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Abstract

The aim of this research paper is to create an integrated satellite communication system to enhance
digital access and service in rural and remote areas. The study builds on the latest research in the areas
of satellite broadband, 3GPP non-terrestrial networks (NTN), high throughput satellites, low Earth
orbit constellations, satellite backhaul, direct-to-device connectivity, satellite Internet of Things (1oT),
and rural digital-inclusion policy. It states that rural connectivity must not be viewed as a single
satellite connectivity arrangement; instead, it needs to be shaped as a multi-layer service architecture
that includes space, transport, local access, edge computing, energy, service platforms and
governance. The proposed framework involves the selective use of GEO, MEO and LEO capacity;
satellite integration with fibre, microwave, 4G/5G, Wi-Fi, fixed wireless and LPWAN; and education,
healthcare, agriculture, e-government, disaster response and local enterprise services are the priority
areas. Three analytical tables are provided to compare technology options, to define the integrated
framework and to map the requirements for delivering services to the appropriate connectivity
strategies. The analysis reveals that hybrid terrestrial-satellite networks can mitigate the “geographic
penalty” of sparsely populated regions, but only if they are affordable, power reliable, local
maintenance is available, spectrum and licensing policies are appropriate, cyber security is not an
issue, communities are involved, and measurable obligations for service quality are established. The
paper argues that an integrated and service-aware architecture is more sustainable than a single-
technology approach, as it can optimize traffic, cost, latency, energy, and resilience all together, and
remain flexible with the development of new NTN standards and direct-device ecosystems.
Keywords: satellite communication; rural connectivity; remote regions; digital access; service
delivery; non-terrestrial networks; LEO; satellite backhaul; 5G-NTN; digital inclusion

Introduction

Digital inequality is growing and is an expression of the cost of distance. Urban broadband networks
have high population density, short distances to reach customers, good power supply, long fibre routes
and existing towers, while remote areas may have low population density with mountainous areas,
islands, deserts, forests, seasonal roads and weak power supply. In these cases, the marginal benefit
of extending terrestrial networks increases quickly as a function of additional site added and the per-
site revenue remains modest. The International Telecommunication Union (ITU) defines rural and
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remote connectivity as a multidimensional challenge, where infrastructure, affordability, quality of

service, sustainable business models, energy and universal-service mechanisms are not independent
concepts, but are interdependent (ITU, 6). Satellite systems are thus important not just for the area
they can cover, but because they can circumvent many of the linear construction costs which make
terrestrial expansion uneconomic. The current satellite constellation is significantly different from the
typical one consisting of a limited number of geostationary communication satellites. The advantage
of high throughput satellites is that they have a capacity boost from using spot beams and frequency
reuse, while LEO satellites offer a reduction in propagation distance and improved interactive
performance. Digital payloads and SDN technologies offer a capacity flexibility through the use of
reconfigurable resources and Inter-Satellite Links (ISLs) reduce dependence on specific ground
gateways. Kodheli et al. call this shift a 'new space’ era, in which the architecture of satellite systems,
air interfaces, networking, payload design, and terrestrial integration are all being rethought. This
change will provide a better underpinning to rural broadband; however, it also introduces more
challenges for network planning as the planner will have to deal with the choice of the different orbit
classes, bands, operators, terminal types, and service models. The standardization of networks on the
airplane is further reinforced by the non-terrestrial network standardization. 3GPP Release 17
encompasses significant technical aspects for 5G NR and cellular 10T use over satellite links, such as
compensation for Doppler effect, long propagation delay, timing relationship, moving beams,
mobility, and network architecture. Lin et al. discuss the integration of NTN not as a single radio-
interface change, but as an integrated sequence of changes in user equipment, radio access, core
network, mobility and service procedures, (Lin et al., 153). The convergence is important for rural
areas, where satellite access may eventually be integrated into the rural communications infrastructure
rather than a niche network.

The satellite and mobile systems are also gaining ground in the current policy discussion as
complementary systems. As described in the Broadband Commission's State of Satellite Broadband
2025, satellite-based communications are increasingly playing a part with mobile communications in
connecting remote and rural areas and filling in underserved spaces, while other models of NTN are
also gaining popularity, including the direct-to-cell service (Broadband Commission, 10). This
evolution will alter the fundamental planning question. The question is no longer about the use of
terrestrial or satellite connections for rural access but how different communication layers work
together so each service is carried through the most appropriate layer at an acceptable cost, reliability
and satisfaction level. Access to digital resources is only useful if it allows for meaningful activity,
which means a service-delivery perspective is crucial. Rural users need connectivity to school,
hospital, farm advice, market information, financial transactions, government information, warnings,
logistics, remote working and for communicating within the community. The traffic pattern of these
applications is very different. A soil sensor can send a few bytes every so often and tolerate delay,
and a medical consultation from a remote location needs stable two-way video, acceptable latency,
no jitter and reliable uplink. This paper's framework is therefore service-aware, whereby connectivity
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is allocated based on application needs and not tried to be universally applied to all rural users with

the same network profile.

The research problem this paper addresses is one related to the evaluation of rural satellite projects at
just one layer. Engineering studies could be on an orbit or link performance; policy programs could
be on coverage counts or installed terminals. However, there are many other areas in which a rural
service can fall short: local WiFi may be congested; batteries may be too small; maintenance may
need to be done in expensive off-site locations; tariffs may be too high to pay; gateways may be
poorly redundant; users may not have devices that comply with the service. The systematic review of
satellite Internet conducted by Chen, Ma, and Wu revealed that the research area extends beyond
architecture and applications to the technical functions and to a social impact, indicating the need for
integrative analysis and not only optimization (Chen, Ma, 4). This brief paper sets out to create a
satellite communication integration that combines technical architecture and digital access and public
service delivery. What will be the mix of satellite, terrestrial, local-access, edge and energy resources
required to provide sustainable connectivity in remote areas? (2) What is the mapping between rural
service classes to network performance, cost and resilience requirements? (3) What governance and
operational settings are required to make technical coverage an effective digital inclusion? The paper
uses research synthesis and design-science reasoning to respond to these questions and segments the
final topology into interoperable layers instead of a single vendor-specific topology.

The novelty of this paper is the approach of considering connectivity, public-service delivery and
sustainability as one design problem. The framework enables GEO, MEO, and LEO resources to
coexist; allows terrestrial fibre or microwave to be the main mode of transport where possible; enables
satellite backhaul to community access services; provides direct to device capability for continuity of
service and emergencies; provides local caching and edge processing to relieve backhaul load; and
provides the same planning considerations to energy, cybersecurity, maintenance, and policy as
throughput and latency. This type of building is especially well adapted to areas where the economic
and geographic conditions differ greatly from one settlement to another.

Research Methodology

This paper is written in a method of structured research-synthesis. The evidence base includes peer-
reviewed survey papers, standards-oriented research, recent field studies, performance of LEO and
GEO, rural backhaul, digital inclusion, and regulatory design reports on satellite Internet, 5G/6G
NTN, satellite 10T, etc. Presented findings are then transformed into an integrated architecture using
design-science reasoning. An appropriate approach is taken as the research goal is not to estimate a
single statistical relationship but determine what components interact to make a remote connectivity
system an end-to-end service or not. Also, Chen, Ma, and Wu find that the study of satellite Internet
is multiscientific and encompasses aspects such as application, enabling technology and impact areas
(Chen, 4). The framework is followed by five conceptual principles. The first is the complementary
principle: networks (satellite and terrestrial) should not be seen as mutually exclusive options. The
second is service awareness: various applications should have different latencies, throughput,
availability and priority treatment. The third is aggregation: If the economics of household networks
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are weak, village backhaul can be shared among a number of users. The fourth is resilience: critical

sites need path diversity, local cache and power autonomy. The fifth is life-cycle sustainability —
capital cost, recurring capacity, licensing, energy, local support, spares, cybersecurity updates, and
terminal replacement are all factors to be taken into account during project evaluation, not just capital
cost.

Coverage vs usable service is a fundamental difference. Despite technically covering a village, users
might still have an unusable experience due to obstruction, rain fade, local congestion, inadequate
WiFi placement, device incompatibility, broken electrical power, or weak backhaul capacity. That's
why end-to-end metrics are needed. The network should not only measure the quality of the satellite
signal, but also the throughput of the users, the stability of the uplink, the jitter, the utilization of local
access, the energy state, the availability of the gateway, and the response time of the application. To
enable sustainable digital inclusion, satellite Internet should fill the performance and management
gaps that have been identified (Hu, 5). Orbit selection problem is formulated as a multi-objective
problem. Advantages of GEO systems are large footprints, constant visibility from a fixed point,
mature infrastructure, efficient broadcast and backhaul, but there is high latency due to propagation
distance. Although LEO systems are capable of having low propagation delay, they tend to have a lot
of handovers, moving beams, tracking complexity and require large constellation operations for good
broadband performance. MEO systems fall somewhere in between. Satellite performance is not just
the result of orbit but is a result of the interplay of architecture, air interface, medium access, payload
design, routing, and ground systems (Kodheli et al., 99).

Table 1. Comparative Role of Major Connectivity Technologies in Remote and Rural Networks

Technology Principal strength Principal limitation | Best integrated role
Very wide persistent Hiah ropadation Bulk backhaul,
GEO satellite coverage; mature g propag broadcast,  fallback,
latency .
backhaul wide-area coverage
. Smaller commercial | Regional  broadband
. Intermediate latency . .
MEO satellite . ecosystem in some | and multi-orbit
and footprint . .
regions diversity
. Handover,  moving | Interactive broadband,
. Lower latency; high . .
LEO satellite . beams, constellation | mobile backhaul, low-
broadband potential .
dependence latency services
. Tower and backhaul | Local/mobile  access
. Strong device . .
4G/5G terrestrial - economics in sparse | where population
ecosystem; mobility . .
areas density supports it

Special Issue -Vol. 16 No. S2 (2026)

www.ijesh.com

57



Organized by- Navyug College of Education, Hisar (16 Aug 2026)
In IJESH ISSN: 2250-3115

Low-cost local | Limited range and Village - distribution
Wi-Fi/FWA . g behind satellite or fibre
distribution backhaul dependence
backhaul
. Agricultur
Satellite Low  power;  very Low throughput en%/ilf;ntmue?t asset and
loT/LPWAN wide sensor coverage gnp . o
utility monitoring

Source: Research synthesis based on Kodheli et al., 109
The framework also provides for separating the categories of household broadband, community
backhaul, mobile backhaul, institutional connectivity, direct-to-device service and sensor
connectivity. These are not the same use cases that are economically equivalent. For a clinic or school,
a dedicated terminal may be more appropriate, depending on the criticality of service; a compact
village can be much lower cost per user on a single satellite satellite gateway connected to Wi-Fi or
a cellular small cell; isolated farms may require dedicated broadband; and agricultural sensors may
only need satellite 10T. Rural connectivity models can include community networks based on satellite
backhaul and local distribution technologies, which can help to distance the more expensive long-
distance link from the more lower-cost local access layer (ITU, 17). Research evaluation is done on
the basis of engineering and inclusion. Latency, throughput, jitter, packet loss, availability, handover
interruption, energy consumption, gateway diversity, and recovery time are a few engineering
measures. Monthly cost as percentage of income, number of users per shared access point, service
adoption, device compatibility, language accessibility, uptime of public service sites and number of
locally trained maintainers are examples of measures of inclusion. Renewable energy, community
participation, sustainable business models and universal-service mechanisms are explicitly mentioned
in the ITU guidance on rural connectivity, making it clear that infrastructure is not enough to count
as a success (ITU, 33). The framework is then theoretic but application to empirical level. Each layer
can be filled with measurable variables and alternative configurations can be compared. The primary
challenges can vary from mountainous areas to islands, from desert areas to farming areas, and on
islands, they may be gateway diversity and transport cost, in mountainous areas obstruction, and in
desert areas energy and thermal management may be the primary challenges and in farming areas the
challenge may be to cover vast areas with low-cost 10T and also support a smaller number of
broadband sites. These differences can all be accommodated in the same framework without
postulating per se that one orbit, operator and access technology is always the best.
Proposed Integrated Satellite Communication Framework
The proposed architecture is organised in seven interrelated layers: space resources, transport and
gateway infrastructure, local access, edge and service platforms, energy and physical infrastructure,
operations and security, governance and affordability. The seven layers are orchestrated by a ‘cross-
layer orchestration function' with real-time data on service priorities, congestion, latency, pricing,
energy state, security state and link availability. This is intentionally a more general architecture than
a conventional network stack, since the success of remote-service relies on conditions that are often
outside the scope of traditional protocol design including physical, operational and institutional
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conditions. It may be GEO, MEO, LEO or multi-orbit. The main function of this layer is to give

geographic reach and capacity without the need for continuous infrastructure between the user area
and the rest of the network. LEO can be used for delay sensitive applications and high performance
broadband; GEO for bulk transfer, broadcast, stable wide area backhaul and resilient fallback; MEO
for regional capacity with medium delay characteristics. The satellite broadband and NTN technology
is rapidly proliferating as part of a larger trend of providing access to underserved areas using a
combination of space-based and mobile-based systems to reach these areas (Broadband Commission,
10). The transport and gateway layer connects satellite resources with Internet peering, cloud
platforms, mobile cores, and public sector networks. These are the feeder links, ground gateways,
terrestrial fibre, microwave, inter-satellite links and routing systems. The diversity of gateway is
important as satellite service may still be unavailable if one gateway on the ground or a terrestrial
path is unavailable. The framework thus recommends geographic gateway redundancy for critical
areas, dynamic routing over available paths and inter-satellite transport when available. This
transforms satellite transmission into a robust end-to-end connectivity, instead of a single point of
failure. Local-access layer: Provides connectivity to households, institutions, farms and devices from
an aggregation point. Satellite backhauls can support Wi-Fi, 4G/5G small cells, FWA, PMP, and
LPWAN. This design is economically significant as it can save the number of satellite terminals
needed, due to community aggregation. A village can be served by one or more high capacity satellite
link and users can access them with small and low cost devices that they already own. It can enable
prepaid access, public Wi-Fi hotspots, school networks, priority traffic for clinics, and enterprise
service tiers.

Image 1: Proposed Seven-Layer Integrated Satellite Communication Framework for Rural and
Remote Regions
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Direct-to-device/direct-to-cell connectivity provides a parallel local-access option that is not an

alternative to shared broadband. D2D is particularly useful in early rural deployments for emergency
messaging, voice, low-rate data, alerts, location reporting and sensor connectivity, in the absence of
any terrestrial cell. Direct-to-cell is an area of emerging satellite—mobile convergence identified by
the State of Satellite Broadband 2025 and its potential in rural and underserved areas (Broadband
Commission, 12). The framework thus leverages D2D to provide continuity and safety while keeping
high volume shared services' own broadband terminals.

The edge and service-platform layer enhances not only user experience, but also bandwidth
efficiency. Local caching of frequently used Web objects such as educational videos, health
information, software updates, agricultural topics, government forms, maps, and more. Edge systems
can additionally control authentication, local DNS, learning platforms, farm analytics, content
material screening (when legally required), and security checking. In the event that the satellite
backhaul becomes unavailable, the school/clinic can access locally hosted resources and synchronize
the data with the satellite backhaul when it becomes available. Such the capacity for working through
discontinous backhaul is vital for effective delivery in rural areas.

The energy and physical-infrastructure layer helps to solve a key challenge for rural networks: access
to unreliable power and challenging maintenance. Clean and continuous power is required for satellite
terminals, routers, access points, small cells, switches, edge servers and batteries. ITU guidance on
rural connectivity focuses on renewable energy sources, including solar energy, as viable solutions
for remote ICT infrastructure facing challenges with grid extension or high costs (ITU, 30). In the
framework, the state of the battery is an operational variable. Non-critical synchronization can be
postponed, secondary radios can be put into low-power modes, and critical traffic can be protected
during low-energy time.

Table 2. Integrated Satellite Communication Framework for Rural and Remote Service
Delivery

Layer Core elements Primary objective Key p_lannlng Author(s) &
variables Year
Latency,
Space resources GEO/MEOQ/LEO, | Coverage and non- throughput, Kodheli et
beams, ISLs terrestrial capacity | footprint, weather, al. (2021)
cost
Transport & Gate_ways, fibre, Reach_ Gateway (_jlversny, Stiri et al.
gateways mlcrO\{vave, Internet/r_nobﬂe core peering, (2026)
routing reliably redundancy
4G/5G, Wi-Fi, Connect people and Density, mobility, Lin et al.
Local access FWA, LPWAN, devices affordably terrain, device (2021); ITU
D2D ecosystem (2025)
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Cache, local Reduce backhaul | Cache ratio, service | Chen et al.
Edge & services compute, app and sustain local priority, local (2024); Hu
gateways services autonomy (2024)
Solar, battery, - . Autonomy,
Energy & shelters, Malntaln qperatlorl climate, load, ITU (2025)
physical . without reliable grid .
grounding maintenance
. Monitoring, - MTTR, update Hu (2024);
Op;gﬂ:)i?s & patching, 1AM, ?:;;ﬁ::ézy'rzyt;?: status, access Mahboob &
y spares TP control Liu (2024)
Governance & L|censmg: Sustainable and Price, SLA ITU (2025);
affordabilit spectrum, tariffs, inclusive service competition, McMahon et
y subsidy privacy, skills al. (2025)
. . Kodheli et
Policy engine, Choose best Latency, cost, _
Cross-layer telemetr resource per service | energy, securit al. (2021);
orchestration SDN/anaIy){(’ics stgte g>rli,orit g Mahboob &
priority Liu (2024)

Source: Author's framework informed by Kodheli et al., 104
Cross-layer orchestration is the fusion of all seven layers. It is possible to select different paths, such
as terrestrial, GEO, MEO, LEO, depending on the requirements of the application and the real-time
conditions, using a policy engine. Telemedicine video can be transmitted on the lowest latency path
possible; background software updates can be sent via less costly bulk capacity; emergency traffic
can be replicated over two paths; and nonessential traffic can be throttled in battery stress. This type
of programmable multi-connectivity can be interpreted as a part of the overall trend towards software-
defined and intelligent satellite networking as discussed in contemporary satellite-communication
research (Kodheli et al., 104). The integrated architecture is designed to be vendor neutral.
Governments and operators should be free to mix and match commercial LEO broadband, regional
GEO capacity, mobile-network infrastructure, community networks and standards-based NTN as
local circumstances evolve.

GEO Layer

MEO ILayer

LLEO IL.ayer

Terrestrial Network

Open IP interfaces, interoperable monitoring, standards-based authentication and portable service
policies minimize lock-in and enable future migration. This is particularly significant because the
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rural networks generally operate for a long time, and constellations, pricing, licenses and terminal

technology can change over that period.

Digital Access and Service Delivery in Rural and Remote Regions

The usefulness of the framework becomes apparent when it comes to service delivery. Bandwidth,
latency, continuity and affordability needs vary depending on the industry requiring educational,
healthcare, agriculture, public administration, emergency response and local enterprise solutions.
Rather than create a single rural broadband service, the framework establishes service classes and
then provides a mapping of classes to network resources. This saves cost because applications that
actually need low latency capacity do not use the higher cost link, while delay-tolerant traffic can be
cached, scheduled, compressed, or sent via a lower cost link. Shared backhaul and caching at the local
level are very advantageous for digital education. A school can be an anchor for community
connectivity, which includes live classes, assessment, teacher training, cloud platforms, and content
synchronization, running on satellite broadband. The larger instructional videos and software
programs can be stored on the local file system and then sent to dozens of students over the satellite
link without having to repeatedly download the same files. The education investment can be leveraged
to help families outside of school hours when community Wi-Fi or cellular network extends beyond
the school. The service delivery model is thus to integrate institution-grade backhaul with demand
aggregation, rather than view each student as a stand-alone broadband endpoint. Agricultural service
delivery: a blend of broadband and 10T. Large farms, extension services and cooperatives can benefit
from broadband for video, market platforms, imagery, machinery support and cloud applications, and
distributed sensors only need low rate, energy efficient connectivity. Cioni et al. demonstrate how
satellite 10T can provide sensing in large areas beyond the terrestrial reach of sensing networks, and
explore the trade-offs between power, coverage, spectrum, standards, and satellite altitude (Cioni et
al., 1720). The integrated framework thus leverages LPWAN or satellite loT for field sensing and
broadband backhaul for media-rich applications, rather than traffic from all agricultural applications
being sent through the same interface.

Image 3: Satellite-Enabled Digital Access and Service Delivery in Rural and Remote Communities
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The connected community center, local administration center and public kiosks can be used to
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enhance e-government services. Digital identity support, applications for benefits, land records, tax

services, licensing, banking and submitting documents are all services that remote citizens might
require. A shared satellite-supported public access point can decrease travelling distances to district
centres, but the security and privacy needs are high. Government traffic should be tunneled using
encryption, employ robust authentication, limit administrative devices, and rely on resilient local
power. There are also metrics other than raw network throughput that can be used to measure
performance: successful completion of transactions and readiness of citizen services. Yet another use
case is emergency/disaster communication. Floods, storms, earthquakes, wildfire, landslides or
infrastructure damage can cut off terrestrial communication networks at the time it is most needed.
The use of satellite paths means they include geographic diversity as they are not reliant on the same
fibre or tower chain. Consideration of a rural emergency architecture ought, then, to include portable
terminals, battery reserves, backup configurations and, if possible, direct-to-device. The critical
messages can be duplicated over multiple paths and lower priority traffic can be suspended. The
integrated model is of the emergency connectivity as a permanent resilience capability, and not as an
ad-hoc solution to be deployed in the event of failure.

Table 3. Service-Delivery Requirements and Recommended Integrated Connectivity Strategy

. Primary
. Traffic/performance
Service Recommended strategy | success
need .
indicator
Video downloads Shared LEO/GEO | Class continuity
Digital education I " | backhaul + Wi-Fi + local | and content
cloud learning A
cache availability

. Low-latenc rimary | Consultation
Stable two-way video, y p y

Telemedicine path + satellite/terrestrial | completion and
secure records )
fallback uptime
. ) Coverage, sensor
. Sensors + periodic | Satellite IoT/LPWAN + . g
Agriculture delivery and

broadband media broadband aggregation .
advisory access

. Community/public
Secure transactions and .
E-government terminal + encrypted
document transfer

Successful
transaction rate

backhaul
Voi ler Availabili
Emergency olce, . alerts, Dual-path  TN/NTN + ? ability .
messaging, during terrestrial
response A battery reserve + D2D
coordination outage

Business uptime
and transaction
reliability

Source: Research synthesis based on Cioni et al., 1720

Payments, cloud, video, | Dedicated/shared

Rural enterprise logistics broadband + QoS
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Recurring demand can be generated by local enterprise or distance working to make rural broadband

financially sustainable. Tourism operators, the farms, logistics companies, shops, financial agents and
small businesses require payments, cloud software, communications, e-commerce and access to
supply chains. There is some level of willingness to pay in the household sector, but there is also
some level of anchor revenue in the form of demand from businesses and institutions. The rural-
connectivity work of the ITU focuses on the necessity for sustainable business models, infrastructure
sharing and locally relevant financing to ensure services on the long run (ITU, 17). The framework
thus promotes multi-user bases, not only household based. Empirical evidence also demonstrates that
quality satellite service can improve digital participation without doing anything to address other
inequalities. McMahon et al. (article 102912) conclude that LEO connectivity in remote Indigenous
communities in northern Canada was found to enhance speed, reliability and online participation over
previous options, but that affordability, proprietary equipment, service reliability, and lack of local
technical support were still important concerns.

Implementation Challenges

The primary implementation obstacle is cost. Capacity and terminals are more competitive via
satellite, but in many areas, the income of rural households is still low and the installation price may
still be high. The total cost of owning the terminal must cover the cost of the terminal, local access
equipment, power systems, installation travel, satellite subscription, spectrum regulator fees, parts
and materials, technical support, cyber security maintenance and eventual replacement. Shared
backhaul can lower the cost per user and subsidies can be targeted to schools, clinics and other places
of community access where they generate wide social value. The cost of the product should not be
the sole factor to consider when measuring affordability, but also as a proportion of local income. The
second challenge is the spectrum and regulatory coordination. Satellites services are available over
several bands and have to share the airwaves with terrestrial systems and other satellite services.
Direct-to-cell makes things more complicated because of the possibility that satellite and mobile
services could share or border the same spectrum over a vast geographical region. As the Broadband
Commission (2025) points out, policy and regulatory frameworks need to change to keep up with the
development of NTN and direct-to-cell. 16. Spectrum rules, gateway approval, terminal authorization
and predictable licensing can reduce deployment delay and expense in out-of-the-way areas
significantly. Power and environmental reliability is the third challenge. Weaker grids, fuel delivery
concerns, high temperatures, dust, snow, storms or seasonal access restrictions can be a problem at
remote sites. Energy systems can be sized to operate autonomously, with the help of solar generation
and battery storage, but they need to be designed to meet worst case scenarios, not average sunshine.
Power monitoring needs to be linked with network telemetry to ensure that load can be controlled
before batteries reach critical levels. Energy-aware service policies are particularly beneficial for loT
gateways, edge servers, and redundant radios that are not all required to be active all the time. The
fourth challenge is "operational capacity. Many of the outages in the field are due to local problems,
which are not necessarily caused by the satellites: damage to cables, water entering the system, battery
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failure, loose connectors, misconfiguration of routers, blocked antennas, and failed power supplies

are just a few of the issues that can cause an outage.
Conclusion
This paper has designed a more integrated framework of satellite communication to enhance the
digital access and service provision in the remote and rural areas. The analysis reveals that satellite
communication is best used as part of a wider service architecture and cannot be used as a replacement
for the terrestrial infrastructure. The proposed seven-layer architecture includes space resources,
gateway and transport infrastructure, local access, edge and service platforms, energy systems,
operations and security, and governance and affordability and is orchestrated by a cross-layer
function. This architecture enables the deployment of GEO, MEO, LEO, fibre, microwave, 4G/5G,
Wi-Fi, fixed wireless, direct-to-device, and satellite 10T resources to satisfy a variety of needs,
including education, healthcare, agriculture, e-government, emergency response and local enterprise.
The study also shows that radio cannot create meaningful connectivity in the rural areas without
considering the factors that influence it. Whether a satellite project is a viable public service depends
on three factors: affordability, renewable energy, local technical capacity, gateway diversity, cyber
security, terminal interoperability, transparent spectrum rules, community participation, and
measurable service level obligations. Historical distinction between satellite and mobile networks is
being blurred as a result of current NTN standardization and the emergence of direct-to-cell (DTC)
services, and modern multi-orbit systems offer new opportunities for performance and resilience.
Concurrently, these advances drive the demand for open interfaces, harmonized regulation,
responsible utilization of the spectrum and flexibility over the long term. The key policy takeaway is
that the goal of evaluating rural broadband programs on service outcomes not infrastructure counts.
A successful programme is one in which students can learn, patients can complete consultations,
farmers can get information when they need it, citizens can avail of digital government services,
businesses can stay connected and communities can stay in touch during emergencies — at an
affordable cost. Future studies should thus involve a multi-faceted combination of application-level
field measurements with cost, energy, inclusion and resilience indicators. A hybrid, service-aware
satellite framework can be an economically viable means to lessen the geographic penalty of remote
populations and improve digital access into service delivery that is both reliable and meaningful.
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