage, a local startup—Li-Fi-Led Cote d'Ilvoire—has combined renewable solar energy
with Li-Fi-based data transmission to deliver internet connectivity.

The project, funded independently by the startup at a cost of approximately 5 million CFA francs (around
€7,600), includes solar panels, LED lighting, electrical wiring, and Li-Fi receivers. Through this initiative,
residents gained access to television broadcasting and free internet services. Improved connectivity
enabled remote agricultural training, video-based advisory services, and real-time communication between
agronomists and local farmers using platforms such as Skype and WhatsApp. Notably, access to digital
services contributed to reversing outward migration trends, with younger residents returning to participate
in local economic development.

Standardisation, Research, and Ecosystem Development

Standardisation and institutional capacity building have progressed in parallel with these field deployments.
The IEEE 802.11bb Task Group was established to extend the IEEE 802.11 family of standards to include light-
based communications. Since its formation in 2019, the initiative gained international support, culminating in
the ratification of IEEE 802.11bb in 2023 as a global standard for light communications.

In India, IlIT-Delhi has established a Centre of Excellence (CoE) on Light Fidelity, anchored by the
Telecommunications Standards Development Society, India (TSDSI), and the European Telecommunications
Standards Institute (ETSI). The CoE focuses on research collaboration, capacity building, expert exchange
between India and the European Union, manpower training, and the development of academic and professional
courses on Li-Fi and Visible Light Communication (VLC). It also contributes to standardisation activities
related to 5G and beyond, including engagement with 3GPP.

India's startup ecosystem has begun to engage with Li-Fi technology as well. Velmenni, an IlIT-Delhi-incubated
startup, has received %39.5 lakh under the Department of Telecommunications' Digital Communication
Innovation Square (DCIS) scheme after achieving defined milestones. Between 2022 and 2023, the company
conducted multiple commercial trials with Indian telecom operators and internet service providers, with
additional trials planned.
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Alignment with India’s LED and Power Infrastructure

Li-Fi is particularly relevant in the Indian context due to the country’s extensive penetration of LED lighting
driven by government-led energy-efficiency programmes. Under initiatives such as the Domestic Efficient
Lighting Programme (DELP) and subsequent schemes, India has distributed hundreds of millions of LED bulbs,
significantly reducing energy consumption and electricity costs. By 2022, domestic LED bulb production had
reached X186.26 billion.

Energy Efficiency Services Limited (EESL), operating under the Ministry of Power, has further accelerated
LED adoption by supplying low-cost LED bulbs in rural areas without subsidies, contributing to near-universal
village electrification. Complementing this lighting infrastructure is India's power transmission and telecom
backbone. REC Limited and POWERGRID Corporation play critical roles in rural electrification and national
connectivity. POWERGRID's telecom subsidiary, PowerTel, operates a pan-India overhead optical fibre network
using Optical Ground Wire on power transmission lines and supports BharatNet implementation across
multiple states.

In this context, a coordinated, cross-sectoral approach involving the Ministry of Power, Ministry of
Communications, academia, and industry could leverage power grid infrastructure as a communications
carrier, with LED lighting acting as the final access medium to deliver high-quality internet services within
village homes and public institutions.

Assessment

Taken together, these developments indicate that while Li-Fi has not yet achieved mainstream adoption, it has
progressed beyond theoretical promise. Its current state is best characterised as an emerging, application-
driven technology with demonstrated value in environments where conventional fibre and RF-based solutions
are infeasible, restricted, or economically unviable. Continued progress will depend on technological
maturation, integration with complementary networks, ecosystem development, and coordinated policy and
institutional support, rather than expectations of immediate, universal deployment.
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CHAPTERXI

Way Forward: Future Directions and Emerging
Technologies for Li-Fi

Li-Fi is rapidly evolving from a niche optical wireless communication technology into a potential enabler of
next-generation wireless networks and future 6G ecosystems. While current deployments have demonstrated
strong potential in high-speed indoor networking and specialised environments—such as hospitals, aircraft
cabins, and underwater communication—further technological innovation is required to overcome existing
limitations and enable large-scale adoption. The future trajectory of Li-Fi will be shaped by its synergistic
integration with emerging communication technologies, intelligent network control mechanisms, and
advanced optical hardware.

Integration with Intelligent Reflecting Surfaces (IRS)

Intelligent Reflecting Surfaces (IRS), composed of programmable and largely passive optical elements, offer a
promising approach to enhancing Li-Fi system performance. By manipulating the direction, phase, or intensity
of optical signals, IRS can dynamically shape the propagation environment to optimise optical wireless links.

IRS can enable partial non-line-of-sight (NLOS) communication by redirecting Li-Fi beams around physical
obstacles, thereby improving coverage reliability even in the absence of a direct optical path. By reflecting
light into shadowed or blocked regions, IRS also addresses the small-cell limitations associated with Li-Fi
attocells. Furthermore, IRS can be tuned to suppress unwanted reflections and reduce multipath interference,
improving signal quality. As IRS elements are predominantly passive, these gains can be achieved with minimal
additional power consumption, enhancing overall energy efficiency.

IRS-enhanced Li-Fi systems are particularly suited for smart homes and offices requiring dynamic coverage
optimisation, industrial environments with frequent obstructions, indoor navigation and localisation systems,
and high-density Li-Fi attocell deployments.

Al- and Machine Learning-Driven Li-Fi Networks

Artificial intelligence (Al) and machine learning (ML) have the potential to significantly improve the reliability,
efficiency, and adaptability of Li-Fi networks. Given the sensitivity of optical wireless channels to mobility,
blockage, and ambient lighting conditions, Al-driven network intelligence becomes a critical enabler.

Al and ML techniques can support predictive handover by anticipating user motion and enabling pre-
emptive vertical or intra-Li-Fi handovers. Adaptive modulation and coding schemes can optimise physical-
layer parameters in real time based on channel conditions. Intelligent load-balancing mechanisms can learn
traffic patterns and dynamically distribute data across Li-Fi and Wi-Fi interfaces. In addition, Al-based optical
channel estimation can predict shadowing, ambient light noise, and blockage probability. Self-tuning Li-Fi
access points can optimise illumination levels, beam patterns, and transmit power, enhancing resiliency and
reducing service interruptions caused by environmental or mobility-related changes.

Li-Fi as a Component of 6G Networks

Li-Fi aligns strongly with the core performance objectives envisaged for 6G networks, including ultra-high
capacity (terabit-per-second-class communication), sub-millisecond latency, extreme spatial reuse, and
environment- and context-aware networking.

Within future 6G architectures, Li-Fi is expected to function as a complementary access technology rather
than a standalone solution. Hybrid RF-VLC 6G cells can leverage Li-Fi to provide high-speed, localised indoor
coverage within 6G small cells. Edge intelligence and distributed computing architectures will enable localised
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decision-making for Li-Fi attocells, improving responsiveness and resource utilisation. Over time, convergence
between radio frequency, terahertz, and optical communications is expected to create a continuous
communication spectrum, with Li-Fi serving as a crucial pillar of heterogeneous 6G network architectures.

Advanced Optical Hardware and Modulation Technologies

Progress in optical hardware and modulation techniques is essential for the long-term scalability of Li-Fi
systems.

Micro-LEDs and laser diodes offer significantly higher modulation bandwidths, ranging from hundreds of
megahertz to several gigahertz. These capabilities enable multi-gigabit Li-Fi systems while maintaining low
energy consumption and compact form factors. Advanced modulation schemes, including Color Shift Keying
(CSK), Orthogonal Frequency Division Multiplexing (OFDM), and Discrete Multi-Tone (DMT), help mitigate
ambient light interference, increase spectral efficiency, and support adaptive data-rate scaling.

Optical beam-steering and auto-alignment technologies, using MEMS mirrors or liquid crystal devices, allow
dynamic steering of Li-Fi beams. These mechanisms reduce dependence on strict line-of-sight conditions and
help maintain stable links for moving users.

Integration with Emerging Wireless Technologies

Future wireless networks are expected to rely on hybrid architectures that integrate Li-Fi with Wi-Fi, 5G,
and eventually 6G technologies. In such architectures, Li-Fi can handle high-throughput indoor data traffic,
while Wi-Fi and cellular systems provide mobility support and non-line-of-sight connectivity. Cross-interface
aggregation mechanisms enable seamless connectivity and efficient utilisation of both optical and radio
spectrum.

The combination of Li-Fi, intelligent reflecting surfaces, and visible-light-based localisation also enables
centimetre-level indoor positioning. This capability supports asset tracking in warehouses, augmented and
virtual reality applications, and high-precision indoor navigation systems.

Li-Fi for the Internet of Things (IoT) and Industry 4.0

Li-Fi offers several advantages for loT and Industry 4.0 applications, including immunity to electromagnetic
interference, the ability to support high device densities without RF congestion, and secure point-to-point
optical links. These attributes make Li-Fi particularly suitable for medical environments, industrial automation,
and mission-critical sensor networks.

The way forward for Li-Fi-enabled loT includes the development of low-power optical transceivers, miniaturised
receivers for wearables and sensors, and interoperability frameworks with complementary technologies such
as Wi-Fi HaLow, Bluetooth Low Energy (BLE), and Ultra-Wideband (UWB).

Expansion into Specialised Environments

Li-Fi is also well positioned for expansion into
specialised environments where traditional
wireless technologies face inherent limitations. In
underwater and maritime contexts, combining Li-
Fi with underwater intelligent reflecting surfaces,
adaptive focusing optics, and hybrid acoustic-Li-Fi
systems can significantly extend communication
range and reliability.
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In aviation and automotive domains, Li-Fi enables high-speed in-cabin
infotainment, vehicle-to-vehicle (V2X) communication using head and
tail lighting systems, and interference-free sensor networks that support
autonomous driving applications.
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Vehicle-To-Anything(V2X) empowered by LiFi and FSOC: The Trend of Internet of Vehicles in Future Smart Cities

Microwave Transmission versus LiFi and FSOC - where we stand today

Microwave

Geometry of an FSO system vs. a microwave link. The microwave link has a much wider spread than FSO, which
makes eavesdropping and jamming easier.

LiFi and Microwave Backhaul Transmission compared

Telecom microwave transmission and LiFi communication technologies differ fundamentally in their
regulatory treatment, deployment role, and policy implications. Telecom microwave transmission operates
in the radio-frequency spectrum, which is a finite national resource subject to licensing, spectrum allocation,
coordination, and regulatory fees. Its deployment requires prior approvals for frequency assignment, power
limits, and interference management, particularly for long-distance and cross-border links. As a result,
microwave systems fall squarely within established telecom regulatory frameworks and constitute part of
core national communications infrastructure. In contrast, LiFi operates in the visible light spectrum, which
is unlicensed, abundant, and not subject to spectrum allocation or coordination requirements. Regulatory
oversight for LiFi is therefore limited, largely confined to equipment safety, electromagnetic compliance, and
standards conformity, resulting in significantly lower regulatory barriers to entry.
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From a network architecture and policy perspective, microwave transmission is primarily used for long-
distance backhaul and middle-mile connectivity, supporting cellular networks and inter-site links across
wide geographic areas. It plays a critical role in extending network reach, especially in rural and hard-to-
access regions. LiFi, on the other hand, is designed for short-range, indoor access scenarios and functions
at the access or last-meter layer of the network. It is particularly suitable for environments requiring high-
capacity local connectivity, such as offices, schools, hospitals, industrial facilities, and other enclosed spaces.
Consequently, the two technologies serve distinct and complementary roles rather than being substitutes for
one another.

In terms of coverage and scalability, microwave systems can cover long distances with relatively few
transmission links, but scaling capacity requires additional spectrum and careful interference planning, both
of which increase regulatory complexity. Infrastructure deployment typically involves towers, rooftops, and
alignment-sensitive installations. LiFi coverage, by contrast, is confined to illuminated spaces and does not
penetrate walls. However, scalability is achieved by simply adding more light sources, often leveraging existing
LED lighting infrastructure. From a policy standpoint, this enables highly localised capacity expansion without
placing additional demand on scarce RF spectrum resources.

Interference management and reliability further differentiate the two technologies. Microwave transmission
is susceptible to RF interference and, at higher frequencies, to weather-related attenuation such as rain fade,
necessitating ongoing regulatory coordination and monitoring. LiFi is immune to RF interference and does not
contribute to spectrum congestion, although its performance depends on line-of-sight conditions and ambient
lighting. This makes LiFi particularly attractive in RF-congested or interference-sensitive environments,
including hospitals, aircraft cabins, and industrial settings, where RF emissions may be restricted.

Security and data protection considerations also differ. Microwave signals propagate beyond physical
boundaries and therefore rely on encryption, authentication, and lawful interception frameworks to
ensure secure communication. LiFi signals, being confined within physical spaces and unable to penetrate
opaque barriers, offer inherent physical-layer security. From a regulatory perspective, this reduces the risk
of unauthorised external interception and may be advantageous in environments requiring enhanced
confidentiality without imposing additional regulatory controls.

With respect to mobility and quality of service, microwave transmission indirectly supports user mobility by
enabling cellular backhaul and wide-area network continuity, with quality of service managed at the network
level. LiFi, in contrast, supports limited user mobility and requires seamless handover mechanisms between
light sources to maintain continuity as users move. As a result, LiFi is best positioned as a complementary
access technology, working alongside Wi-Fi and cellular networks rather than replacing them.
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Finally, market maturity and deployment economics have important policy implications. Microwave
transmission is a mature, well-standardised technology with a robust global ecosystem and predictable
regulatory treatment. LiFi remains an emerging technology with evolving standards and limited large-scale
commercial deployment. However, its ability to deliver high-capacity connectivity using existing lighting
infrastructure at relatively low incremental cost makes it an attractive option for public buildings and
institutional connectivity. From a policy standpoint, this suggests that microwave technologies warrant
continued structured regulation, while LiFi would benefit from an innovation-friendly, light-touch regulatory
approach that encourages experimentation and adoption without unnecessary compliance burdens.

FSOC and Microwave Transmission compared

Inthe context of BharatNet and rural connectivity in India, Free Space Optical Communication (FSOC) can offer
distinct advantages over microwave transmission for specific last-mile and middle-mile use cases. BharatNet
has already extended optical fibre connectivity to a large number of Gram Panchayats; however, extending
this capacity efficiently to nearby villages, government institutions, and local aggregation points remains a
challenge. In such scenarios, FSOC can serve as a rapid-deployment, high-capacity extension of BharatNet
where clear line-of-sight exists between a BharatNet Point of Presence and nearby buildings such as schools,
primary health centres, block offices, Common Service Centres (CSCs), or village clusters.

One of the key advantages of FSOC in the BharatNet context is the absence of spectrum licensing and
coordination requirements. Unlike microwave links, which require spectrum assignment and regulatory
approvals, FSOC can be deployed without consuming scarce RF spectrum. This significantly reduces
administrative lead times and costs, enabling faster utilisation of existing BharatNet fibre capacity. For
government-led connectivity projects, this translates into quicker service rollout and improved return on
public investment, particularly in rural areas where delays in approvals can impede network utilisation.

FSOC is particularly well suited for short to medium distance links, such as connecting multiple Gram
Panchayats within a block, linking BharatNet nodes to village institutions, or extending connectivity across
physical barriers like rivers, roads, or railway lines where fibre trenching is expensive or impractical. In many
rural Indian settings, terrain, right-of-way issues, and seasonal disruptions delay fibre deployment, while
microwave tower installation may not be economically viable. FSOC, mounted on existing buildings or poles,
can overcome these constraints and deliver fibre-like speeds without civil works.

From a capacity perspective, FSOC can deliver gigabit and multi-gigabit throughput, making it suitable for
aggregating traffic from PM-WANI Wi-Fi hotspots, schools, health facilities, and local government offices
connected to BharatNet. This is particularly relevant as rural demand for data-intensive services such as
online education, telemedicine, digital payments, and e-governance continues to grow. By enabling high-
capacity distribution of BharatNet bandwidth, FSOC can help improve offtake and utilisation of the fibre
already deployed at the Gram Panchayat level.

FSOC also aligns well with BharatNet's objectives of cost efficiency and local deployment. Short-distance
FSOC links can often be deployed at lower cost than microwave links, as they do not require tall towers,
licensed spectrum, or extensive interference planning. This makes them suitable for deployment by state
agencies, BharatNet Udyamis, or local service providers, including PM-WANI operators, thereby supporting
decentralised service delivery and rural entrepreneurship.

However, given India's diverse climatic conditions, FSOC's sensitivity to fog, heavy rain, and dust must be
carefully considered. As such, FSOC is best positioned as a complementary technology within the BharatNet
architecture, used alongside fibre and microwave links, or deployed in hybrid configurations where microwave
or fibre provides redundancy. This approach ensures resilience while maximising the benefits of rapid
deployment and high capacity.

In summary, within the BharatNet framework, FSOC can be particularly effective for extending fibre capacity
over short distances, overcoming last-mile and middle-mile challenges, improving utilisation of existing
infrastructure, and accelerating service delivery to rural institutions and communities. From a policy
perspective, encouraging FSOC as part of a multi-technology toolkit for BharatNet can enhance flexibility,
reduce deployment timelines, and support the broader goals of Digital India and rural development.
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Comparison: Microwave vs LiFivs FSOC

Dimension

Telecom Microwave

LiFi Communication

Free Space Optical

Transmission
Medium

Spectrum &
Licensing

Regulatory
Complexity

Primary Network
Role

Typical Coverage
Range
Line-of-Sight
Requirement
Scalability

& Capacity
Expansion

Interference
Profile

Security
Characteristics

Deployment
Speed

Infrastructure
Requirements

Suitability for
BharatNet

Cost
Considerations

Climate
Sensitivity

Policy
Positioning

Transmission

Radio-frequency (RF)
spectrum (GHz bands)

Uses licensed spectrum;
requires allocation,
coordination, and fees

High — subject to telecom
licensing, spectrum
management, and
interference regulation

Backhaul and middle-mile
connectivity

Several km to tens of km

Generally required at higher
frequencies

Capacity scaling requires
additional spectrum and
planning

Susceptible to RF
interference and weather
(rain fade)

Requires encryption; signals
propagate beyond site

Moderate; approvals and
planning required

Towers, antennas, spectrum
coordination

Core rural backhaul and
long-distance links

Higher CapEx and OpEx due
to spectrum and towers

Rain attenuation at higher
bands

Essential regulated
backbone technology

Visible light (LED-based

modulation)

Uses unlicensed visible
light spectrum; no
spectrum licensing

Low - limited to device
safety and standards

Indoor last-meter /
access connectivity

Room-level or indoor
spaces

Required

Scales by adding light
sources

Immune to RF
interference

Inherent physical
containment within
walls

Fast; uses existing
lighting infrastructure

LED luminaires and
receivers

Indoor access at
GP offices, schools,
hospitals

Low incremental cost
when integrated with
LEDs

Minimal

Innovation-led, access-
layer technology
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Communication (FSOC)

Optical light (near-infrared /
visible)

Does not use RF spectrum;
no spectrum licensing

Low - limited to optical
safety and standards

Short-distance middle-mile
or access connectivity

Hundreds of metres to a few
km

Strictly required

Scales by adding optical
terminals

Immune to RF interference;
sensitive to fog, dust, rain

Narrow beams; difficult to
intercept

Fast; minimal approvals

Rooftop/pole-mounted
optical units

Short-range extension of
BharatNet fibre to nearby
villages or institutions

Cost-effective for short links
without civil works

High sensitivity to fog, dust,
heavy rain

Complementary high-
capacity extension
technology
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Conclusion and Way Forward

This White Paper has examined the role of alternate optical wireless communication technologies—
specifically Free Space Optical Communication (FSOC) and Light Fidelity (Li-Fi)—in addressing the structural,
geographic, and economic challenges associated with extending broadband connectivity to rural, remote,
border, and otherwise hard-to-reach regions. While optical fibre and conventional radio-frequency-based
wireless systems remain foundational to national broadband infrastructure, the analysis demonstrates that
these technologies alone are insufficient to deliver universal, resilient, and cost-effective connectivity across
diverse deployment environments. Alternate technologies must therefore be viewed not as replacements, but
as complementary enablers capable of filling critical gaps where traditional approaches encounter technical,
financial, or operational limitations.

FSOC and Li-Fi represent two distinct yet synergistic forms of optical wireless communication, each optimised
for different segments of the connectivity value chain. FSOC is particularly well suited for outdoor, long-
distance, point-to-point links requiring high capacity, low latency, and strong security, especially in scenarios
where fibre deployment is impractical, delayed, or economically unviable. Its immunity to electromagnetic
interference and operation in unlicensed optical spectrum further enhance its relevance for backhaul and
middle-mile connectivity, disaster recovery, border areas, and geographically constrained environments.
At the same time, FSOC's dependence on clear line-of-sight and its sensitivity to atmospheric conditions
underscore the need for careful system design, redundancy planning, and adaptive mitigation strategies to
ensure reliability at scale.

Li-Fi, by contrast, is best positioned as a short-range, indoor, multi-user access technology that leverages
the vast, unlicensed visible light spectrum to deliver high-speed wireless connectivity. Although Li-Fi has
not yet achieved mass-market adoption due to limitations related to coverage, mobility, uplink design,
and susceptibility to environmental conditions, real-world deployments demonstrate its tangible value
in controlled environments and specialised use cases. These include rural public institutions, healthcare
facilities, industrial settings, RF-restricted zones, and security-sensitive locations where conventional
wireless solutions are constrained or unsuitable. When integrated with existing lighting infrastructure, Li-Fi
offers a distinctive opportunity to combine illumination and data delivery in a secure, energy-efficient, and
infrastructure-leveraged manner.

The White Paper further finds that hybrid networking models—particularly those combining Li-Fi with Wi-Fi—
offer the most practical pathway for scalable and user-centric deployment. Hybrid architectures allow Li-Fi's
high-throughput capabilities to be complemented by Wi-Fi's mature mobility management, non-line-of-sight
coverage, and broad device compatibility. The effectiveness of such systems depends critically on intelligent
load balancing and seamless handover mechanisms, which together mitigate Li-Fi's inherent constraints
related to small coverage areas, blockage sensitivity, and uplink limitations. With appropriate architectural
and protocol design, hybrid Li-Fi/Wi-Fi systems can deliver higher aggregate capacity, improved quality of
service, and greater reliability than standalone solutions.

Beyond conventional indoor access, Li-Fi also exhibits significant promise in specialised domains such as
underwater and maritime communication, where radio-frequency technologies are fundamentally limited. Its
ability to support high-speed, low-latency optical links enables applications ranging from diver communication
and underwater robotics to sensor networks and port operations. While challenges related to turbidity,
alignment, and range remain, ongoing advances in hybrid optical-acoustic systems and adaptive optical
techniques continue to strengthen the feasibility of Li-Fi in these environments.

Looking ahead, the evolution of Li-Fi will be shaped by its integration with emerging technologies such as
intelligent reflecting surfaces, artificial intelligence-driven network optimisation, advanced optical hardware,
and hybrid RF-optical architectures. In the context of future 6G networks, Li-Fi is expected to function as
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a component of heterogeneous, ultra-dense, and context-aware communication systems rather than as a
standalone access technology. These developments reinforce the importance of viewing Li-Fi as part of a
broader, layered connectivity ecosystem rather than as an isolated solution.

From a broader developmental and policy perspective, the strategic deployment of FSOC and Li-Fi carries
implications that extend beyond connectivity metrics alone. When deployed thoughtfully, these technologies
can contribute to narrowing the digital divide by enabling affordable and reliable access to digital services
in regions that have historically remained underserved. Improved connectivity can directly support better
educational outcomes through digital learning, expanded healthcare access via telemedicine, more efficient
delivery of government services, enhanced agricultural productivity through information access, and greater
financialinclusion through digital payment and banking platforms. However, realising these outcomes requires
deliberate policy choices that prioritise inclusivity, affordability, and accessibility—particularly for women,
marginalised communities, and economically vulnerable populations.

Equally important is the role of institutional coordination and sustainability. The translation of technological
potential into durable social and economic impact depends on coherent policy frameworks, regulatory clarity,
capacity building, and digital literacy initiatives. Public-private partnerships and cross-sector collaboration—
especially between the power, communications, academic, and industrial ecosystems—will be essential to
align infrastructure deployment with local development objectives. At the same time, integrating renewable
energy sources and energy-efficient design into connectivity strategies can ensure that digital expansion in
rural and remote regions is environmentally sustainable and aligned with broader climate and energy goals.

In conclusion, FSOC and Li-Fi should be positioned as strategic complements to existing broadband
technologies, deployed selectively to address connectivity challenges that cannot be efficiently resolved
through fibre or RF-based systems alone. With continued technological maturation, ecosystem integration,
and supportive policy intervention, these alternate optical wireless technologies can play a meaningful role in
advancing universal, resilient, and inclusive digital connectivity—particularly for rural and remote regions that
have long remained at the margins of the digital economy.
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