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Executive Summary

India’s agricultural sector, which underpins the livelihoods of nearly 46 per cent of the national workforce
and contributes approximately 18.0 per cent of Gross Value Added, stands at a pivotal technological
inflection point. The emergence of fifth-generation (5G) wireless networks, offering ultra-low latency,
massive device connectivity, and high-speed data transmission, presents an unprecedented opportunity
to accelerate the country’s transition towards smart, sustainable, and inclusive agriculture. This policy
paper examines the technical capabilities of 5G, their relevance to India’s predominantly smallholder
agricultural economy, the current state of deployment, the enabling conditions required for adoption, and
the strategic considerations that should guide policy action.

India’s 5G deployment trajectory has been among the fastest globally. By December 2024, over 4.62
lakh 5G Base Transceiver Stations (BTS) had been deployed across 779 districts; by December 2025, 5G
coverage had extended to 99.9 per cent of districts. Complementing this wireless expansion, the BharatNet
programme has connected 2.14 lakh Gram Panchayats with optical fibre infrastructure. Yet a substantial
gap persists between administrative-level coverage and farm-level service availability, particularly for the
low-latency and high-device-density service configurations essential to precision agriculture applications.

5G'’s three core service configurations, enhanced Mobile Broadband (eMBB), Ultra-Reliable Low-Latency
Communications (URLLC), and massive Machine-Type Communications (mMTC), collectively enable a
range of agricultural applications, like real-time loT-based precision irrigation and soil monitoring; UAV-
based crop surveillance and variable-rate input prescription; autonomous machinery control; Al-driven
livestock health monitoring; cold-chain traceability; and advanced agricultural research through digital
twins and genomic data transfer. Evidence from domestic pilots, including the ICAR Al Smart Pheromone
Trap (achieving a 38.6 per cent reduction in pesticide use and an 18.5 per cent yield gain in Punjab’s
cotton districts) and the Al4Al initiative in Telangana (recording a 21 per cent yield increase among 7,000
chilli farmers), demonstrates that precision agriculture technologies can deliver meaningful and multi-
dimensional gains under Indian smallholder conditions.

However, the translation of 5G’s technical potential into broad-based agricultural outcomes faces
significant structural constraints. These include, an urban-rural digital infrastructure gap (rural internet
subscribers at 44.16 per 100 versus 111.75 in urban areas); device affordability barriers that place loT
and drone technology beyond the reach of individual smallholders whose monthly income averages
approximately Rs 10,218; a digital literacy deficit (only 46 per cent all-India average for functional digital
skills); the absence of agriculture-specific data governance provisions; the lack of an integrated national
5G agriculture strategy; and environmental externalities relating to e-waste, battery disposal, and the
energy intensity of 5G infrastructure.

International experience from China, Taiwan, the European Union, and the United States, alongside
India’s own domestic pilot evidence, consistently demonstrates that connectivity infrastructure alone is
insufficient to generate agricultural transformation; outcomes depend critically on the parallel development
of institutional coordination, collective access models, farmer-centric service design, and robust data
governance frameworks. Building on this evidence, the paper identifies eight strategic considerations,
spanning foundational infrastructure, institutional architecture, smallholder affordability, service design,
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human capacity, data governance, domestic innovation ecosystems, and climate integration, that together

constitute a coherent policy pathway towards an inclusive 5G-enabled agricultural transformation.

Key Policy Recommendations

1.

Converge BharatNet, terrestrial 5G, LEO satellite, and Wi-Fi mesh into a unified rural connectivity
ecosystem that targets farm-level access, with priority investment in eastern Indian states where
smallholder concentration and digital gaps coincide most acutely.

Establish a National 5G Agriculture Mission, jointly anchored by the Department of Telecommunications
and MoA&FW, to provide strategic coherence, integrate existing schemes, and drive coordinated
implementation across ministries and states.

Through Kisan Credit Card financing and targeted capital subsidies for collective procurement,
strengthen the Farmer Producer Organizations (FPOs), Cooperatives, and Custom Hiring Centres
as the principal channels for delivering 5G-enabled technologies, 10T solutions, and digital advisory
services.

Develop an integrated, interoperable farmer-facing digital platform combining AgriStack, Krishi-
Decision Support System (DSS), Bharat-VISTAAR, and e-NAM, with vernacular voice advisories and
simplified interfaces designed for low-literacy, rural users.

Enact agriculture-specific data governance provisions under the Digital Personal Data Protection
(DPDP) Act, 2023, establishing enforceable farmer data ownership rights, consent mechanisms, and
safeguards against commercial exploitation of farm-level data.

Strengthen KVKs and ICAR as frontline digital extension and innovation hubs, train rural youth as
Digital Farm Service Providers, and establish Centres of Excellence for Digital Agriculture to develop
smallholder-appropriate, region specific technologies.
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5G-Powered Agriculture:
Challenges and Opportunities
for Indian Smallholders

1. Background

Indian agriculture remains a cornerstone of the national economy, playing a critical role in ensuring food
security, generating employment, and supporting rural livelihoods despite the ongoing structural shift
towards industry and services. Since independence, Indian agriculture has witnessed remarkable growth,
transforming the country from a food-deficient economy into one of the world’s largest agricultural
producers. Total food grain production increased from 50.8 million tonnes in 1950-51 to a record 357.73
million tonnes in 2024-25 (PIB, 2025q), reflecting substantial gains in productivity driven by technological
advancement, irrigation expansion, improved varieties, and institutional support. Agriculture and allied
sectors contributed approximately 18.0 per cent of national Gross Value Added (GVA) in recent years (Gol,
2025) and continue to be significant to state economies, particularly in agriculturally intensive states. The
sector also continues to be the largest source of livelihood, employing nearly 46.1 per cent of the workforce
(Gol, 2024). India is a major global agricultural trading nation, with agriculture and allied commodities
accounting for around 11-12 per cent of merchandise exports, particularly rice, marine products, spices,
and horticultural produce (PIB, 2026). Globally, India’s share in world agricultural exports and imports stood
at 3.04 per cent and 2.47 per cent, respectively, in 2024, placing it among the top ten global agricultural
exporters (WTO's Trade Statistical Review, 2023).

While India has achieved broad food grain self-sufficiency and maintains substantial buffer stocks, a
rising population, dietary diversification, climate risks, and natural resource degradation continue to
pose challenges to sustaining the balance between future food demand and supply. Additionally, the
structural characteristics of Indian agriculture makes it harder to adopt new technologies. According to
the Agricultural Census 2015-16, approximately 86 per cent of operational holdings are held by small and
marginal farmers, with the average size of operational holding below 2.0 hectares; and approximately 33
per cent of farm households operate on less than 0.4 hectares (Gol, 2021). Further, the average monthly
income of agricultural households in India was approximately Rs 10,218 (NSO, 2021), though substantial
interstate disparities persist, and incomes among small and marginal farmers remain considerably lower
than the national average, constraining investment in advanced technologies and limiting the adoption
of futuristic agricultural solutions. Moreover, by the year 2047, India envisions itself in the league of the
developed economies with a significant contribution from the agriculture sector. The smallholders, who
are at the forefront of Indian agriculture, should therefore be leveraged to adopt the futuristic digital
innovations that strengthen them in taking timely decisions and improving efficiency. However, does
the existing agricultural ecosystem allow them to embrace the frontier innovations? What are the key
challenges and opportunities for them to adopt and use such digital innovations or technologies?

Answering these questions amidst the growing resource constraints, farm-level fragmentation, and income
limitations while simultaneously pursuing the Viksit Bharat 2047 vision requires a fundamental shift in how
agricultural information, inputs, and services reach the farm gate. Digital technologies, spanning real-time
advisories, precision resource management, market linkages, and climate-responsive decision support,
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offer a pathway to decouple productivity and income gains from proportional increases in land, water,
and input use, while simultaneously generating the granular, high-frequency data needed to manage
natural resources sustainably at scale. India’s experience with digital public goods, from Aadhaar-enabled
service delivery to the Unified Payments Interface, demonstrates that, well-designed digital infrastructure
can leapfrog conventional adoption barriers and reach even the smallest and most resource-constrained
farm households. Digital Agriculture via the emerging fifth generation (5G) wireless ecosystem represents
the next frontier in this trajectory, offering connectivity characteristics of ultra-low latency, massive device
density, and high-speed data transmission that are particularly suited to the real-time, sensor-driven,
and data-intensive applications that precision agriculture demands. However, realising this potential for
India’s smallholder-dominated farm sector requires understanding both what 5G technically enables and
how its specific characteristics map onto the agronomic, economic, and institutional realities described
above.

The objectives of the policy paper are to examine:

a) the prerequisites and current status of 5G technologies in Indian agriculture

b) the existing policy canvas to scale digitalization of agriculture and policy gaps in it
c) global and domestic experiences and lessons and

d) the challenges in its scaling and adoption

This policy paper therefore discusses the evolution of telecommunication technologies in India in the
second section, while section three discusses the evolution of digital connectivity in Indian agriculture.
Section four empahizes on the possible areas or sub-sectors where 5G-enabled technologies can be
employed for resource optimization, monitoring, input applications, decision making, marketing and trade
etc. Subsequently, section 5 highlights the pillars of digital agriculture and assesses their current status
in Indian agriculture. Section six emphasises the existing policies supporting digitalization of agriculture
and also highlights the policy gaps with a view to understanding the priorities for scaling of digitalization
of agriculture. Moreover, the section seven provides evidence of where digital technologies have been
used in India and abroad and what the transferable lessons are from the global experiences for India.
While acknowledging its scaling in agriculture, section eight highlights the challenges of digitalization
with special reference to Indian smallholders. Despite the challenges, section nine provides a phased
roadmap and strategies for addressing these challenges. Subsequently, the paper provides a way forward
and concludes.

2. Telecommunication Technologies: Global Developments and Indian
Transition

The fifth generation (5G) of cellular network technology represents a significant departure from preceding
generations, distinguished architecturally by three service configurations whose combined characteristics
are particularly important for agricultural applications. First, the enhanced Mobile Broadband (eMBB),
delivers substantially higher data throughput than 4G networks. Under optimal conditions, 5G can provide
data speeds approximately 25 times greater than 4G, with theoretical peak speeds reaching up to 10
Gbps, enabling the transmission of high-resolution imagery, video-based advisory content, and large
geospatial datasets that were previously constrained by bandwidth limitations. Second, the Ultra-Reliable
Low-Latency Communications (URLLC), which is engineered to support near-instantaneous machine-
to-machine communication, with theoretical latency of about 1 millisecond, a capability that underpins
real-time responsiveness in applications such as autonomous farm machinery, robotic harvesting, and
precision spraying systems, where delayed signal transmission could result in operational or safety failures.
Third, the massive Machine-Type Communications (mMTC), which enables simultaneous connectivity
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for up to one million Internet of Things (loT) devices per square kilometre (Neng et al.,, 2022), a density
sufficient to support extensive networks of soil moisture sensors, weather stations, livestock trackers, and
crop-monitoring devices distributed across fragmented agricultural landscapes. Collectively, these three
configurations create the enabling technical conditions for precision agriculture, real-time autonomous
machinery application, large-scale sensor-based monitoring, instantaneous market intelligence and
applications that were either technically infeasible or economically prohibitive under 4G infrastructure,
where latency, bandwidth, and device-density constraints imposed binding limits on the scale and
responsiveness of digital agricultural services.

Globally, the evolution of telecommunication technologies has proceeded through a series of paradigm
shifts, each expanding the speed, reach, and interactivity of communication. Early communication systems
relied on visual and mechanical signalling methods, which were gradually superseded by electrical
telecommunications following the invention of the telegraph in the nineteenth century. The telegraph
enabled, for the first time, the long-distance transmission of coded messages across vast distances within
minutes rather than days or weeks, while the subsequent invention of the telephone introduced real-
time voice communication, fundamentally altering the texture of interpersonal and commercial interaction.
The twentieth century witnessed the successive expansion of radio and television broadcasting as mass
communication media, followed by the development of communication satellites and submarine cables,
which, together with packet-switched networks, laid the technical foundation for the modern internet. The
subsequent introduction of mobile telecommunication technologies, progressing from first-generation (1G)
analogue voice networks and second-generation (2G) digital networks through to broadband-enabled
third-generation (3G) and fourth-generation (4G) systems, substantially expanded global digital access,
extending connectivity from fixed infrastructure to mobile, personal devices. Most recently, the emergence
of fifth-generation (5G) networks alongside Low Earth Orbit (LEO) satellite constellations has enabled
ultra-high-speed, low-latency connectivity capable of supporting the Internet of Things (loT), automation,
and remote service delivery at scales previously unattainable, precisely the capabilities, as outlined in the
preceding section, that hold particular relevance for precision agriculture applications.

Pre-1947
1850: Telegraph line between Calcutta and Diamond Harbour
1882: Telephones in Bombay & Madras (limited to urban areas)

Pre-1800s
Smoke signals, drums, beacons and semaphore
systems used for long-distance communication.

1837-1890s

1837: Electric telegraph (Morse code)
1876: Telephone (voice communication)
1890s: Wireless telegraphy (Marconi)

1920s-1930s
1920s: Radio broadcasting begins.
1930s: Television broadcasting begins

1947-1990s

1948: Indian Telephone Industries (ITl) set up
1980: ~2.5 million landlines

1991: 1G mobile service launched in Delhi

1990s-2000s

1994: National Telecom Policy liberalized
1995: 2G services launched

2000: 1.9 million mobile subscribers
1997: TRAI established

2008: ~300 million mobile subscribers

2010s-2020

2010: 3G services rollout

2016: Jio launches 4G

2015-2020: Internet users grow from 343 million to 704 million
BharatNet connects 100,000+ gram panchayats

1950s-1970s

1950s: Microwave relay & transatlantic cable (1956)
1962: Telstar satellite for TV

1969: ARPANET (early internet)

1970s: Fiber-optic communication

1980s-1990s

1980s: 1G mobile networks
1990s: World Wide Web public

1990s: 2G networks, SMS, VolP

1995: Internet reaches 16 million users
2000s-2020s 2022: 5G spectrum auction; rollout begins

2000s: 3G, then 4G networks Aug 2025: 150 million 5G users

2007: Smartphones emerge PM-WANI & BharatNet aim for 100% village connectivity
2019: 5G launches

2020s: Satellite internet & Al-driven communication;
5+ billion people online

2020-2025

LT

5G enables loT in agriculture; potential yield boost of 15-30%

Fig. 1: Evolution of telecommunication technologies in the world and India
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India’s telecommunications trajectory broadly mirrors these global transitions, while being distinctly
shaped by the interplay of public investment, regulatory reform, and market competition. The origins of
India’s telecommunications infrastructure date to the colonial period, with telegraph networks established
in the 1850s, followed by the introduction of urban telephone services in the late nineteenth century.
In the post-independence period, the telecommunications sector remained predominantly state-led until
the economic liberalisation reforms of the 1990s. The National Telecom Policy of 1994 and subsequent
regulatory reforms accelerated private sector participation in the sector and catalysed mobile telephony
adoption at scale, a liberalisation that, as discussed below, directly enabled the entry of private operators
into mobile services. Since 2022, the deployment of 5G networks alongside emerging satellite broadband
platforms has been shaping the next phase of India’s digital connectivity, with particular significance for
extending inclusive access to underserved rural and geographically remote regions (Figure 1).

3. Evolution of Digital Connectivity in Indian Agriculture

While section 2 traced the broad arc of India’s telecommunications development from its colonial-era
origins to the present 5G transition, this section discusses how successive waves of connectivity technology
have specifically intersected with, and progressively reshaped the agricultural sector, culminating in the
current convergence of communication and agricultural data infrastructure that forms the central subject
of this policy paper.

India’s telecommunications history, spanning from colonial telegraph infrastructure established in 1850 to
one of the world’s fastest 5G deployments since 2022, has at each stage carried implications for rural and
agricultural connectivity, even where such implications were not the primary intent of policy at the time.
The 1994 National Telecom Policy, in liberalising the sector as noted above, enabled private operators,
including Airtel and Vodafone, to introduce 2G services in 1995, generating approximately 1.9 million
subscribers by 2000 (Gruber, 2005), a foundation that, while modest in agricultural application at the
time, established the regulatory and market precedent for subsequent private-sector-led connectivity
expansion. The more pivotal transition for rural and agricultural connectivity occurred with the commercial
launch of Reliance Jio's 4G network in 2016, which increased India’s internet user base from 343 million
to 704 million by 2020 and catalysed the substantial reduction in data costs that has since been central
to the expansion of rural connectivity. In parallel, the BharatNet programme has extended terrestrial fibre
connectivity into rural India on a considerable scale. As of January 2025, 2.14 lakh Gram Panchayats
had been connected with the internet through BharatNet, with 6.92 lakh kilometres of optical fibre cable
laid and 1.04 lakh Wi-Fi hotspots installed at Gram Panchayats. Thus, it is improving the foundational
connectivity layer upon which subsequent agricultural digital services, including the National Agriculture
Market (e-NAM) and various digital advisory platforms could be built (Swain et al., 2022).

The current period represents a qualitatively distinct inflection point in the trajectory of Digitalization
of Indian Agriculture. Unlike earlier phases, in which connectivity infrastructure expanded largely
independently of, and often considerably ahead of, agricultural digital applications, the current moment is
characterised by the simultaneous development of 5G deployment alongside dedicated agricultural data
infrastructure initiatives, namely the Digital Agriculture Mission (2024), the AgriStack architecture, and
the Bharat-VISTAAR multilingual artificial intelligence advisory platform. This concurrent development
of communication infrastructure and agricultural data infrastructure constitutes the central structural
opportunity, like the physical connectivity layer and the agricultural information layer are being designed
and deployed in close temporal proximity, raising the prospect of more deliberate integration than was
feasible in earlier technology transitions.
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This convergence has been further reinforced by complementary digital infrastructure and initiatives at the
national level. India’s progress in deploying digital infrastructure has been notably rapid by international
standards. Following the commencement of 5G spectrum auctions in 2022, India has recorded what
has been described as the world’s fastest commercial 5G rollout. By December 2024, 462,084 5G Base
Transceiver Stations (BTS) had been deployed across 779 districts, alongside 2,496,644 4G BTS spread
across 783 districts. This expansion has been accompanied by substantial gains in network performance
and affordability. Consequently the median mobile broadband speed increased from 1.30 Mbps in March
2014 to 95.67 Mbps, while the cost of mobile data fell from approximately Rs 269 per GB in March 2014
to around Rs 9 per GB in 2024 (PIB, 2024), placing India among the most affordable data markets globally.
By December 2025, this expansion had reached near-universal geographic coverage, with 5G connectivity
covering 99.9 per cent of districts, supported by more than 5.18 lakh base transceiver stations. On the
other front, the Digital India Initiative, launched in 2015, brought over 270 million people online within
eight years, in the process generating a broader agri-tech startup ecosystem and creating the institutional
appetite for sector-specific digital innovation. This momentum found explicit expression in the agricultural
domain at the India Mobile Congress in 2023, where the establishment of 5G use-case laboratories across
100 educational institutions was announced (Gol, 2023).

4. Applications of 5G Technologies in Agriculture and Allied Sectors

Having traced the historical evolution of telecommunications infrastructure and its progressive convergence
with agricultural digital systems, this section turns to the substantive question of where, specifically, 5G
connectivity translates into actionable value across the agricultural economy. The applications discussed
below are organised according to the principal sectors of Indian agriculture, crop production, livestock and
fisheries, marketing and value chains, and agricultural research, with particular attention to their relevance
for smallholder operating conditions, which, as established in the introductory sections, characterise the
overwhelming majority of India’s farm holdings. It is noteworthy to mention that the applications mentioned
here represent the range of documented and emerging use cases reported in the literature; their practical
realisation for Indian smallholders remains contingent upon the prerequisite conditions examined in the
section that follows.

4.1 Crop Production Systems

Within field crop systems, encompassing cereals, pulses, and oilseeds, which together constitute the bulk
of India’s cultivated area, 5G connectivity enables precision farming through the real-time collection and
transmission of data from Internet of Things (loT) soil sensors, unmanned aerial vehicles (UAVs), and
autonomous machinery. UAVs equipped with multispectral, thermal, hyperspectral, and LiDAR sensors
are able to transmit high-definition imagery over 5G networks to edge computing platforms, which in
turn generate variable-rate input prescriptions for nutrient and water management (Rehman et al., 2025).
Drones supported by 5G connectivity can additionally be deployed for the detection of pests, diseases, and
weeds, enabling targeted pesticide application following Al-driven analysis of field conditions (Hyndavi et
al,, 2025). At the field level, 5G-enabled loT sensors capable of measuring soil moisture, nutrient status,
pH, and temperature in real time offer the prospect of precision irrigation scheduling and reduced input
wastage, outcomes of particular significance given the natural resource constraints.

In horticultural production, 5G networks support smart greenhouse systems in which dense sensor networks
regulate temperature, humidity, and light conditions to optimise crop growth environments. Documented
applications in this domain extend to robotic harvesting systems, precision pest detection through machine
vision, and cold-chain loT monitoring for perishable produce logistics. Within commercial crop systems,
including cotton, sugarcane, tea, coffee, and spices, areas of demonstrated application include machine
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vision-based grading, early pest and disease surveillance, and real-time yield mapping. Agroforestry
systems, similarly, stand to benefit from LiDAR-equipped drone mapping of canopy dynamics and carbon
stock monitoring, the latter holding particular relevance for emerging climate finance mechanisms.

A further dimension of relevance lies in the potential for 5G connectivity to enhance existing digital
extension infrastructure. The International Rice Research Institute’'s (IRRI) Rice Crop Manager (RCM)
application, which provides field-specific nutrient and crop management recommendations, represents
one such existing platform whose effectiveness could be substantially augmented through real-time data
integration and Al-driven personalisation enabled by high-speed connectivity.

4.2 Livestock, Dairy, and Fisheries

The livestock and dairy sector constitutes a critical component of smallholder livelihoods in India, which
is the world’s largest consumer of dairy products, with the dairy sector contributing approximately 5
per cent of national GDP and supporting millions of smallholder households (PIB 2025). In this domain,
5G-enabled wearable devices, including smart collars, ear tags, and rumen boluses, offer the capability
to continuously transmit animal health parameters such as body temperature, heart rate, rumination
patterns, and movement to edge computing platforms, facilitating early detection of conditions such as
mastitis and lameness (Vithalrao et al., 2025). Complementing this, precision feeding systems integrated
with automated milking parlours can adjust individual animal diets according to specific requirements, with
potential improvements in both milk yield and quality alongside reductions in feed wastage. Within the
poultry sub-sector, the combination of high-density sensor networks, monitoring temperature, humidity,
ammonia levels, and feed consumption, with computer vision systems connected over 5G, presents an
opportunity to reduce mortality rates and improve feed conversion ratios, a consideration of particular
importance given India’s position as the world’s third-largest egg producer.

Infisheries and aquaculture, a sectorin which India ranks as the second-largest global producer, 5G-enabled
underwater loT sensors capable of monitoring dissolved oxygen, pH, turbidity, and temperature could
enable real-time adjustment of aeration and feeding systems. This capability carries particular economic
significance given that feed costs account for approximately 60 per cent of aquaculture production
expenses (Prasath et al., 2025). The integration of blockchain technology with 5G-enabled tracking devices
for end-to-end traceability, from harvest through to consumer, further holds relevance for strengthening
India’s export competitiveness in this sector.

4.3 Agricultural Marketing and Value Chains

Inefficiencies in agricultural marketing, encompassing information asymmetry, poor logistics coordination,
and post-harvest losses, have historically constrained both farmer income and consumer welfare in India.
In this context, 5G connectivity offers the prospect of strengthening real-time price discovery through
deeper integration with the National Agriculture Market (e-NAM) platform, connecting farmers and
Farmer Producer Organisations (FPOs) to buyers across geographies through automated grading, digital
payments, and smart contracts. While the e-NAM platform has already facilitated the transaction of
significant volumes of agricultural commodities, enhanced 5G connectivity could further strengthen its
operational effectiveness by enabling remote quality grading, thereby reducing the time and cost burden
associated with physical mandi presence for smallholder farmers.

Cold-chain logistics represent a further area of substantial potential impact. Supported by 5G-enabled loT
trackers that monitor temperature and handling conditions in real time, such systems could meaningfully
reduce post-harvest losses, which are currently estimated at 15-20 per cent for fruits and vegetables in
India (Khanday et al., 2025). Beyond domestic marketing efficiency, blockchain-linked traceability systems
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integrated with 5G infrastructure could improve compliance with international food safety standards,
including GlobalGAP and HACCP, thereby supporting India’s export competitiveness across key commodity
groups such as basmati rice, spices, tea, coffee, and aquaculture products.

4.4 Agricultural Research

Beyond on-farm and market-facing applications, 5G networks present substantial opportunities for
advancing agricultural research capacity. In the domain of genomics research, 5G connectivity enables
faster transfer of large datasets between sequencing facilities and bioinformatics platforms, with
corresponding potential to accelerate breeding programmes for climate-resilient varieties, an outcome
directly relevant to the natural resource and climate risk challenges identified at the outset of this paper.
Furthermore, 5G-connected research farms could enable systematic evaluation of the impacts of precision
irrigation and climate-smart practices on greenhouse gas emissions and water productivity, generating
an evidence base to inform future policy and programme design.

The applications mentioned across these four domains illustrate the considerable breadth of 5G’s potential
contribution to Indian agriculture, spanning productivity enhancement, resource efficiency, risk reduction,
market integration, and research capacity. However, the realisation of this potential at the scale of India’s
smallholder-dominated farm sector cannot be assumed to follow automatically from the availability of
5G infrastructure alone. The translation of these technical possibilities into on-the-ground outcomes is
contingent upon a range of enabling conditions, discussed in the next section.

5. Pillars of Digital Agriculture and Current Status of 5G in Indian Agriculture

The above applications represent technical possibilities whose realisation for India’s smallholder farming
population is contingent upon the simultaneous fulfilment of several enabling conditions. Rather than
treating 5G as a discrete technological intervention, this section adopts a systems perspective, assessing
the current status of five interrelated prerequisite dimensions, digital infrastructure, technological
accessibility and affordability, digital literacy, data security and privacy, and the policy and regulatory
environment, each of which functions as a potential binding constraint on the translation of 5G’s technical
capabilities into agricultural outcomes.

5.1 Digital Infrastructure

The foundational layer of any 5G-enabled agricultural ecosystem is the underlying connectivity
infrastructure, and a pronounced urban-rural disparity characterises India’s current position in this regard.
As of December 2024, overall wireless tele density stood at 85.67 per cent, with urban tele density at
133.72 per cent compared to rural tele density of 59.19 per cent (TRAI, 2024). A similar disparity is evident
in internet subscription, with internet subscribers per 100 population recorded at 111.75 in urban areas
against 44.16 in rural areas (TRAI, 2024).

At the same time, basic 4G availability has reached near-universal levels, approximately 95.60 per cent
of Indian villages had access to 4G internet as of December 2024 (PIB, 2025b). This near-universal 4G
coverage across most Indian states establishes a foundation upon which the transition to 5G can, in
principle, be built (Figure 2). However, these national averages obscure significant sub-national variation
of direct relevance to agricultural policy: states with substantial agricultural populations, including
Bihar, Odisha, Chhattisgarh, and parts of Arunachal Pradesh, remain below national averages in rural
connectivity (PIB, 2024).
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Afurther,and arguably more structurally significant, gap lies not between states but between administrative
and farm-level connectivity. While the BharatNet programme has achieved service-readiness at 2.14 lakh
Gram Panchayats (GPs), the extension of active high-speed service to individual farms, frequently located
1-10 kilometres from the GP node, depends on a separate ecosystem of commercial service providers, local
cable operators, and Wi-Fi extenders. Consequently, a substantial number of GPs possess infrastructure
that has not yet translated into active service provision sufficient to support agricultural oT applications.
These infrastructural and digital capability gaps are particularly pronounced in eastern Indian states
such as Bihar, Odisha, and Jharkhand, where smallholder dominance, climate vulnerability, fragmented
landholdings, and comparatively lower digital penetration coexist. This coincidence of constraints suggests
that these regions may warrant consideration as strategic pilot zones for inclusive 5G-enabled agriculture
models that integrate connectivity, digital extension, climate advisories, and FPO-based service delivery.
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Fig. 2: Percentage of rural population having access to 4G and above mobile technology
Source: NSO, 2024

Table 1: Urban-Rural digital connectivity indicators, India (2024)

S.No Indicator Urban Rural
1. Wireless tele density (%) 133.72 59.19
2. Internet subscribers per 100 111.75 44.16
3. ARPU R)* 180 149
4. 5G BTS per District ~593 (National avg.) Very sparse
*ARPU = Average Revenue Per User. Source: TRAI (2024); PIB (2025).

The lower Average Revenue Per User (ARPU) observed in rural regions, Rs 149 compared to Rs 180 in
urban areas in 2024 (TRAI, 2024), reflects lower purchasing power and digital consumption intensity
(Table 1). This dynamic has historically discouraged private telecom operators from accelerating rural 5G
investment and constitutes what may be characterised as a structural market failure in the provision of
rural agricultural connectivity.
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5.2 Technological Accessibility and Affordability

Beyond network infrastructure, the accessibility and affordability of end-user devices and technologies
represent a second critical prerequisite dimension. At the aggregate level, India’s connectivity penetration
has expanded considerably. As of October 2024, India had approximately 1.12 billion cellular mobile
connections, representing 76.6 per cent of the population (GSMA, 2024), comprising 660 million urban and
530 million rural subscribers (PIB, 2025b). At the start of 2025, approximately 806 million individuals used
the internet, representing an online penetration rate of 55.3 per cent (Kemp, 2025). Over the preceding
decade, broadband connections grew from 61 million in March 2014 to 949 million in August 2024,
representing a 1,452 per cent increase (PIB, 2024).

Notwithstanding these aggregate gains, mobile phone usage among rural populations exhibits
considerable inter-state variation, with direct implications for which farming populations are positioned
to access 5G-enabled agricultural services (Figure 3). NSO (2024) data indicate that while states such
as Kerala (95.3%), Tamil Nadu (91.3%), Andhra Pradesh (92.9%), and Gujarat (91.1%) report high rates
of rural mobile usage, states with large smallholder populations, including Bihar (79.3%), Chhattisgarh
(70.9%), and Odisha (76.8%), lag considerably. A substantial proportion of smallholders in these states
continue to rely on feature phones lacking the capability to support agricultural management applications,
representing a device-level constraint that is distinct from, though compounded by, the infrastructure gaps
identified in subsequent sections.

Device-level affordability presents a further constraint specific to precision agriculture technologies. The
indicative costs of key 5G-enabled agricultural technologies (Table 2) illustrate the scale of this affordability
challenge for individual smallholders. 10T sensors for one acre are estimated at approximately Rs 15,719,
drone units (quadcopter frames equipped with sprayer modules) at approximately Rs 63,000, smart
irrigation systems for one acre at approximately Rs 27,094, and farm analytics platforms at approximately
Rs 35,000 (IndiaMART, 2025).

¥
Fig. 3: Percentage of rural people able to use mobile (including smartphones)
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Source: NSO, 2024
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Despite improvements in rural income levels reported in the NSSO Situation Assessment Survey (2018-
19), the capital costs associated with drones, loT systems, and precision agriculture tools continue to
exceed the purchasing capacity of most individual smallholders. This affordability gap reinforces the
relevance of collective access models, such as those organised through Farmer-Producer Organisations or
custom hiring centres, as a pathway through which the applications discussed in Section 4 might be made
accessible at the smallholder scale.

Table 2: Indicative Cost of digital devices and technologies (in Rs.)

S. No. Particulars Average cost
1. loT sensors (area 1 acre) 15,719
2 Drones (Quadcopter frame equipped with a sprayer module) 63,000
3. Smart irrigation systems (area 1 acre) 27,094
4 Farm analytics platforms 35,000

Source: IndiaMART.com (2025)

5.3 Digital Literacy

Even where infrastructure and devices are available, the capacity of farmers to meaningfully utilise digital
agricultural services depends on the prevailing level of digital literacy, a dimension that current evidence
suggests represents a particularly binding constraint. The NSSO Comprehensive Annual Modular
Survey 2022-23, covering approximately 302,086 households, found that although over 90 per cent of
the surveyed population had access to a mobile phone, only approximately 60 per cent could use the
internet (NSO, 2024). More granular indicators point to even sharper limitations, i.e., only 53 per cent of
respondents possessed the skills to send messages with attached files, and the all-India average for
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Fig. 4: Percentage of rural population having digital skills to send messages with attached files using
mobile or computer-like devices Source: NSO, 2024
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digital skills as measured by this metric stood at 46 per cent (NSO, 2024). Furthermore, the composition
of existing rural internet usage suggests limited current orientation toward productive applications more
than half of rural internet usage is concentrated on Over-The-Top (OTT) content, communication, social
media, and gaming, with only 30-40 per cent directed toward net commerce, digital payments, or digital
learning (IAMAI, 2024).

Of particular concern from a policy perspective is the geographic distribution of this constraint. Major
agrarian states fall below the national average for digital skills (Figure 4): Bihar (42.9%), Uttar Pradesh
(41.6%), Odisha (40.8%), and West Bengal (40.1%) (NSO, 2024). These states collectively account for
a substantial share of India’s smallholder population, implying that digital literacy constitutes a binding
constraint in precisely those regions where the potential agricultural benefit from 5G connectivity may be
greatest.

5.4 Data Security and Privacy

The deployment of 5G-enabled loT devices across agricultural systems carries implications beyond
connectivity and literacy, extending to the security and privacy of the data generated. The expanded
device ecosystem inherent to smart farming increases the attack surface for cyber threats, including
unauthorised access, data breaches, and cyber attacks (Sontowski et al., 2020). The complex architecture
of smart farming ecosystems presents multiple security challenges, including threats to data confidentiality
and integrity (Gupta et al., 2020). In the absence of robust data protection protocols, farmers may exhibit
reluctance to adopt loT technologies, underscoring the necessity for policy frameworks that safeguard
farmers’ data rights and ensure transparency in data handling practices. While the Digital Personal
Data Protection Act (2023) provides a legislative foundation in this regard, agricultural sector-specific
implementation guidelines remain limited at present.

5.5 Policy and Regulatory Environment

The fifth prerequisite dimension concerns the policy and regulatory framework within which the preceding
four dimensions, infrastructure, affordability, literacy, and data governance, are situated. The Government
of India has undertaken several measures to facilitate 5G rollout more broadly, including spectrum
auctions, financial reforms, simplification of Right-of-Way (RoW) approvals, and the establishment of
Bharat 5G Labs to develop sector-specific applications, including in agriculture (Gol, 2023; PIB, 2025c).
At the same time, certain regulatory frameworks of particular relevance to agricultural deployment
remain underdeveloped. The Captive Non-Public Network (CNPN) framework, which allows enterprises
to deploy private 5G networks for specialised applications (Ojha, 2022), currently lacks clear guidelines
for agricultural institutions, such as ICAR institutes or Farmer Producer Organisations, seeking dedicated
spectrum for on-farm applications. Additionally, the harmonisation of electromagnetic field exposure limits
with international standards, which would facilitate network densification in rural areas, remains an open
regulatory issue.

The assessment across these five dimensions indicates that India’s progress toward 5G-enabled
agriculture is uneven: while certain foundational elements, notably basic 4G coverage and aggregate
connectivity growth, have advanced substantially, critical gaps persist in farm-level connectivity, device
affordability, digital literacy, data governance, and agriculture-specific regulatory clarity, with these gaps
often concentrated in the same geographies that are home to the largest smallholder populations. These
prerequisite conditions do not exist in a policy vacuum; rather, they are shaped by, and in turn shape, the
broader policy landscape governing digital agriculture in India.
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6. Current Policy Landscape

The prerequisite assessment in Section 5 established that India’s readiness for 5G-enabled agriculture is
shaped not only by infrastructure and socioeconomic conditions but equally by the policy and institutional
architecture within which digital agricultural transformation is pursued. This section examines that
architecture in two parts: first, the existing framework of programmes and schemes that collectively
constitute India’s current policy response; and second, the critical gaps that remain unaddressed, creating
a policy vacuum with material consequences for the pace, scale, and equity of 5G adoption in agriculture.

6.1 Existing Framework

India’s current policy environment for 5G in agriculture is characterised by a constellation of sectoral
programmes that, taken individually, each address a dimension of the digital agricultural challenge, yet
have not been formally integrated into a unified 5G-agriculture strategy. Understanding what exists is as
important as identifying what is absent, since the former provides the institutional infrastructure upon
which a more coherent framework could be built.

The most significant recent development in this regard is the Digital Agriculture Mission (DAM), approved
in September 2024 with a total outlay of Rs 2,817 crore. The DAM assembles three foundational Digital
Public Infrastructures (DPIs) of direct relevance to 5G-enabled agricultural services. The first, AgriStack,
comprises the Farmers’ Registry, Geo-referenced Village Maps, and the Crop Sown Registry; as of February
2026, approximately 84 million Farmer IDs had been generated and 235 million farm plots mapped digitally
(MoA&FW, 2026). The second, the Krishi-Decision Support System (Krishi-DSS), integrates geospatial
and non-geospatial data streams, including satellite imagery, soil data, weather information, and scheme
status, into a unified decision-support platform. The third, Soil Profile Mapping, extends digital coverage
to approximately 142 million hectares of agricultural land. These platforms collectively constitute India’s
emerging agricultural data infrastructure and are conceptually complementary to 5G physical connectivity.
It is important to note, however, that the real-time farm-level data delivery that these platforms are
designed to enable is itself contingent upon the quality and reach of the connectivity infrastructure over
which they operate, a dependency that underlines the critical importance of resolving the infrastructure
gaps identified in the preceding section.

Complementing the DAM, Bharat-VISTAAR (the Virtually Integrated System to Access Agricultural
Resources) functions as a multilingual artificial intelligence tool that integrates AgriStack portals
with ICAR’s consolidated package of agricultural practices, providing personalised advisory support
incorporating climate data and farm-level information. As with the DAM platforms, however, its operational
effectiveness is directly contingent on the quality and geographic reach of the connectivity infrastructure
upon which it depends, rendering the resolution of last-mile connectivity constraints a prerequisite for its
full agricultural impact.

At the connectivity infrastructure level, BharatNet continues to provide the rural fibre backbone within
which future 5G densification in agricultural zones must be situated. Extending beyond connectivity
infrastructure, the Namo Drone Didi scheme provides 15,000 drones to Women Self-Help Groups (SHGSs)
with Central Financial Assistance at 80 per cent of the drone package cost, subject to a ceiling of Rs 8
lakh (PIB, 2025c), representing a targeted programme that integrates digital agricultural tools with rural
women’s livelihoods and the collective institutional model discussed earlier. PM-WANI Wi-Fi hotspots at
Gram Panchayats provide a complementary layer of public internet access at the local governance level,
while the Bharat 5G Lab’s initiative supports the exploration of sector-specific 5G applications, including
in agriculture (Gol, 2023q).
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Consideredinaggregate, these programmesrepresent substantial publicinvestment across the connectivity,
data infrastructure, and tools dimensions of digital agriculture. At the operational level, the potential for
convergence among these schemes warrants deliberate policy attention. District-level digital agriculture
coordination platforms, bringing together Krishi Vigyan Kendras (KVKs), district agriculture departments,
telecom service providers, FPOs, Common Service Centres (CSCs), and local governance institutions,
could represent one mechanism through which the complementarities among these programmes are
actively realised rather than left to emerge incidentally. Integrating BharatNet connectivity infrastructure,
AgriStack databases, PM-WANI hotspots, and DAM services within identified agricultural clusters
could, in principle, support real-time advisory delivery, drone-based services, digital market access, and
climate-risk monitoring in a coordinated fashion. Such district-level convergence models would improve
implementation efficiency while enabling location-specific scaling of 5G-enabled agricultural services-
though the design and governance of such models would itself require careful institutional attention.

6.2 Policy Gaps

Notwithstanding the breadth of the existing framework, an assessment of the policy landscape reveals
several critical gaps whose persistence is likely to constrain the realisation of 5G’s agricultural potential,
particularly for smallholders.

Further, a substantial infrastructural density gap persists between 4G and 5G deployment, a gap of
direct consequence for agricultural technology adoption. As of December 2024, the ratio of 4G to 5G
BTS density stood at approximately 3,200 4G BTS per district compared with approximately 593 5G
BTS per district ( PIB, 2025b ). For agricultural applications that depend specifically on the URLLC and
mMTC service configurations, such as autonomous machinery control, real-time irrigation automation,
and dense in-field sensor networks, this density gap implies that large segments of India’s agricultural
landscape, particularly in dispersed and topographically heterogeneous farming regions, remain beyond
the operational reach of advanced 5G service configurations, even where basic 4G or eMBB connectivity is
present. This distinction between coverage and capability is critical for policy framing, the presence of 5G
signal availability at a district level does not necessarily indicate that the specific service configurations,
required for transformative agricultural applications are accessible at the farm level.

Most fundamentally, India currently lacks a dedicated national strategy for 5G in agriculture that explicitly
links the development of communication infrastructure to agricultural innovation objectives. Unlike sectors
such as manufacturing and smart cities, for which specific 5G use-case strategies have been articulated
and resourced, agriculture lacks a formal policy roadmap connecting spectrum allocation, rural 5G network
densification, and farm-level technology deployment in a single, integrated framework. The consequence
is that progress in each of these domains proceeds largely according to its own institutional logic, without
a shared architecture ensuring that advances in one area reinforce rather than bypass advances in others.

A second gap concerns the regulatory framework for private 5G networks. The Captive Non-Public
Network (CNPN) framework, which permits enterprises to deploy private 5G networks for specialised
applications, currently lacks clear guidelines for agricultural actors, including ICAR institutes, Farmer
Producer Organisations, and cooperatives, seeking dedicated spectrum for on-farm precision agriculture
applications. The existing CNPN framework was designed with large industrial enterprises in mind and does
not address the specific operational, financial, and institutional circumstances of agricultural stakeholders
who are neither large industrial enterprises nor conventional telecom operators. This regulatory ambiguity
creates uncertainty for potential applicants and may deter institutional investment in on-farm 5G
infrastructure at the very sites where proof-of-concept demonstrations could most productively occur.
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A third, and arguably the most consequential, gap concerns data governance for agricultural platforms.
While the Digital Personal Data Protection Act, 2023 establishes a general legislative framework for data
protection (Gol, 2023b), agricultural-specific provisions, addressing farmer data ownership and control,
data primacy rights, portability across platforms, and prohibited commercial uses of farm-level data,
have not yet been enacted. Gurumurthy et al. (2025) note that designing an effective data governance
framework for AgriStack requires explicit attention to farmer consent mechanisms, equitable benefit-
sharing arrangements with FPOs, and safeguards against the monopolisation of agricultural data by
commercial actors. In the absence of such provisions, the expansion of 5G-enabled data collection from
agricultural systems carries the risk of generating data asymmetries that may benefit technology providers
more than the smallholder farmers in whose fields the data is generated, a risk that, if realised, could erode
farmer trust and constrain adoption.

More broadly, a cautious policy orientation, one that prioritises the construction of enabling infrastructure
and digital public goods while refraining from mandating adoption, is defensible on the grounds of
political sensitivity and respect for farmer agency, and is consistent with the structural lessons of earlier
technology transitions in Indian agriculture. However, this approach carries the corresponding risk of
slowing the deployment of transformative technologies at a pace that may prove insufficient relative
to the urgency of India’s agricultural productivity, sustainability, and income challenges. Navigating this
trade-off thoughtfully, building enabling conditions robustly while also creating purposeful momentum
toward adoption, is among the central policy design challenges that the existing framework has not yet
fully resolved.

The policy landscape described above provides the domestic institutional context within which strategic
choices about 5G-enabled agriculture should be made. Informing these choices, however, requires looking
beyond India’s experience to the documented outcomes, both achievements and failures, of analogous
transitions in other agricultural economies. The following section examines international experiences with
digital and 5G-enabled agriculture and draws out lessons that may be relevant to the Indian context,
particularly for the design of approaches capable of reaching and benefiting smallholder farming
communities.

7. International Experience and Transferable Lessons

The policy landscape examined in the preceding section reveals both the substantial investments India
has made in digital agricultural infrastructure and the significant gaps that remain in translating those
investments into a coherent, smallholder-oriented 5G agriculture strategy. Before turning to the structural
challenges that shape adoption and scaling within Indig, it is instructive to examine the documented
experience of other economies that have pursued 5G-enabled agricultural transformation, as well as the
evidence emerging from domestic pilot interventions. Such comparative analysis offers not a template for
replication, given the structural distinctiveness of India’s smallholder-dominated agricultural economy, but
a set of empirically grounded reference points that can inform the design of context-appropriate policy
responses.

7.1 China

China’s experience with 5G-enabled agriculture represents the most extensive large-scale deployment
documented to date. In Jilin Province, a smart rice farming project developed through collaboration
between telecom companies and agricultural research institutions deployed thousands of loT sensors
across farmland, connected via dedicated 5G networks to cloud-based decision platforms regulating
irrigation, fertiliser application, and autonomous machinery. Documented outcomes from this initiative
included an 8-10 per cent increase in rice yields, a 30-40 per cent reduction in water consumption through
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precision irrigation, and substantially reduced labour requirements (GSMA, 2022). These outcomes are
summarised in Table 3. Building on this experience, China subsequently expanded such interventions into
smart agriculture demonstration zones, integrating 5G with BeiDou satellite navigation for centimetre-
level precision farming.

Table 3: Resource Optimization and Yield Impacts of 5G-Enabled Smart Agriculture in Jilin Province,
China

S.No Parameter Post-5G
1. Rice yield change +8-10%
2. Water consumption -30-40%
3. Tractor efficiency +50%
4. Harvester efficiency +60%

Source: GSMA 5G Transformation Hub (2022)

The Chinese model was enabled by strong state coordination, dedicated public investment in rural telecom
infrastructure, and the prevalence of large, contiguous farm holdings that permitted technology deployment
at scale with relatively lower per-unit infrastructure costs. India’s smallholder farm structure and federal
governance architecture are structurally distinct in ways that preclude direct replication. Nonetheless, the
Chinese experience is instructive in demonstrating the magnitude of productivity and resource-efficiency
gains that well-coordinated, infrastructure-backed 5G agricultural systems can deliver, outcomes that, in
the Indian context, would need to be pursued through substantially different institutional mechanisms,
including FPO-based collective deployment and shared digital infrastructure models of the kind noted in
earlier sections of this paper.

7.2 Taiwan

Taiwan'’s deployment of private 5G networks in smart greenhouse horticulture offers a complementary
reference point, particularly for India’s high-value horticulture sector. These deployments integrate
high-resolution loT sensors, Al-based plant health monitoring, and automated control systems for
irrigation, ventilation, and lighting into closed production environments. Documented outcomes include
improvements in produce quality, reductions in labour costs, and decreased pesticide application. The
Taiwanese experience is of particular relevance to the Indian context in demonstrating 5G’s effectiveness
in high-value protected cultivation, an application domain that is economically viable at the FPO cluster
scale, where the cost of shared digital infrastructure can be distributed across sufficient production
volume to generate positive returns. As India’s horticulture sector continues to expand, and as FPO cluster
models develop in major horticultural production zones, the Taiwanese experience provides a practically
replicable reference for the design of shared private 5G network arrangements in controlled-environment
agriculture settings.

7.3 European Union

The European Union’s approach to digital agriculture transformation offers lessons of a different character,
less about specific technology outcomes and more about the policy architecture that enables coherent,
large-scale adoption. The EU’'s Common Agricultural Policy (CAP) and Horizon research programmes have
promoted precision agriculture through the coordinated alignment of incentives for loT adoption, satellite
data utilisation, and autonomous machinery deployment. The outcomes documented in leading member
states are significant: the Netherlands and Germany have recorded reductions of 15-20 per cent in
fertiliser application through digital agriculture platforms, alongside associated productivity improvements
(Papadopoulos et al., 2024). The EU model’s primary transferable lesson for India lies not in its specific
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technology configurations but in its demonstration of the importance of deliberate policy alignment across
agricultural subsidy structures, research funding streams, and digital infrastructure investment, a lesson
directly relevant to India’s own architecture of agricultural schemes, research institutions, and connectivity
programmes, which as the preceding section identified currently operate in relative institutional isolation
from one another.

7.4 United States

In the United States, private sector-led innovation in controlled-environment agriculture illustrates both
the upper bounds of what Al and high-speed connectivity can achieve in agricultural production systems
and the limitations of capital-intensive models for smallholder contexts. According to company reports
from AeroFarms, as cited in Duprez, (2021) and Rehman et al. (2025), Al-integrated vertical farming has
demonstrated productivity per square foot approximately 390 times higher than conventional farming
(Table 4), with a 95 per cent reduction in water use and the effective elimination of pesticide application
through precision environmental monitoring. These outcomes, while technically remarkable, are achieved
at levels of capital investment that are far beyond the reach of individual smallholders or even FPO-scale
collectives in the near term. The primary relevance of the US vertical farming experience to the Indian policy
context is therefore cautionary: it illustrates the risk of conflating the technical possibilities of 5G-enabled
agriculture at the technological frontier with the practical and financially accessible deployment pathways
relevant to the smallholder majority, and underscores the importance of calibrating technology adoption
strategies to the economic realities of the target beneficiary population.

Table 4: Efficiency improvements in 5G-enabled vertical farming (AeroFarms)

S. No. Metric Traditional farming 5G vertical farming
1. Productivity per square foot Baseline 390x higher
2. Water use Baseline -95%
3. Pesticide use Baseline Zero

Source: AeroFarms Vertical Farming Case, Duprez (2021)

7.5 Domestic Pilot Evidences

Alongside international experience, a body of domestic pilot evidence has begun to accumulate that is
of particular relevance precisely because it reflects outcomes achieved under Indian agro-ecological,
socioeconomic, and institutional conditions. While the scale of these pilots remains limited and the
transition from pilot to population continues to present significant challenges, the evidence they generate
provides an empirical grounding for assessments of what is achievable in the Indian smallholder context.

In Maharashtra’s Jalgaon district, the deployment of Reliance Jio’s JioKrishi loT system, collecting real-
time data on soil conditions, weather, and water levels, enabled fruit cultivators to improve crop quality
and yield to an extent sufficient to access international export markets for the first time (Lohchab, 2024).
This outcome is notable not only for the productivity dimension but for what it suggests about the market
access and income implications of 5G-enabled quality improvement for smallholders integrated into
export value chains.

The Al4Al initiative in Telangana’'s Khammam district extended this evidence base to a larger sample:
covering 7,000 farmers engaged in chilli farming over 18 months, the programme recorded a 21 per cent
increase in yield per acre, a 9 per cent reduction in pesticide use, and a 5 per cent decrease in fertiliser
application (Rao, 2024). These concurrent improvements across yield, input use, and cost dimensions
illustrate that precision agriculture interventions, under Indian conditions, can generate benefits across
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multiple dimensions simultaneously, a finding relevant to the multi-objective character of India’s agricultural
development agenda.

A further domestic case of particular policy significance is the Al Smart Pheromone Trap, developed under
ICAR’s Network Program on Precision Agriculture in response to the Pink Bollworm (PBW) pest, which has
contributed substantially to a decline in national cotton output from 36 million bales in 2019-20 to 29.7
million bales in 2024-25. The system integrates solar-powered loT hardware, a YOLO v8 computer vision
model achieving 96.2 per cent detection accuracy, and GSM-based cloud analytics to automate hourly
moth detection and transmit localised voice advisories in regional languages when pest populations
breach economic threshold levels (ICAR, 2025). Piloted across Mansa, Bathinda, and Sri Muktsar Sahib
districts in Punjab during 2024-25, the technology reached 28,190 cotton farmers through over 0.4
million voice alerts, delivering measurable outcomes including a 38.6 per cent reduction in pesticide use,
34.2 per cent lower spray costs, and an 18.5 per cent increase in yield, while maintaining effective pest
control (ICAR, 2025). Since expanded to Punjab, Rajasthan, and Haryana, and architecturally designed
for national scaling across multiple crops and pest species, this initiative exemplifies how 5G-enabled
precision tools are beginning to transition Indian agriculture from reactive chemical dependency toward
intelligent, anticipatory crop protection systems.

An additional ICAR-developed intervention of relevance is the electronic crop (eCrop) device, developed at
ICAR-CTCRI. eCrop is a weatherproof IoT device that uses field-collected weather and soil data to simulate
crop growth and provide daily SMS-based agro-advisories on nutrient and irrigation requirements.
Demonstrated across five panchayats in Thiruvananthapuram district, Kerala, eCrop-based smart farming
generated significant productivity gains relative to baseline farmer practices: sweet potato and elephant
foot yam yields reached 218 per cent of traditional yield levels, cassava reached 187 per cent, and banana
reached 152 per cent. Concurrently, the system reduced nitrogen, phosphorus, and potassium applications
to 49 per cent, 73 per cent, and 57 per cent of conventional dosages, respectively, narrowing the gap
to attainable yield to a deficit of merely 5 per cent in cassava and 8 per cent in sweet potato (ICAR).
These outcomes demonstrate that loT-enabled real-time advisory systems, even operating over existing
connectivity infrastructure, can generate simultaneous productivity and resource-efficiency gains that are
directly relevant to the income and sustainability challenges facing Indian smallholders.

7.6 Transferable Lessons

Comparative analysis across the international and domestic cases reviewed above suggests four
transferable lessons of particular relevance to the Indian policy context. These lessons do not prescribe
specific interventions but identify the conditions that the evidence consistently associates with more
effective and equitable technology adoption outcomes.

First, reliable high-speed infrastructure is a necessary but not sufficient condition for agricultural impact.
The outcomes depend critically on farmer training, institutional support, and economic incentive alignment
as on connectivity itself. The Chinese and EU cases both illustrate that coordinated investment across these
dimensions, rather than connectivity investment in isolation, is associated with the largest documented
welfare gains.

Second, farmer-centric design, encompassing local language interfaces, voice-based advisories, and
simplified user experiences calibrated to the digital literacy levels of resource-constrained smallholders,
substantially affects adoption rates (Ghosh et al., 2023). The ICAR Al Smart Pheromone Trap’s use of
regional-language voice alerts to communicate pest threshold information to farmers exemplifies
this principle under Indian conditions, and underlines the importance of design choices that prioritise
accessibility and practical usability over technical sophistication.

@



5G-Powered Agriculture: Challenges and Opportunities for Indian Smallholders

Third, strong institutional coordination among government, research institutions, and private sector
actors is consistently associated with faster and more inclusive technology diffusion. The absence of
such coordination, as the preceding section identified in India’s current policy landscape, constitutes not
merely an administrative shortcoming but a substantive constraint on the pace at which 5G’s agricultural
potential can be realised for smallholders.

These lessons provide an empirical reference frame for the analysis that follows. While international
experience and domestic pilots collectively demonstrate that 5G-enabled agriculture can generate
meaningful productivity, resource-efficiency, and income gains under appropriate conditions, the structural,
institutional, and socioeconomic challenges that shape the adoption and scaling of these technologies in
India’s smallholder context remain formidable. It is to a systematic examination of these challenges that
the discussion now turns.

8. Challenges in the Adoption and Scaling of 5G in Indian Agriculture

The international and domestic evidence reviewed in the preceding section establishes that 5G-enabled
agricultural technologies can, under appropriate enabling conditions, generate meaningful and multi-
dimensional gains in productivity, resource efficiency, and farmer welfare. However, the transferable
lessons drawn from that evidence simultaneously underscore that connectivity infrastructure alone
is insufficient to produce these outcomes, and that the conditions enabling success in other contexts,
coordinated institutional investment, farmer-centric design, collective adoption models, and coherent
policy architecture, are precisely those that remain underdeveloped in the Indian context. This section
systematically examines the constellation of challenges that shape the adoption and scaling of 5G
technologies in Indian agriculture, spanning social, infrastructural, economic, ethical, and institutional
dimensions. These challenges are particularly acute for small and marginal farmers, who account for
more than 85 per cent of operational holdings in India (Gol, 2021), and whose circumstances therefore
determine whether 5G-enabled agriculture achieves a broad-based impact or remains concentrated
among the comparatively better-resourced minority of the farming population.

8.1 Social Challenges

Digital Literacy Constraints: Among the social dimensions of adoption, limited digital literacy represents
one of the most consequential and structurally entrenched barriers. Research consistently identifies digital
skill gaps and insufficient training opportunities as significant constraints on technology adoption in
smallholder farming communities. The 46 per cent all-India average for functional digital skills (NSO, 2024)
implies that approximately half the rural population cannot currently effectively operate the agricultural
advisory platforms, sensor dashboards, and market applications that constitute 5G’s primary agricultural
value proposition. This constraint is not merely a transitional deficit that will resolve itself with time. In the
absence of deliberate, purpose-specific digital literacy investment calibrated to agricultural use cases, the
expansion of 5G infrastructure may generate services that remain inaccessible to the very population they
are intended to serve.

Linguistic Barriers: A closely related social challenge concerns the linguistic accessibility of digital
agricultural platforms. The majority of agricultural digital services have been developed primarily in English
or Hindi, while a substantial proportion of smallholder farmers across India’s diverse linguistic landscape
operate in regional languages, including Bengali, Tamil, Telugu, Marathi, Odia, and numerous others.
The absence of comprehensive local-language support in most precision agriculture applications limits
both the usability and the interpretability of advisory services, particularly for complex, context-specific
recommendations on nutrient management, pest thresholds, or irrigation scheduling. While initiatives such
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as Bharat-VISTAAR have begun to address multilingual delivery, the gap between the language diversity
of India’s farming communities and the language capabilities of most digital agricultural platforms remains
substantial.

Gender Disparities in Digital Access: A third social dimension concerns the gendered distribution of both
the constraints and the potential benefits of 5G-enabled agriculture. Women constitute approximately
42 per cent of the Indian agricultural labour force and serve as primary decision-makers in critical
domains, including livestock management, seed selection, and post-harvest processing. Yet women
farmers face lower access to smartphones, digital training programmes, and financial resources than
their male counterparts (PIB, 2026). In the absence of gender-sensitive approaches to technology access,
training design, and governance, the benefits of digital agriculture may disproportionately accrue to male
farmers, a distributional outcome that would deepen, rather than address, existing inequalities within the
agricultural household. Ensuring that 5G-enabled agricultural services are accessible to women farmers,
including through the design of registration and entitlement frameworks that recognise women'’s roles as
cultivators independent of formal land ownership, represents both an equity imperative and a practical
efficiency consideration, given women'’s central productive role in the sector.

8.2 Infrastructural Challenges

The Last-Mile Connectivity Gap: At the infrastructural level, the most fundamental challenge, as noted
in Section 5.1 is the gap between Gram Panchayat-level connectivity and farm-level connectivity. While
BharatNet has achieved service-readiness at 2.14 lakh GPs, the translation of this achievement into
active high-speed service at the farm level requires additional investment in small-cell deployments, Wi-Fi
extenders, and commercially sustained telecom operator engagement in geographies where population
density and ARPU levels do not independently support private sector investment. The divergence between
4G BTS density, approximately 3,200 per district, and 5G BTS density, approximately 593 per district (PIB,
2025c), implies that the low-latency URLLC and mMTC service modes that are necessary for real-time
agricultural automation, dense sensor networks, and precision spraying applications are not yet practically
available in the overwhelming majority of agricultural zones. This gap between coverage and capability,
already identified as a structural feature of India’s current 5G deployment in Section 1, thus re-emerges
here as a primary infrastructural barrier to adoption at the farm level.

Power Supply Reliability: A second infrastructural challenge, less frequently foregrounded in discussions
of digital agriculture but of considerable practical consequence, concerns power supply reliability. 5G base
stations consume approximately three to four times the energy of equivalent 4G infrastructure (Koziol,
2019). In rural areas across states, including Bihar, Uttar Pradesh, Odisha, and Madhya Pradesh, grid
power supply averages 12-16 hours daily and is subject to significant voltage fluctuations (Rajya Sabha,
2025). The Roadmap for Frontier Technology-Led Transformation also highlighted the lack of physical
infrastructure like electricity as a barrier to the commercialization of related technologies (NITI Aayog,
2025). Under these conditions, 5G BTS uptime is structurally compromised, and battery-powered loT
devices cannot sustain the continuous connectivity that real-time agricultural monitoring and advisory
applications require. Power supply reliability is therefore not a peripheral infrastructure consideration but
a co-determinant of 5G agricultural service quality, one whose resolution requires engagement across
energy and telecommunications policy domains simultaneously.

8.3 Economic Challenges

The economic dimensions of the adoption challenge are closely related to the affordability constraints
documented in Section 5.2 but extend beyond device costs to encompass the broader commercial
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economics of rural 5G deployment. The indicative per-unit costs of 5G-enabled agricultural devices,
ranging from approximately Rs 15,000 for acre-scale loT sensor packages to Rs 63,000 for drone units
(IndiaMART, 2025), substantially exceed the financial capacity of individual smallholders whose monthly
household income ranges from approximately Rs 8,000 to Rs 10,000. This affordability gap at the farm
level is compounded by a parallel market failure at the operator level the rural ARPU of Rs 149 compared
with Rs 180 in urban areas (TRAI, 2024) reflects lower purchasing power and digital consumption intensity
that provides insufficient commercial incentive for private telecom operators to prioritise rural 5G network
densification beyond what connectivity mandates require. Demand-side affordability constraints and
supply-side investment disincentives together constitute a mutually reinforcing structural barrier. Neither
farmers nor technology providers can address this challenge independently. Bridging this gap requires
institutional mechanisms that promote collective business models, shared infrastructure, and targeted
public support measures.

8.4 Ethical and Governance Risks

Beyond the social, infrastructural, and economic dimensions, the integration of 5G into agricultural systems
generates a distinct category of ethical and governance risks that are important to acknowledge explicitly,
given their potential to undermine farmer trust, concentrate economic power, and produce distributional
outcomes contrary to the stated objectives of digital agriculture policy.

At the most fundamental level, the concentration of agricultural data among large technology enterprises
creates a data divide that reinforces inequalities between data-rich corporations and data-poor
smallholders (Andrejevic, 2014; Rotz et al., 2019). The high-frequency data streams generated by loT
sensors, drones, and smart agricultural equipment, encompassing soil health, crop growth dynamics,
water use patterns, and pest dynamics, raise substantive concerns about ownership, consent, and the
potential for monopolisation of sensitive farm-level information (FAO, 2021; Gol, 2023b). In the absence
of clear legal frameworks governing these questions, technology companies may exploit farmers’ data
for commercial advantage without meaningful consent, embedding dependencies that erode farmer
autonomy and undermine the data governance principles (Wolfert et al., 2017) articulated in the Digital
Personal Data Protection Act, 2023. At the FPO and cooperative level, transaction data on volumes, input
use, and marketing relationships may be similarly exploited by digital platform operators without equitable
benefit-sharing arrangements (Gurumurthy et al., 2025). At the consumer end of agricultural value chains,
traceability and purchase data raise concerns about privacy and the potential for manipulation through
behavioural analytics (Balkrishna et al., 2024).

The cybersecurity dimension of this risk landscape merits particular attention in a 5G environment. The
expanded device density and connectivity intensity of 5G agricultural systems substantially increases the
attack surface for cyber threats, like ransomware or malicious interference with agricultural loT networks
couldin principle compromise food systems at scale (Gupta et al., 2020). The agricultural-specific provisions
necessary to govern these risks within India’s existing cybersecurity and data protection framework remain
underdeveloped.

A further and more subtle governance risk concerns the potential for algorithmic bias in Al-driven
agricultural advisory systems. Al models trained predominantly on industrial farming data from the United
States, Europe, or China may perform poorly when applied to India’s diverse agro-ecological contexts, with
the consequence of generating recommendations that disadvantage smallholders, exclude indigenous
ecological knowledge, and entrench the biases embedded in their training datasets (Keogh and Henry,
2016; Eubanks, 2018). These risks are compounded in India specifically by the extraordinary diversity
of crop systems, farming practices, soil types, and market conditions across which Al advisory services
would need to operate reliably to be genuinely useful to the smallholder majority.
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8.5 Institutional and Coordination Challenges

The final category of challenge is institutional in character and is arguably the most consequential from
a policy design perspective. It conditions the effectiveness with which interventions addressing all other
challenge dimensions can be developed and implemented. India’s constitutional framework assigns
agriculture as a state subject while placing telecommunications regulation under central government
jurisdiction. This institutional separation complicates the development of integrated policies that link
digital infrastructure investment with agricultural innovation objectives, and results in significant
inter-state variation in digital agriculture programme design, implementation capacity, and outcomes
(Hyndavi et al., 2025). As identified in Section 7.2, overlapping responsibilities across the Ministries of
Agriculture and Farmers Welfare, Communications, Electronics and Information Technology, alongside
state-level agricultural departments operating under varying resource and capacity constraints, create
fragmentation risks in programme delivery that no individual institution is positioned to resolve unilaterally.
These coordination challenges are further compounded by the condition of agricultural extension systems
across many parts of India, many of which lack the technical expertise in digital technologies necessary
to translate digital infrastructure investment into farmer-level adoption support. The extension system
thus represents both a critical enabler, given its direct farmer-facing reach, and a significant capacity
constraint, whose strengthening is a prerequisite for realising the adoption potential that connectivity and
device availability alone cannot unlock.

8.6 Environmental Externalities and Sustainability Risks

The challenges examined in Sections 8.1 through 8.5 are primarily concerned with enabling the adoption
of 5G technologies in Indian agriculture, addressing the social, infrastructural, economic, governance, and
institutional conditions that determine whether, and on what terms, smallholder farmers are able to access
and benefit from these technologies. However, a comprehensive assessment of the challenge landscape
should also account for a distinct but equally important category, like the environmental externalities and
sustainability risks associated with the large-scale deployment of 5G-enabled agricultural technologies.
These risks do not diminish the potential value of 5G in agriculture, but they constitute a set of policy
considerations that, if not addressed proactively in the design of deployment frameworks, may generate
environmental and public health consequences that offset a portion of the productivity, efficiency, and
welfare gains that 5G agriculture seeks to deliver.

The Environmental Cost of Technological Proliferation: The rapid adoption of 5G-enabled agricultural
devices, encompassing loT sensors, smart pest-monitoring traps, UAVs, precision irrigation controllers,
and automated monitoring systems, carries with it a growing electronic waste (e-waste) challenge that
the current policy discourse on digital agriculture has not yet adequately engaged. India generated
approximately 1.60 million tonnes of e-waste in 2021-22, making it the world’s third-largest producer of
electronic waste (CPCB, 2024). Agricultural applications introduce particularly challenging waste scenarios.
Digital devices containing electronic circuit boards, lithium-ion batteries, and rare earth metals require
specific operational conditions. When deployed under farm conditions characterised by dust, humidity,
high temperatures, and physical stress, they may become obsolete prematurely, creating challenges for
their safe disposal.

The institutional challenge is compounded by the character of India’s existing e-waste management
infrastructure. An estimated 60-70 per cent of India’s e-waste is currently processed through informal
recycling channels (Mishra et al,, 2023), where practices such as open burning of wire insulation and
acid leaching of metals release toxic pollutants, including lead, mercury, cadmium, and polychlorinated
biphenyls, into surrounding environments, with documented adverse consequences for soil quality, water
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resources, and the health of informal workers and nearby communities. The dispersed, rural geography
of agricultural loT deployments, which may eventually span hundreds of millions of devices distributed
across millions of smallholder farms, would create a waste stream whose collection and formal processing
presents substantially greater logistical challenges than the urban-concentrated e-waste streams that
existing collection frameworks were designed to address. Extended Producer Responsibility (EPR)
frameworks, device take-back mechanisms, rural e-waste collection infrastructure, and lifecycle design
standards for agricultural l1oT devices represent policy dimensions whose deliberate integration into 5G
agriculture deployment frameworks would be necessary to prevent the emergence of an environmental
liability commensurate in scale with the agricultural benefit being pursued.

Chemical Risk in Agricultural Landscapes: Closely related to the broader e-waste challenge, but
sufficiently distinct in its environmental risk profile to warrant separate consideration, is the question of
battery disposal. The expansion of 5G-enabled agriculture entails a substantial increase in the deployment
of lithium-ion batteries powering drones, loT sensors, smart pest traps, solar-powered edge-computing
devices, and handheld advisory systems. While these energy storage components are essential to the
operational functionality of the technologies in question, their end-of-life disposal presents a growing
environmental challenge whose agricultural-sector dimensions have not been systematically addressed
in existing digital agriculture policy frameworks.

According to estimates from the United Nations Environment Programme (UNEP, 2023), India’s lithium-
ion battery waste stream is projected to exceed 0.5 million tonnes by 2030, driven by the accelerating
adoption of digital technologies and energy storage systems across multiple sectors. Improper disposal
of spent batteries releases hazardous substances, including cadmium, cobalt, nickel, and lithium salts,
into soil and water resources, with potentially severe consequences for ecosystem health and food
safety in agricultural contexts. Evidence from Odisha illustrates the acuteness of this risk in rural settings:
agricultural fields located in proximity to informal battery-recycling and smelting operations recorded
cadmium concentrations nearly three times higher than permissible limits (Gupta et al., 2021). This finding
is particularly significant for smallholder agriculture, where the boundary between farm and household
is often physically and functionally permeable: non-functional batteries may be stored in farm sheds or
discarded with household waste, and during monsoon rainfall events, toxic leachates from improperly
disposed batteries can infiltrate groundwater systems and contaminate the agricultural soil resource
upon which food production depends. The integration of battery take-back programmes, rural collection
infrastructure, formal recycling pathways, and EPR mechanisms into the implementation architecture of
5G agricultural technology programmes thus represents not a peripheral environmental consideration but
a prerequisite for ensuring that the soil and water resources at the centre of India’s agricultural production
base are not degraded by the very technologies intended to enhance their management.

Energy Consumption: A third environmental externality of direct policy relevance concerns the energy
demands of 5G network infrastructure. Compared with equivalent 4G infrastructure, a 5G Base
Transceiver Station may consume two to four times more electricity, attributable to higher data throughput
requirements, denser network architecture, and continuous signal-processing loads (Zhu, 2023). In
aggregate, this differential energy demand carries significant carbon implications at the scale of India’s
planned 5G rollout.

This challenge is compounded by the specific energy supply conditions prevalent in rural India. As noted
in Section 8.2, grid electricity in states including Bihar, Uttar Pradesh, and Odisha is typically available for
12-16 hours daily, obliging telecom operators to rely on diesel generators to maintain network uptime, a
practice that adds a direct operational carbon cost to the infrastructure investment.
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The carbon footprint of telecom infrastructure in India is expected to increase substantially with the
transition from 4G to 5G owing to significantly higher energy requirements. Recent analyses indicate that
integrating solar photovoltaic hybrid systems can substantially reduce operational emissions from telecom
towers (Deevela et al., 2024).

The challenges surveyed across these six dimensions are substantial, and their interconnected character
means that interventions addressing any single dimension in isolation are unlikely to generate the systemic
change that India’s agricultural development objectives require. At the same time, these challenges are not
insurmountable. The international and domestic evidence demonstrates that well-designed, institutionally
coordinated, and farmer-centred interventions have produced meaningful outcomes even under conditions
of structural constraint. The question of how such interventions might be sequenced, prioritised, and
progressively scaled within India’s specific institutional, geographic, and socioeconomic context is the
subject of the strategic and roadmap analysis to which the discussion now turns.

9. Strategies and Phased Roadmap

The challenges examined in the preceding section collectively define the parameters within which strategic
choices for 5G-enabled agriculture in India should be made. Rather than treating these challenges as
reasons for inaction, this section draws on the evidence reviewed across earlier sections to identify the
strategic considerations and sequenced priorities that a coherent policy approach might address. The
roadmap presented here is not prescriptive in character; it identifies dimensions of policy attention and
suggests directions that the evidence supports, recognising that the specific design of implementation
mechanisms appropriately rests with the relevant institutional actors. The roadmap is organised around
eight strategic considerations, moving from foundational infrastructure through institutional architecture,
access and affordability, service design, human capacity, data governance, innovation ecosystems, and
climate integration, before concluding with a synthesising vision for the trajectory as a whole.

9.1 Strengthening the Foundational Digital Infrastructure

India’s progress in expanding rural digital infrastructure through BharatNet and the broader National
Broadband Mission (2025) has been substantial, as documented in earlier sections. Nevertheless, the
current policy architecture remains primarily oriented toward village-level or Gram Panchayat-level
connectivity, leaving a critical implementation gap between administrative connectivity and farm-
level digital access. This gap is most pronounced in geographically challenging regions, including hilly
terrains, forested belts, tribal districts, coastal areas, and island territories, where terrestrial fibre and
mobile networks may remain commercially unviable within the medium term, irrespective of the pace of
mainstream 5G rollout.

The present connectivity roadmap does not yet adequately recognize the complementary role of terrestrial
5G infrastructure with Low Earth Orbit (LEO) satellite broadband, fixed wireless access, and localized Wi-
Fi mesh systems in ensuring seamless and inclusive connectivity. These technologies are not alternatives
to terrestrial 5G but complementary layers capable of addressing coverage gaps that terrestrial networks
cannot economically bridge. Future policy considerations in this domain may therefore usefully move
beyond the paradigm of infrastructure creation toward the development of integrated rural connectivity
ecosystems, in which BharatNet fibre backhaul, terrestrial 5G macro cells, LEO satellite backhaul, and
localised wireless mesh systems are designed as complementary components of a unified connectivity
architecture. A coordinated convergence among BharatNet, the Digital Agriculture Mission, and telecom
infrastructure deployment is, a necessary condition for ensuring that digital connectivity reaches not only
administrative units but also the agricultural production landscapes, fields, farms, and value chain nodes,
where data-intensive 5G applications will ultimately be deployed.
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9.2 Establishing Institutional Coordination for 5G in Agriculture

India currently lacks a dedicated institutional framework that explicitly coordinates telecommunications
policy with agricultural modernisation objectives. The absence of such a mechanism generates
fragmentation across the Ministries of Agriculture and Farmers Welfare, Communications, Electronics and
Information Technology, and across state agricultural departments is a primary institutional constraint on
adoption and scaling.

The strategic consideration that follows from this diagnosis is the potential value of a mission-mode
coordination framework, a National 5G Agriculture Mission or equivalent mechanism, that could provide
strategic coherence, facilitate resource convergence across existing schemes, and support standardised
yet locally adaptive implementation across regions. Such a framework, jointly anchored by the Department
of Telecommunications and the Ministry of Agriculture and Farmers Welfare with strategic oversight
at the national level, could facilitate convergence across digital infrastructure, agricultural innovation,
rural development, and state-level implementation systems. Dedicated inter-ministerial working groups
involving ICAR, MeitY, telecom service providers, state governments, and FPO networks could further
support coordinated pilot deployment, regulatory harmonisation, and evidence-based scaling strategies.
A significant associated benefit of such an institutional mechanism would be the capacity to prioritise,
based on multi-criteria evidence, the high-impact agricultural clusters in which pilot deployments are most
likely to generate scalable insights, a function that currently has no clear institutional home.

9.3 Addressing Affordability and Access Constraints for Smallholders

Infrastructure availability, does not by itself ensure technology adoption among farmers operating under
the resource constraints that characterise India’s smallholder majority. The affordability of 5G-enabled
agricultural devices substantially exceed the purchasing capacity of individual smallholders, and that
existing policy frameworks have not yet articulated a structured response to this constraint at the farm-
technology interface.

The strategic direction that the evidence supports in this regard is a shift toward structured affordability
frameworks that centre collective and shared access models as the primary delivery mechanism for farm-
level digital technologies. Farmer-Producer Organisations, Cooperatives, and Custom Hiring Centres
represent institutional channels through which shared digital assets, drone fleets, loT sensor networks,
precision irrigation systems, and Al-enabled advisory subscriptions can be deployed at a scale that is
economically viable for the collective, even where it remains prohibitive for the individual. Concessional
credit, capital subsidies for collective procurement, equipment leasing models, and the integration of 5G
agricultural technology financing within existing agricultural credit instruments such as the Kisan Credit
Card represent complementary demand-side mechanisms that could lower adoption barriers and broaden
inclusion, though the specific design of such instruments requires careful calibration to avoid creating
dependencies or distorting market signals.

9.4 Developing Farmer-Centric Digital Service Ecosystems

A fourth strategic consideration concerns the design of the services that 5G connectivity enables, rather
than the connectivity infrastructure itself. India’s current digital agriculture landscape includes multiple
platforms, AgriStack, Krishi-DSS, Bharat-VISTAAR, e-NAM, and others, that address different dimensions
of the agricultural information challenge but operate in relative institutional isolation, without common
interoperability standards or a unified farmer-facing interface. This fragmentation limits the practical
utility of each platform individually and imposes a cognitive and operational burden on farmers who must
navigate multiple systems to access a complete information environment.
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The strategic consideration that follows is the development of integrated, farmer-centric digital ecosystems
that combine connectivity with actionable, interoperable services. A unified decision-support architecture
that integrates soil intelligence, weather forecasts, pest surveillance systems, irrigation scheduling, crop
insurance status, market price information, and logistics planning into a coherent, accessible interface,
calibrated to the digital literacy levels and connectivity conditions of the target user population, would
represent a qualitative advance on the current fragmented landscape. A viable approach to 5G adoption
for smallholder farmers may be conceived as resting on four interconnected pillars: connectivity,
affordability, literacy, and institutional support. Connectivity provision should progress through public-
private partnerships, leveraging shared tower models to reduce infrastructure costs. Device access should
be structured through cooperative ownership arrangements, distributing costs across landholdings. Digital
literacy programme, through Krishi Vigyan Kendras, State Agricultural Universities, and community radio
networks, should accompany rather than precede technology deployment, ensuring farmers are equipped
to interpret and act on data-driven advisories as connectivity becomes available. A layered communication
architecture, integrating 5G, Long Term Evaluation (LTE), Long Range Wide Area Network (LoRaWAN),
and satellite networks, can accommodate the varied connectivity realities across India’s geographically
and economically diverse agricultural regions, ensuring that remote and marginalised farmers are not
structurally excluded by the deployment architecture. Across all farmer-facing interfaces, the evidence
on adoption among low-literacy populations in India, including the ICAR Al Smart Pheromone Trap
experience, indicates that vernacular voice advisories and simplified mobile dashboards are substantially
more accessible than text-heavy platforms, a design principle that should inform the development of all
publicly supported digital agricultural applications.

9.5 Strengthening Human Capacity and Digital Extension Systems

Digital literacy constitutes a binding constraint on adoption in precisely the agrarian states with the
highest potential benefit from 5G agriculture. Technological infrastructure developed in the absence of
commensurate human capability investment generates not only uneven adoption but the risk of deepening
digital inequalities, with digitally capable and better-resourced farmers capturing disproportionate benefits
while the smallholder majority remains excluded.

The strategic consideration in this domain concerns the transformation of agricultural extension
institutions into active delivery channels for digital agricultural capabilities. Strengthening the role of
ICAR and its 731 Krishi Vigyan Kendras in delivering digital literacy programmes, precision agriculture
training, and technology demonstrations represents the most institutionally efficient pathway for building
farm-level human capability at scale, given the existing geographic reach and farmer trust that these
institutions command. Simultaneously, rural youth represent a population with comparatively higher
digital aptitude who could be trained as digital farm service providers, a model analogous to the ASHA
worker in health, creating rural employment opportunities while addressing the last-mile human delivery
challenge that formal extension systems cannot fully resolve independently. Gender-responsive digital
inclusion strategies, explicitly designed to ensure equitable access across farming communities, should
be embedded in all capacity-building programmes rather than treated as supplementary considerations.

The relationship between extension systems, FPOs, and the private agri-tech sector warrants particular
strategic attention in this context. Extension institutions and FPOs serve as indispensable bridges
between frontier 5G-enabled technologies and the smallholder farmer, translating complex data outputs
into actionable, context-specific farm decisions. FPOs, by aggregating smallholder demand, create
economically viable units for the collective ownership of loT devices, shared subscription services, and
coordinated area-wide pest and crop management, effectively transforming fragmented landholdings into
digitally connected farming clusters. Agri-tech enterprises and private sector innovators are simultaneously
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accelerating hardware miniaturisation, vernacular Al interface development, and affordable sensor
ecosystems that are more inherently suited to smallholder operating conditions than earlier-generation
precision agriculture technologies. Strategic public-private partnerships, developed through institutional
platforms such as ICAR, NABARD, and Startup India, can co-develop, field-validate, and commercially
scale such solutions, ensuring that the intelligence enabled by 5G connectivity reaches the last-acre farmer
efficiently, equitably, and sustainably.

9.6 Creating Robust Farmer Data Governance Frameworks

As 5G adoption expands the volume, velocity, and variety of data generated by connected agricultural
devices, questions of data ownership, privacy, consent, and platform accountability move from peripheral
considerations to foundational governance requirements. As existing policy frameworks have not
yet established the agricultural-specific data governance provisions necessary to ensure that farm-
generated data serves the interests of the farmers who generate it, rather than being appropriated by
technology providers or commercial platforms in ways that erode farmer autonomy and create data-
based asymmetries of power.

The strategic consideration in this domain is the development of a comprehensive farmer data governance
framework that establishes clear, enforceable principles for data ownership, informed consent, portability
across platforms, secure storage, and equitable commercial use. Such a framework, building on the
legislative foundation of the Digital Personal Data Protection Act, 2023, but extending it through
agricultural sector-specific provisions, would need to address the specific data relationships involved
in precision agriculture, between loT device operators and farmers, between digital advisory platform
providers and individual users, between FPO data collectives and their member farmers, and between
government data aggregators and the farming populations whose data is being compiled. Collective
data governance models organised through FPOs and producer collectives’ merit particular attention as a
mechanism for strengthening the bargaining power of smallholders in the agricultural data economy and
for ensuring that data-driven agricultural ecosystems remain farmer-centric rather than platform-centric,
as Gurumurthy et al. (2025) have argued in the context of the AgriStack framework.

9.7 Promoting Innovation Ecosystems and Indigenous Technology Development

A seventh strategic consideration concerns the supply side of the 5G agricultural technology landscape.
The existing policy discourse emphasises technology adoption but has paid comparatively less attention
to the development of domestic innovation ecosystems capable of generating context-specific agricultural
technologies suited to the structural and agro-ecological conditions of Indian smallholder agriculture. The
consequence is a potential strategic dependency on imported digital platforms, hardware systems, and
Al models, carrying the algorithmic bias risks when what India’s agricultural diversity requires is a robust
domestic capacity for context-sensitive innovation.

The strategic direction that this consideration suggests is the creation of dedicated innovation ecosystems
that link agricultural universities, telecom operators, start-ups, and research institutions in the co-
development of smallholder-appropriate technologies. The domestic innovation examples including the
ICAR Al Smart Pheromone Trap and the eCrop device, illustrate that India already possesses the research
and engineering capability to develop such technologies when given appropriate institutional and resource
support. Dedicated centres of excellence for digital agriculture, supporting experimentation across
machine vision, robotics, autonomous machinery, drone analytics, and precision input management, would
represent institutional investments capable of generating a pipeline of context-validated technologies that
are commercially scalable for smallholder markets. Public-private partnership frameworks, structured to
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accelerate the commercialisation of technologies demonstrably suited to smallholder production systems,
could reduce the time and cost barriers between research prototype and agricultural deployment.

9.8 Integrating Climate Resilience and Long-Term Agricultural Transformation

The final strategic consideration concerns the temporal horizon of the 5G agriculture agenda. Most existing
policy discussions focus on near-term productivity gains, market efficiency improvements, and service
delivery enhancements. The longer-term role of 5G in supporting climate adaptation, natural resource
sustainability, and broader agricultural system transformation has received comparatively less policy
attention, representing a significant strategic gap given the climate risk projections for Indian agriculture
noted at the outset of this paper.

The evidence reviewed across earlier sections suggests that 5G’'s most consequential long-term
contribution to Indian agriculture may lie precisely in its capacity to function as an enabling platform for
climate-resilient transformation, rather than merely as a tool for incremental productivity improvement.
Real-time drought and flood monitoring, water-use optimisation, soil carbon measurement, greenhouse
gas emission tracking, and integration with climate finance mechanisms represent applications whose
value compounds over time as climate risks intensify. Over the longer term, 5G infrastructure may further
support the development of autonomous farm machinery adapted to smallholder-scale operations,
blockchain-enabled traceability systems for climate-compliant export value chains, digital verification
for carbon credit generation from sustainable agricultural practices, and Al-driven national agricultural
intelligence systems capable of anticipating and responding to emerging climate, pest, and market risks
at scale. Figure 5 illustrates the integrated vision of 5G as an enabling platform for smart, sustainable, and
inclusive agriculture toward which this longer-term trajectory points.

9.9 Towards an Inclusive Vision for Agricultural Transformation

Taken as a whole, the eight strategic considerations outlined above suggest that the agenda for 5G-enabled
agriculture in India requires a policy response that is more than the sum of individual sectoral interventions.
The foundational investments in connectivity infrastructure, data architecture, and regulatory frameworks
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already underway provide a platform upon which more integrated and inclusive approaches can be
constructed. However, significant dimensions of that more integrated approach, institutional coordination,
structured affordability frameworks, farmer-centric service design, human capacity investment, farmer
data governance, domestic innovation ecosystems, and climate integration, remain incompletely addressed
in the current policy landscape.

A phased, inclusive, and institutionally coherent strategy that addresses these dimensions in a coordinated
rather than sequential manner, recognising their interdependencies and building on the collective and
extension-based delivery models that the domestic and international evidence supports, represents the
pathway most consistent to ensure that 5G-enabled agricultural transformation contributes not only to
aggregate productivity growth but to equity, resilience, and long-term sustainability across India’s diverse
and predominantly smallholder agricultural economy. The following section draws together the principal
findings of this analysis and identifies the considerations that are most critical to the realisation of this
vision.

10. The Way Forward and Conclusion

The way forward that this paper’s analysis supports is one of deliberate, phased, and institutionally
coherent action across the eight strategic dimensions identified in Section 9. Several features of this
approach merit emphasis as organising principles for implementation:

Phase I-Foundation Building (Years 1-3): The immediate priority is to establish the institutional
and infrastructural foundations without which subsequent phases cannot succeed. This requires the
establishment of the National 5G Agriculture Mission as a coordination mechanism; the piloting of integrated
5G-enabled agricultural service delivery in five to ten high-priority agricultural clusters, selected based on
multi-criteria assessment of smallholder concentration, crop importance, FPO institutional density, and
infrastructure gap severity; the development of agriculture-specific data governance guidelines under the
DPDP Act, 2023; and the initial strengthening of KVK digital capacity and rural digital literacy programmes
in the priority cluster states.

Phase II-Scaling and Consolidation (Years 3-7): Building on the evidence and institutional capacities
developed in Phase |, the second phase would focus on expanding the footprint of proven collective access
models across FPO networks nationally; establishing the Centres of Excellence for Digital Agriculture and
launching dedicated domestic innovation programmes; scaling the Digital Farm Service Provider training
model across high-priority agrarian states; developing and mandating interoperability standards for
public digital agriculture platforms; and extending the integrated rural connectivity ecosystem through
coordinated deployment of BharatNet, LEO satellite, and 5G small-cell infrastructure in the states identified
as priority intervention zones.

Phase llI-Transformation and Integration (Years 7-15) : The longer-term phase focuses on the integration
of 5G-enabled agriculture with India’s broader climate and sustainability commitments: deploying real-
time monitoring infrastructure for soil carbon, greenhouse gas emissions, and water productivity at
scale; establishing blockchain-enabled traceability systems for climate-compliant export value chains;
developing Al-driven national agricultural intelligence systems capable of anticipating and responding
to emerging climate, pest, and market risks; and creating verified digital pathways for carbon credit
generation from sustainable agricultural practices. This phase would consolidate India’s position as a
global leader in inclusive, sustainable, and technologically advanced smallholder agriculture.
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Across all three phases, inclusion should function not as a downstream objective to be addressed after
infrastructure and services have been established, but as a foundational design principle embedded
in every dimension of the policy approach from the outset. The evidence reviewed in this paper is
unambiguous on this point: digital agricultural transformations that are not explicitly designed to reach
smallholders, women farmers, linguistically marginalised communities, and geographically remote
farming populations do not automatically include them through market diffusion alone. Design choices,
about service language and format, about collective versus individual access models, about which
districts are prioritised for infrastructure deployment, about whose data rights are protected, determine
whether 5G-enabled agriculture becomes a tool of broad-based agricultural transformation or a source of
competitive advantage for the already better-resourced minority of India’s farming population.

A final imperative concerns the pace of action. India’s agricultural development challenges, productivity
stagnation in key crop systems, natural resource depletion, climate risk intensification, and persistent
income gaps, are not static. The window within which 5G’s transformative potential can be harnessed to
address these challenges is bounded by technological change, by the pace at which the rural demographic
transition unfolds, and by the competitive trajectories of India’s agricultural trading partners. A cautious,
incrementalist approach that defers the hard institutional and governance choices identified in this paper
risks allowing India’s current position of substantial advantage in 5G deployment speed, in digital public
infrastructure, in agricultural research capacity, and in a large, institutionally organised FPO base, to erode
before it can be converted into lasting agricultural and rural welfare gains.

Conclusion

5Gs transformative potential is real, empirically grounded, and practically achievable, but only under a set
of enabling conditions that the current policy landscape has not yet fully assembled. The recommendations
advanced in this paper are not individually novel; each finds support in the international evidence, the
domestic pilot experience, or the existing body of policy analysis on Indian digital agriculture. The proposed
approach intends to integrate complementary elements into a coherent framework. These elements
include infrastructure, institutions, access, digital services, capacity building, governance, innovation,
and sustainability. By bringing these components together, the framework seeks to convert the technical
capabilities of 5G into tangible welfare gains. This has the potential to improve the livelihoods of millions
of Indians who depend, directly or indirectly, on the productivity, resilience, and inclusiveness of the
agricultural sector.

The realisation of this vision requires coordinated action across government departments, research
institutions, telecom operators, financial institutions, civil society organisations, and farmer collectives. No
single institution commands the mandate, resources, or reach to accomplish it alone. Technology alone
is not sufficient. Strong institutional architecture, sustained political commitment, and analytical rigour
are equally important. These elements are needed to ensure that all stakeholders work together toward
a common goal. The objective is to build an Indian agricultural system that is smart, sustainable, and
inclusive. In this vision, 5G connectivity should not remain a privilege for the digitally advantaged. Instead,
it should serve as a public infrastructure accessible to every farmer, every smallholder, and every rural
community across India's agricultural landscape.
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