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ABSTRACT

The fast development of beyond-5G, and new 6G wireless communication systems
require ubiquitous, reliable, and high-capacity connexion, which cannot be fully
fulfilled with the help of only traditional infrastructures of the terrestrial network.
Although cellular technologies have made a huge step forward, land-based
networks remain heavily problematic due to the critical lack of coverage especially
in remote areas, rural areas, and maritime and disaster-prone zones, resulting in
the disconnection of the service and the lowering of the quality of experience. As
solutions to these problems, the convergence of satellite and non-terrestrial
networks (NTNs) such as low earth orbit (LEO) constellations, high altitude
platform systems (HAPS), and unmanned aerial vehicles (UAVs) have become
potential solutions to the problem of creating worldwide connectivity. This paper
suggests a hybrid communication scheme that will be a unified structure in which
terrestrial networks are smoothly involved in addition to satellite communication
and NTN layers to offer all-time and dependable coverage. The suggested
architecture works on the experience of multi-layer network coordination, dynamic
routing schemes, and adaptive resource dissemination schemes to enhance the use
of data transmission on heterogeneous communication platforms. Moreover, the
framework includes the edge-assisted processing and smart traffic offloading to
decrease the latency and improve network performance. The analysis, in the form
of performance evaluation, has shown that the proposed integrated system has a
great performance in comparison with the traditional terrestrial and standalone
satellite networks. These findings suggest that end-to-end latency is significantly
reduced, coverage is likely to increase in low-density areas, the throughput is high,
and reliability is significantly improved using a multi-path communication scheme.
This work has the most important contributions in how a scalable integrated
architecture of NTN was designed, the mechanism of efficient routing and
optimization of resources development and a full performance analysis
demonstrations the viability of point-to-point systems that used a combination of
satellite and terrestrial communications. The offered framework offers a critical
framework upon the seamless, resilient, and globally available communication in
next-generation beyond-5G and 6G ecosystems.
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1. INTRODUCTION

Accelerated development of wireless communication
systems based on fifth-generation (5G) ranges to
beyond-fifth-generation (B5G) and sixth-generation
(6G) is pushed by the growing need in ultra-reliable,
low-latency and ubiquitous connexion on earth. The

new uses of autonomous systems, remote healthcare,
smart agriculture, and giant Internet of Things (loT)
systems demand unrestricted communication services
over heterogeneous and frequently remote systems. In
the recent research, it has been emphasised that 6G
networks will go beyond the classic terrestrial systems
and incorporate new sophisticated technologies,
including artificial intelligence, edge computing, and
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non-terrestrial communication systems to introduce
global coverage and high-performance [3], [10], [16].
Although there have been tremendous improvements,
traditional terrestrial networks have certain inherent
constraints that have been identified to include
limited coverage in rural and remote environments,
high infrastructure deployment cost and susceptibility
to environmental interference and disruption. Such
constraints thwart the truly ubiquitous connectivity
especially in applications like disaster recovery,
maritime communication and in remote sensing
applications. This makes it impossible to deploy
terrestrial-only architectures that would satisfy the
high demands of the next-generation communication
systems [6], [14].

To overcome these problems, Non-Terrestrial
Networks (NTNs) network has become a viable solution
by uniting platforms in the form of Low Earth Orbit
(LEO), High Altitude Platform Stations (HAPS), and
Unmanned Aerial Vehicles (UAVs). NTNs permit large
coverage, high reliability as well as deployment in
dynamic application. Recent surveys have revealed
that surveillance based on satellites and UAV-enabled
systems of communication can indeed aid to improve
the network performance considerably and extend the
connexion to under-serviced areas [2], [5], [13].
Moreover, incorporation of NTN elements into 5G and
future 6G infrastructure has been cited to be among
the enablers in the realisation of global
communication using wireless means [6], [7].
Nevertheless, interconnection of terrestrial and non-
terrestrial networks brings some technical issues, such
as latency control, interoperability, resource
distribution and effective routing in the heterogeneous
network layers. Current architectures usually do not
provide a central network encompassing the
coordination in both terrestrial infrastructure and
NTNs platforms, thus leaving the performance of the
architectural sub-made suboptimal and the ability to
scale down to a limited capacity [2], [6].

Research Gap

Despite previous studies, pent accomplished on NTN
integration and  satellite-aided = communication
platforms, there is still a major gap in the creation of
a scalable, integrated, and performance-based
architecture that can efficiently coordinate both
terrestrial and non-terrestrial network elements. To
be more precise, current solutions do not allow
considering the aspects of latency minimization and
dynamic resource consumption as well as establishing
an uninterrupted interactions of LEO satellites, UAVs,
and terrestrial base stations. The existing gap denotes
the necessity of a holistic system that will provide
consistent and effective communication within 6G
settings.

Key Contributions

The main contributions of this work are summarized as

follows:

« Unified architecture to develop an integrated and
coordinated integration between terrestrial
networks and NTN components such LEO satellites,
UAVs, and HAPS platforms.

e Adaptive communication framework to allow
efficient transfer of data through heterogeneous
network layers to enhance reliability and
coverage.

* A resource latency optimization approach, which
reduces communication delay and yet excellent
performance in terms of throughput.

« Appropriate performance assessment showing that
there are radical change in coverage, latency and
reliability relative to traditional terrestrial-only
systems.

2. RELATED WORK

The satellite and non-terrestrial-based communication
technology integration of next-generation wireless
systems has been a widely researched key facilitator
of both beyond-5G (B5G) and 6G wireless networks. In
the conventional types of satellite communication
systems, extensive coverage has been achieved by
what are known as Geostationary Earth Orbit (GEO)
satellites, and this has a disadvantage of vast
propagation delays that render Geostationary
satellites unsuited to wuse in latency sensitive
applications. Low Earth Orbit (LEO) satellite
constellations have come as an option to all these
limitations, as they are associated with much lower
latency, greater throughput, and better spectral
efficiency. According to the recent studies, LEO-
oriented communication systems have the potential to
be used successfully in favour of the real-time services
and as the addition to terrestrial networks in
establishing the global connexions [2], [6]. Further,
multi-layer satellite systems that combine LEO,
Medium Earth Orbit (MEO) and GEO layers have been
postulated to give up optimal trade-offs between
coverage, latency and capacity that results in more
flexible and resilient communication infrastructures
[4]. Also used alongside satellite systems are aerial
platforms like High Altitude Platform Stations (HAPS)
and Unmanned Aerial Vehicles (UAVs) which have been
found to have on-demand connectivity as well as
dynamic network reconfiguration. Applications UAV-
based communication systems have been particularly
investigated with regard to disaster recovery,
temporary networks and extension of hotspots. Such
systems have been found to be advantageous to
flexibility and quick deployment, but they add
drawbacks regarding the issue of energy limits,
mobility management and interference control [5],
[13]. The integration of UAVs and satellite and the
ground-based networks contribute more to the
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coverage and reliability but makes the network
coordination and resource allocation more complex.

Standardisation activities by the 3rd Generation
Partnership Project (3GPP) have been important in
making official the inclusion of Non-Terrestrial
Networks (NTNs) into 5G and even 6Gs. NTN support
presented in 3GPP Release-17 to deal with the major
technical issues, such as Doppler compensation, timing
synchronisation, and mobility management in the
satellite communications. Future Release-18
developments strive to enhance interoperability,
facilitate communication directly between the
satellites and the device and make handover processes
between terrestrial and non-terrestrial channels
uninterrupted [6], [7]. Though these standards offer
some basic guidelines, the implementation process is
still experiencing some difficulties in realising
effective cross-layer interactions and real-time
scalability in a heterogeneous network landscape.
Hybrid ground-satellite systems have been suggested
in order to exploit the synergistic potentials of
alternative communication platforms. These
architectures are intended to integrate the capacity
and the latency of terrestrial networks which are high
with the wide coverage and resilience of the
terrestrial network which are possible only with the
satellite systems. Experts have shown that this type of
hybrid methods can make a great contribution to the
availability and reliability of networks, especially in
under-served and remote areas [2], [5], [13].
Moreover, VPN-like architectures using UAVs and HAPS
have demonstrated the ability to improve the
densification of networks and adaptive coverage of
dynamic environments. Nevertheless, the majority of
available hybrid models are based on the loosely
coupled integration strategies, which leads to
suboptimal performance due to inefficient routing,
larger signalling overhead, and the increased end-to-
end latency.

The latest developments in artificial intelligence (Al)
and machine learning have also brought fresh
possibilities to the optimization of communication
systems that operate on NTN. The Al-based ones have
been used with regard to dynamic routing, spectrum
allocation, traffic prediction, and managing network
resources. The deep learning models specifically have
been useful in enhancing spectral efficiency and
towards making smart decisions in complex wireless

models [12]. Adaptive routing and resource allocation
based on reinforcement learning schemes have also
been investigated on UAV-assisted and satellite
communication systems to achieve better network
performance when operating under dynamic
environments [11], [13]. Irrespective of such
developments, the majority of Al-based solutions are
restricted to individual network layers or stand-alone
components and do not offer an end-to-end
optimization platform based on network-comprised
terrestrial and non-terrestrial networks. The elements
of security and reliability of NTN-structured systems
have also been explored more so in the UAV
communication and satellite-assisted networks.
Research has indicated the issues surrounding
organising secure data transmission, mitigation of
interference, and network hardiness in massively
dynamic contexts [11]. Also, scalability can be
considered to be a critical issue, with the number of
satellites, UAVs, and other connected devices,
network management and coordination complexity
arise. The available solutions usually have no effective
means to support large-scale deployments and assure
quality of experience (QoE) and quality of service

(Qos).

An in-depth comparison of current strategies, which
are described in Table 1, identifies the main
peculiarities, benefits, and shortcomings of the
contemporary NTN and hybrid communication systems.
The analysis shows that, even in regards to
outstanding improvements it has made, a number of
key challenges are still unaddressed. Specifically, no
single and scalable integration model exists that can
effectively integrate terrestrial networks and LEO
satellites, the UAVs, and HAPS platforms. Moreover, it
has been shown that the current literature lacks a
proper concentration on the optimization of end-to-
end latency, particularly in the case of multi-layer and
multi-hop communication. Moreover, weak or absent
provisions of real-time flexibility and real-time
resource dynamism frustrate the strengths of existing
architectures to accommodate the demanding 6G
application requirements. The last gaps emphasise the
importance of an all-encompassing and performance-
convergent framework with the potential to
accommodate the intricacies of next-generation
integrated terrestrial-NTN communication systems.

Table 1. Comparison of Existing NTN and Hybrid Communication Approaches

Ref. | Approach Type Key Features

Limitations

[2] NTN Survey (LEO-based)

Comprehensive NTN evolution, LEO integration | Lacks implementation framework

[6] Satellite-5G Integration

NTN architecture, interoperability concepts

Limited latency optimization

[7] LEO Satellite Integration

Satellite inclusion in 5G networks

Scalability challenges

[5] UAV Communication

Flexible deployment, coverage enhancement

Energy and interference issues

[13] | UAV-assisted Networks

Adaptive coverage and mobility support

Limited real-time optimization

[12] | Al-based Wireless Networks

Intelligent routing and resource allocation

Layer-specific optimization only

[4] Multi-layer Satellite Systems | GEO-MEO-LEO integration

High system complexity
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3. SYSTEM ARCHITECTURE OF INTEGRATED SATELLITE
AND NTN NETWORKS

The proposed multi-tier communication infrastructure
will be a multi-layer architecture containing
terrestrial, aerial and space-based elements of the
network to provide efficient interconnectivity, low-
latency, and high-reliability globally. This pyramidal
framework can ensure successful coordination of
heterogeneous network components and also multiple
application needs in the beyond-5G, 6G environment.
The base of the architecture is the terrestrial layer,
the architecture comprises conventional cellular
infrastructure, base stations, and headserver and core
network devices. This layer has the role of delivering
high capacity and low-latency communication in highly
populated urban and suburban areas. It also enables
edge computing to enable real time data processing
and latency sensitive applications. But due to its
nature it is inaccessible in remote and rural locations
and so requires incorporation of non-terrestrial
elements. Layers Above the ground plane, there is the
aerial layer which includes Unmanned Aerial Vehicles
(UAVs) and High Altitude Platform Stations (HAPS).
These platforms serve as an intermediate
communication node extending its reach, an on-
demand connexion, and flexing the network. UAVs are
more suitable in instances of temporary deployments,
disaster recovery and hotspot coverage, whereas HAPS
are more stable and wide area with less latency than
satellite systems. The aerial layer is essential in
closing the gap between the terrain and the space
layer through making artificially adaptive
reconfiguration of the network and load balancing.

Space layer space satellites include satellite
constellations working at various altitudes with orbital
positions such as Low Earth Orbit (LEO), Medium Earth
Orbit (MEO), and Geostationary Earth Orbit (GEO). The
LEO satellites are suitable in real-time applications
because of their low latencies and high data rates, but
the GEO satellite has a wide range of coverage to
cover in broadcast applications and also wide area.
MEO satellites are found as a compromise between
latency and coverage. This combination of these
satellite layers will provide whomsoever with constant
world connectivity, especially in remote and
underserved areas. One of the main characteristics of
the given architecture is the use of Inter-Satellite links
(ISLs), which allow direct communication between
satellites without using ground infrastructure. End-to-
end latency reduction ISLs can greatly reduce the
latency between end points, achieve routing
efficiency, and enhance network resilience by enabling
them to transmit data across satellite constellations
over a mesh like topology. The ability is valuable
especially in long distance communication and
transmission of real time information in international
level networks.

Ground station coordination is crucial in the control of
the communication between the space and the earth
components. Ground stations are terminal that are
switching points that carry and exchange data, control
signalling, and network synchronisation. In the
proposed structure, smart coordination schemes are
introduced to enhance the maximisation of
distribution of traffic, congestion, and proper hand
over between various layers in a network. This
coordination increases the performance and reliability
of the system. Besides, it is based on the architecture
of network slicing and service differentiation units to
serve various application needs. Network slicing can
be used to create virtualized instances of the network
to meet a particular application, including ultra-
reliable low-latency = communication (URLLC),
enhanced mobile broadband (eMBB) and massive
machine-type communication (mMTC). Proposed
system will be able to dynamically allocate resources
and prioritise services through software-defined
networking (SDN) and network function virtualization
(NFV) that will be able to allocate and reallocate
resources and concentrate on the needs of
applications. The given method guarantees effective
utilisation of network resources and high-quality of
service (QoS) in the heterogeneous network
environment. In general, the proposed multi-layer
architecture is a flexible, scalable, and high-
performance platform that could be used to combine
terrestrial and non-terrestrial networks. The
architecture would overcome the main challenges in
next-generation wireless communication systems by
enabling good coordination across layers, efficient
routing with inter-satellite connexions and support
service differentiation with network slicing which
would form the foundation to reliable and ubiquitous
6G connectivity.

4. FEATURES AND PROBLEMS OF COMMUNICATION

The introduction of satellite and non-terrestrial
networks (NTNs) implies novel communication
specifics and great challenges that should be overcome
to provide sustainable beyond-5G connectivity. The
network heterogeneous nature, dynamic topology, and
different propagation environments in terrestrial,
aerial, and space sections, are some of the challenges
that result in these challenges. Complicated
propagation in the integrated NTN environments is the
key factor in wireless communication. This is contrary
to terrestrial networks because the signals in the NTN
networks pass through long distances and different
layers in the atmosphere thus causing a great deal of
signal degradation. Path loss is one of the main issues
and it gets high as the distance of transmission grows
especially in satellite communication linkages.
Attenuation is also greater in the satellites because
the distance between ground and satellites is long.
Moreover, Doppler shift is also considered as an
important element in the satellite communications in
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LEO because the relative velocity between satellites
and ground terminals is high. This leads to variations
of frequency that may produce an influence on the
synchronisation and signal integrity. More so,
atmospheric attenuation which includes rain fade,
ionospheric phenomenon and tropospheric scattering,
greatly influences the wave transmission of signals
particularly at higher frequencies like Ka-band and
millimetre-wave frequencies. The dependence of such
propagation effects on the various layers of the
network is presented in Figure 1.

There are some operational challenges that are
presented by the integration of non-terrestrial systems
and terrestrial, at the level of the network. Mobility
management is one of the most important since users
and the network nodes including satellite and UAVs are
very dynamic. To assure a constant connectivity,
effective tracking and location management systems
are needed. The other important challenge is a smooth
transition to connectivity especially in multi-layer
network where the user can switch between the
ground setup, aerial platform, as well as satellites.
Handovers in LEO constellations may often come at an
extended overhead to signalling and in other cases can
cause service breakdown unless adequately attended
to. The issue of spectrum sharing is also a significant
one because NTN systems are frequently utilised in the
frequency bands shared between terrestrial networks.
Spectrum allocation and coexistence need to be
anticipated with efficiency to reduce interference and
give optimal use of the restricted spectrometer. Also,
the coexistence of various communication layers also
complicates interference management, and
autonomous coordination and resource optimization
methods are necessary.

The integrated NTN architecture has to meet strict
Quality of Service (QoS) in the applications of beyond-
5G and 6G ecosystems. These are Ultra-Reliable Low-
Latency Communication (URLLC) when the mission-
critical applications will be used and low latency and
high reliability are required, Enhanced Mobile
Broadband (eMBB) when the high-data rate services of
video streaming and immersive applications will be
applied, and Massive Machine-Type Communication
(mMTC) when the large-scale deployment of the loT
will be required. The long delay of propagation,
changing topology and different channel conditions
make it difficult to achieve these QoS requirements in
NTN environments. Thus, it is necessary to promote
efficient resource assignment, adaptive routing and
intelligent network management that will guarantee
steady workload of any type of service.
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Fig. 1. Path Loss Comparison between Terrestrial and
Satellite Links over Varying Distances.

5. PROPOSED INTEGRATED NTN COMMUNICATION
FRAMEWORK

A hybrid integrated system of NTN communication will
be suggested to overcome the drawbacks of current
systems of communication in terrestrial and non-
terrestrial environments, i.e. integrating terrestrial
infrastructure, aerial platforms and satellite
communication into one system. The framework
proposed should be designed to ensure smooth
connectivity, reduced latency, and enhanced
reliability on the heterogeneous environment. Figure 2
represents the general workflow and working modules
of the suggested framework. The suggested system
follows the hybrid model of communication that unites
terrestrial base stations, UAVs/HAPS, and satellite
constellations (LEO/MEO/GEOQ) into a single network.
This model proposes the use of terrestrial networks to
ensure the high capacity and low latency
communications in the densely populated areas
whereas UAVs and HAPS are deployed in areas that are
underserved or have high demand. Satellites are
comprehensive by nature meaning that they cover the
entire world hence giving connectivity in those areas
where there could be lack of terrestrial network. This
multi-layered coordination allows the persistent
availability of services, as well as the increased
resilience of the network, on the whole.

One of the most important elements of the framework
is the application of a dynamic routing strategy that
selects the best communication path in a smart
manner by considering the situation of network
conditions, latency needs, and resources availability.
The system employs dynamic switching between the
terrestrial, aerial, and satellite-based links instead of
fixed routing methods to reduce the transmission
latency and make the most out of the throughput. The
real-time network state information on channel
conditions, node mobility and traffic load is used to
make routing decisions. In a bid to enhance the
performance of the network, the framework includes
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load balancing and traffic offloading. Traffic is spread
so that it will not be congested on the network as well
as give the most efficient use of its resources. As an
example, the delay-sensitive traffic can be prioritised
by terrestrial or LEO satellite connexions, while non-
urgent information may be swapped to slower satellite
paths. UAVs and HAPS are important in the
redistribution of the traffic at peak time or network
collapse to improve system robustness.

Another essential aspect of the offered framework is
the inclusion of edge computing. Base-station, UAV,
and on-ground gateway edge nodes allow local
processing of data eliminating long-range data
transmission. This goes a long way to reduce end-to-
end latency and enhance the performance of real-time
applications, like autonomous application, remote
monitoring and augmented reality. Intelligent routing
and resource allocation are also supported by edge
assisted processing.

Also, the structure promotes Al-controlled network
orchestration to increase flexibility and efficiency.
Machine learning interpreters are used to make
predictions on traffic, optimise routing routes, and
distribute resources in real-time in network layers.
The Al based orchestration provides proactive
management of the network and has the ability to
reduce congestion, and reduce and minimise the
latency and quality of service. This is especially a
feature of extremely dynamic NTN systems where
network conditions vary on a short timescale. In
general, the suggested integrated NTN communication
enables a high-performance, scalable and adaptive
solution to the next-generation wireless systems. The
framework effectively resolves coverage, latency, and
reliability issues by integrating hybrid communication
models, intelligent routing, load balancing, edge
computing, and Al-driven optimization, the framework
will enable the introduction of a seamless global
connexion in beyond-5G and 6G networks.
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(LEO / MEO / GEO)
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Aerial Network
(UAV [ HAPS)

}

Dynamic Hybrid Routing
- Routing Strategy

- Load Balancing

- Traffic Offloading

/

Edge Computing

Terrestrial User
(Mobile Device)

AI/ML Engine
(Optimization & Prediction)

Global Internet

v

Cloud Core Network

Fig. 2. Al-Enabled Hybrid Routing Architecture for Integrated Terrestrial, Aerial, and Satellite Networks

6. PERFORMANCE OPTIMIZATION STRATEGIES

The optimization of the performance of integrated
satellite-NTN networks is not only an appendix the
main enabler that can be taken and makes the
difference between the system becoming usable and
being theoretically impressive. The multi-layers and
cross-domain optimization approach, integrated into
the proposed framework, enables the simultaneous
optimization of the latency, throughput and the
energy efficiency without losing its scalability and

reliability. The workflow of the overall optimization is
depicted in Figure 3.

Latency is minimised by incorporating both
architectural and protocol improvements. Propagation
delay can be greatly reduced since Low Earth Orbit
(LEO) satellites are wused as opposed to the
conventional GEO systems that reduce the speed of
communication on time. Nonetheless, it is not enough
to use only LEO but also to make intelligent routing
decisions to eliminate unwarranted satellite hops. The
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framework suggested proposes the application of
latency-sensitive dynamic routing whereby the traffic
is routed on the shortest and least congested route
through terrestrial, aerial, and satellite networks.
Parallel In parallel, edge computing is significant
because it process data nearer to the user, which will
decrease reliance on centralised cloud computing
infrastructure. This works especially well with ultra-
reliable low-latency communication (URLLC) services
e.g. remote surgery, industrial automation, and
autonomous vehicles. Also, predictive caching and
local data aggregation mechanisms also minimise
transmission delays through elimination of unnecessary
data transfer. The proposed system is motivated by
sophisticated  physical-layer and  network-level
methods in the context of performing throughput
enhancement. Massive MIMO is applied in both the
terrestrial and aerial nodes in order to enable the
simultaneous multi-user communication and therefore
improving spectral efficiency. Beam forming is also
used on terrestrial-base stations as well as with
satellite payloads and UAV platforms in order to
concentrate the power of transmission in a narrow
range to enhance the strength of the signal as well as
minimising interference. Besides, adaptive spectrum
reuse techniques are applied at various network layers
that enable various users and services to utilise the
frequency resources available effectively without
producing a lot of interference. It further provides a
traffic aware load balancing within the framework in
which high demand regions are offloaded dynamically
to aerial or satellite connexions instead of congesting
the terrestrial networks. This multi-layer load
distribution has extensive optimization of the overall
network throughput and provides a consistent quality
of service over traffic conditions.

The issue of efficiency in energy is covered with wise
management of resources and flexible ideas of
communication. Power is a very limited resource in
satellite communication and UAV-based
communication and its inefficient utilisation may
drastically restrict the functionality of the system. The
suggested model incorporates the concept of power
conscious communication  protocols by  which
transmission power is dynamically changed according
to the quality of the link, user demand and
environmental factors. Trajectory planning and task
scheduling also optimise energy usage in UAV and uses
flight paths to achieve the optimal energy use with a
fixed coverage. Also, sleep-mode functionality and
energy-harvesting solutions (e.g. solar-powered UAVs
and satellites) are viewed to increase the life cycle.
On the network level, routing algorithms that minimise
the total energy use are implemented to select routes
meeting the required performance as well as reducing
total power use. In addition to these core strategies,
the framework features intelligent orchestration
mechanisms on the basis of Al and machine learning.
Through these methods, real time forecasts of the

traffic, channel conditions and user mobility can be
realised and proactive optimization of routing,
resource allocation and network set up can be
performed. As an example, routing based on
reinforcement learning is able to adjust in real time to
changing network conditions, whereas deep learning
models can be used to optimise beam forming as well
as interference management. This intelligence is
necessary to cope with highly dynamic NTN
environments.

Moreover, the flexibility and scalability are improved
due to the combination of software-defined
networking (SDN) and network function virtualization
(NFV). SDN provides centralised control of network
resources and allows network functions to be deployed
dynamically across layers and enables rapid
reconfiguration and optimization. This combination
will make sure that the network is flexible to different
service needs and operating conditions and does not
have to make major changes in the infrastructure. In
general, the performance optimization strategies
proposed are holistic when it comes to ensuring that
there is enhancement of latency, throughput, and
energy efficiency in integrated NTN systems. The
solution integrates the LEO-based routing, edge
computing, enhanced transmission services, energy-
conscious communication, and Al-poised optimization
to create a robust and scalable smart solution to the
next-generation wireless networks. These
improvements do not happen automatically and they
are necessitated but in case the system would be
called upon to be used in a real world situation
involving 6G deployment.
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&£

Local Oscillator ~ Power Amplifier

Fig. 3. RF Front-End Architecture for Integrated Satellite and
NTN Communication Systems.

7. RELIABILITY, SCALABILITY, AND SECURITY

The key elements that ensure successful
implementation of integrated satellite-NTN networks,
particularly in 6G implementation in large scale and
mission-critical applications, include reliability and
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scalability as well as security. The three aspects
(somewhat discussed in the proposed framework) are
resolved to create an integrated approach to providing
architectural redundancy, distributed intelligence, and
advanced security system. The performance trends of
these parameters are pictured in Figure 4. Multi-path
communication strategies have a big role to play in
increasing the reliability of the proposed system. In
contrast to conventional one-link communication
systems, the integrated NTN architecture allows
transmitting data on the various parallel paths
comprising the terrestrial, aerial and satellite layers.
This redundancy is so that in case (or because) one
channel path becomes non-functional through a link
degradation, or node interference or mobility, another
is dynamically chosen without causing an interruption
to the service. Inter satellite links (ISLs) also make it a
bit more reliable, as the data can be rerouted
between satellites and does not require any congested
or broken ground segments. Besides, smart routing
algorithms keep checking the state of the network and
choosing the most stable and efficient routes,
increasing the overall robustness and fault tolerance
of the system.

Scalability is brought by the implementation of

satellite mega-constellations and both flexible
network  architectures. The large-scale LEO
constellation can empower the system to

accommodate a huge population of users and devices
in coverage regions throughout the globe. Controlles
Unlike in the classic GEO-based systems that are
capacity and flexibility limited, LEO constellations
have the capability to be dynamically adjusted in
cover and capacity according to demand. Besides, the
combined use of the UAVs and HAPS can be more
scaled because in high traffic or under-serviced areas,
the addition of networks on an on-demand basis is
allowed. Efficient scaling with software-defined
networking (SDN) and network function virtualization
(NFV) enabling the system to deliver network functions
where required is possible by dynamically assigning
resources and deploying them. This will make the
network capable of supporting rising traffic amounts
and user density without major deterioration in
performance.

In integrated NTN settings, security is a paramount
issue because of the autonomy and dispersal
characteristics of wireless communication. The
suggested framework will have several layers of
security mechanisms to mitigate a wide range of
threats. The method of anti-jamming is also put in
place to alleviate deliberate interference, especially
in communications over satellites, through frequency
hopping, spread spectrum and adaptive beamforming.
The secure routing protocols are used to guarantee
that the data is sent on a path, which is trusted and
eliminate attacks like the spoofing, black hole attacks,
and the man-in-the-middle attacks. Further, there are
also end-to-end encryption schemes incorporated to

ensure the confidentiality and integrity of the data
throughout all network levels.

In case of enhanced security, blockchain based models
can be utilised to achieve decentralised
authentication, data sharing security between network
members. This guarantees openness, permanence as
well as trust in extremely distributed NTN settings. In
addition, intrusion detection systems that operate on
Al can be applied to detect abnormal activities on a
network and possible security threats in real-time to
allow active defence mechanisms to be implemented.
All in all, the joints of multi-path communications to
provide reliability, mega-constellations to provide
scalability, and multi-layer security mechanisms
together make the proposed NTN framework a robust,
flexible and secure one. These characteristics are
necessary in the support of next-generation
applications and services of beyond-5G and 6G
communications systems.

B Troditional Network 20%
B ntegrated NTN (Proposed)

Packet Loss Rate (%)

60% 80% 100%
Network Load (%)

Fig. 4. Impact of Network Load on Packet Loss in Integrated
NTN Systems.

8. RESULTS AND PERFORMANCE EVALUATION

This paragraph measures the performance of the
proposed integrated satellite -NTN structure, through
simulation based analysis, which is in line with the aim
to be analysed in the abstract. These findings show
significant enhancements in latency, throughput,
coverage, and reliability enables relative to the
traditional terrestrial and standalone satellite systems
especially in dynamic and high-load operations. The
system is tested with the help of a hybrid simulation
environment on NS-3 and MATLAB, which allows one to
model properly both network-layer protocols and
physical-layer channel effects. The deployment
conditions are taken into account to be realistic such
as the rural areas that have very sparse infrastructure
and maritime or disaster conditions where the
connectivity is almost impossibly low. The network
incorporates ground base stations, UAV/HAPS and
LEO/MEO constellations of satellites. These are crucial
parameters of 120-300 LEO satellites of 600-1200 km

Recent Advances in Next-Generation Wireless Communication Systems | May - Aug 2026 29




Cooper Harris : Integration of Satellite and Non-Terrestrial Networks for Reliable Beyond-5G Global Connectivity

with an altitude, 0.5-20 km UAV/HAPS, and the user
density of 50-500 users/km 2. The system works at 3.5
GHz and in 20 GHz respectively with a band of 100MHz
in terrestrial and satellite links respectively. The key
metrics used to assess the performance of a system

include provisions of the latency, throughput,
coverage probability, rate of packet loss, and energy
efficiency, where latency and throughput are the main
metrics used to measure system performance in terms
of efficiency and responsiveness.

Table 2. Performance Comparison

Metric Terrestrial Only | Satellite Only | Proposed Hybrid NTN
Latency (ms) 45 120 28

Throughput (Mbps) 80 55 110

Coverage (%) 72 90 98

Packet Loss (%) 4.5 3.2 1.8

Energy Efficiency (J/bit) | 0.85 1.20 0.65

Table 2 gives comparative analysis of the three
communication architectures and it is evident that the
proposed hybrid NTN framework has the best
communication structure. The decrease of latency of
45 ms (on land) to 120 ms (on a satellite) to 28 ms
shows that the hybrid model is a useful remedy to
congestion-related delay in a terrestrial network as
well as the propagation delay in a satellite system.
LEO-based routing together with edge processing is the
main cause of this enhancement because the data
transmission over long distances is minimised. The
throughput increase of 80 Mbps (terrestrial) and 55
Mbps (satellite) to 110 Mbps indicates the effect of the
use of multi-layers resources and on-demand traffic
offloading. The hybrid framework uses limited
bandwidth resources, unlike standalone systems,
which depend on a single bandwidth resource and
distribute traffic across terrestrial, aerial, and
satellite connexions, eliminating bottlenecks and

improving spectral efficiency. The positive change in
coverage between 72 and 98 is demonstrating one of
the most important values of the suggested system.
The combination of UAVs and satellites constellations
makes sure that the connexion is available even in the
inaccessible or infrastructure-weak regions. This
specifically deals with coverage limitations which have
been identified in the abstract. The minimization of
the packet loss of 4.5% and 3.2 to 1.8 show better
reliability of the network conditions. This is to be
reached by use of adaptive routing and multi-path
communication in that routes are given as an
alternative means of transporting data in the event of
a link degradation. The fact that are improving energy
efficiency (0.65 J/bit) is an indication that the hybrid
system is current to optimise power usage by
implementing smart transmission schemes and load-
conscious communication, which is appropriate in the
energy-limited setting like UAV-assisted networks.

Table 3. Reliability Metrics

Parameter

Value (Hybrid NTN)

Link Availability (%)

99.3

Handover Success Rate (%)

97.8

Multi-path Reliability Gain

+35%

Failure Recovery Time (ms)

<50 ms

Packet Delivery Ratio (%)

98.6

Table 3 is concerned with reliability factor(s) of the
proposed framework, which is very important in the
case of mission-critical as well as real-time use. The
link availability of 99.3 per cent means that the
network is continuously connected even when the
network is dynamic due to mobility of nodes or
disturbances in the environment. To a large extent,
this is made possible by the existence of several layers
of communication which gives redundancy. The
effectiveness of the mobility management mechanisms
within the hybrid is demonstrated by the success of
the handover of the system 97.8 out of 100 times.
Handovers are common, particularly in LEO satellite
networks, which might impair performance in case
they are not incurred in an efficient manner. The
reason is that the success rate is high, which indicates
that the routing and control used are effective in

having a smooth transition among the network
segments. Multi-path communication is important as
35 percent of reliability was increased, which
illustrates the relevance of path diversity in improving
network resilience. The system will provide numerous
paths through which data transmission may take place
and this is a very important step in eliminating
chances of communication failure. The recovery time
of the failure less than 50 ms is indicative of the speed
at which the system reacted to a break of the links.
Such a quick recovery is necessary in applications that
demand an extremely reliable communication. Lastly,
the article has illustrated that most of the data sent is
delivered to its destination and this is illustrated by
the ratio of 98.6, confirming the stability and
reliability of the proposed framework.
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Table 4. Numerical Performance Data (Hybrid NTN)

Distance (km) | Latency (ms) | Throughput (Mbps) | Packet Loss (%) | Coverage (%)
50 18 115 0.8 99
100 22 112 1.0 99
200 26 108 1.2 98
400 30 105 1.5 98
600 34 100 1.7 97
800 38 95 1.9 97
1000 42 90 2.2 96

The numerical performance analysis of the system
according to communication distance is given in Table
4 below. It was found that the distance has a near
linear dependence on latency, largely because of
propagation delay. Nevertheless, the growth is
manageable as opposed to the satellite-only systems,
which implies the success of hybrid routing.
Throughput also reduces gradually with the distance,
as a result of attenuation of the signal and the
simultaneous utilisation of additional resources. The
reduction is, however, not dramatic and at the
distance of 1000 km by far, the throughput of the
system is above 90 Mbps, which indicates a high
degree of performance stability. The loss of packets
increases moderately with distance as it is supposed to
be because of interference and channel degradation.
However, the values are quite low, this is, and the
error control and routing strategies are successfully
implemented. The coverage is over 96% at all
distances, established again that the hybrid
architecture has uniform coverage at long
communication distances. This puts the strength and
scalability of the proposed system into focus.

The graphical analysis gives more information on the
behaviour of the proposed hybrid NTN framework
under different distance and network load conditions,
which significantly shows that the proposed hybrid
NTN framework has better performance compared to
the terrestrial and satellite systems alone. Three
different trends are followed in Figure 4. The
terrestrial-only network is characterised by a steep
and nearly exponential distance dependence on
latency, growing as short distances change to around
15 20 ms to an almost 190 ms minimum at a range of
800 km. This is largely attributed to more discharging
routes, jam, and unavailability of long-distance routes
support. The satellite-only system experiences a
slower yet steadily high latency beginning at about 60
ms, and peaking at about 155 ms at 1000 km that is
primarily due to propagation delay that is inherent
during satellite communication. As a contrast, the
hybrid NTN framework proposed here has much lower
latency at all distances with only a slight increase of
approximately 18 ms to 42 ms at distances of 50 km to
1000km respectively. The growth curve is my almost
straight and by far flatter than the other systems. An
important note is that there is a point at the latitude
of about 400-600km, where the latency between the
hybrid and standalone systems increases significantly.
As an example, the 800km flow has approximately 38

ms in the hybrid system, versus 135 ms (satellite) and
value of approximately 190 ms (terrestrial) which is
over 70 percent in latency improvement. It is a clear
indication that LEO-based routing and edge-assisted
processing is useful to reduce long-distance
communication delays. The hybrid system does not
require needless routing hops and makes utilisation of
ideal paths that is why the latency scaling in the
hybrid scaling is kept under cheque even when the
distance is high.
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Fig. 5. End-to-End Latency vs Communication Distance for
Hybrid, Terrestrial, and Satellite Networks

In Figure 5, it is also very instructive on the
performance trend under increasing loads. The
network with earth terminals only demonstrates a very
high degradation through the throughput with the
increase in load with a decline at 20 percent load to
35 Mbps at 100 percent load, which is very harmful
resulting in severe congestion and limited scalability.
The satellite-only system has fairly consistent yet low
throughput of between 55 Mbps and 48 Mbps, owing to
bandwidth factors and decreased reuse of frequencies.
The proposed hybrid NTN framework is, however, the
one that achieves maximum throughput at all load
conditions. It is initiated at 115 Mbps when starting
with the 20 percent load which is then slowly reducing
to 90 Mbps when fully loaded exhibiting a moderate
drop in performance. The hybrid system is even more
than 150 percent faster than terrestrial networks and
almost 90 percent faster than the satellite systems
even in full load. Such stability implies that the system
deals with congestion efficiently with the help of the
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dynamic traffic offloading and multi-layer resource
distribution. The capability to decentralise traffic at
both the ground, air and satellite layers avoids the
occurrence of bottlenecks and guarantees sustained
information rates. The next notable fact is that
throughput degradation does not occur abruptly as is
the case with terrestrial networks; it occurs gradually
with the hybrid system. It implies that the system is
scalable in a highly efficient way with rise in the
number of users and best fits in high traffic and dense
environment. Load balancing, spectrum reuse, and
smart routing will provide the combination of these
three features to make sure the performance is not
weak even under stressful conditions. On balance, the
graphical outcomes allow concluding that the
suggested hybrid NTN framework can not only enhance
average performance but also ensure the stability of
performance under the extreme conditions, such as
long-distance communication or the full network load.
This is an essential advantage compared with
traditional systems which are prone to changes and
deteriorate under such circumstances.
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Fig. 6. Throughput Performance Comparison under Varying
Network Load (Hybrid vs Terrestrial vs Satellite)

9. DISCUSSION

The findings duly support the efficiency of the
suggested integrated satelliteNTN framework in
overcoming the flaws of the conventional
communication frameworks. These great advances in
latency, throughput, coverage and the reliability are
not accidental, it is a direct result of the multi-layer
architecture and smart routing schemes implemented
in the proposed model. Such a combination of
terrestrial, aerial and satellite networks allows them
to make dynamic selections of the path and therefore
information is constantly transmitted over the best
route possible. This is what makes the system
especially good in adverse conditions like long distance
communication and substantial network load in which

other systems would normally fail. The fact that the
proposed framework has the potential to cover almost
the globe is one of the biggest benefits of the
suggested framework. As opposed to ground level
networks, which are limited in their range due to the
requirement to place infrastructure, the presence of
LEO/MEO satellites and UAV/HAPS platforms translates
to connectivity everywhere, even remote, rural,
maritime and rough areas struck by a disaster. This
directly tackles one of the fundamental issues that
were indicated in the abstract which is coverage
limitation.

High reliability is another great strength which is
acquired by use of multi-path communication and
redundant layers of a network. The system does not
connect to one communication channel, rather it
dynamically takes a different channel between
terrestrial, aerial, and satellite connexions. It is
observed that this redundancy greatly reduces the
occurrence of link failure probability and provides a
consistent service availability as indicated by high link
availability and ratio of delivery of packets to link
availability as is the case with the observed results.

The framework also allows a smooth connectivity
especially when there is a high mobility. Effective
handover processes between the layers of network
constraints take care of continuous communication,
which is essential in the likes of vehicular network,
aeroplane and sea route communication. The routing
through Al is also an addition of flexibility that can
enable a network to react dynamically to evolving
situations. Nevertheless, there is no free gain in these
advantages. The latency or cost trade-off is one of the
major problems. Although LEO satellites and edge
computing play major roles in minimising latency,
establishing and provisioning large constellations of
satellites as well as UAV infrastructures are costly in
terms of monetary input. This brings both practical
scalability and economic viability issues particularly to
the developing regions.

The other essential trade-off is that of complexity
versus performance. The hybrid structure adds several
layers, dynamic routing, and Al-like optimization of
systems which add complexity to the system. Such
system needs sophisticated control algorithm,
synchronisation and resource allocation plans.
Although this complexity allows achieving better
performance, implementation, maintenance, and
standardisation become more difficult. Nevertheless,
the suggested framework has high potential especially
in various areas of critical application. The NTN hybrid
during a disaster recovery process, which in most cases
destroys or disables terrestrial infrastructure, the
hybrid system can quickly recover the communication
system through satellite and UAV connexions. A smart
city framework can be used to facilitate high-density
connectivity and real-time data processing in smart
cities, which can be used to support applications like
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intelligent transportation and loT networks. It supports
quality telemedicine service in undercovered areas in
remote healthcare as it ensures nonstop connection
accessibility. Also, the system can be used to deliver
stable communication to the wide area, where the
traditional networks fail, in maritime industry and
aviation industry. To the point, the hybrid NTN
framework as suggested is not an incremental
advancement- it is one of the structural changes in the
feasibility of designing communication networks in the
future. Its increase in the performance is real, and so
are the challenges in its implementation. The
deployment of any serious sort will require a trip to
strike a balance between these two sides.

10. LIMITATIONS

Even though the adoption of the proposed integrated
satellite-NTN  framework has shown promising
performance improvement, a number of limitations
should be mentioned to give a realistic and balanced
judgement. The limitation of extreme cost of
deployment of the suggested architecture is one of the
main constraints. LEO/MEO satellite constellations,
UAV/HAPS platforms, and terrestrial infrastructure
integration are costly to capitalise on. Specifically, the
capitalization and sustenance of high-level satellite
constellations and the implementation of aerial
platforms are associated with high costs of operation
and maintenance. Although the framework can be
used in the long-term in terms of coverage and
performance, the initial cost constraint can be a
limitation to its adoption particularly in economically
constrained areas. The other serious issue is the
problem of regulation and spectrum allocation.
Integrated networks of terrestrial, aerial and satellite
networks necessitate coordinated sharing of spectrum
in a multiplicity of frequencies. This brings about some
complications of international regulations, licencing
and interference management. Different nations have
different policies regarding the use of the spectrum
that may have a negative impact on the global
implementation. Also, terrestrial and satellite systems
can coexist in common frequency bands, which is of
concern as it could lead to interference and effective
use of the available spectrum.

The analysis in this work is majorly done through
simulation validation through NS-3 and MATLAB.
Although these tools offer a regulated and powerful
backdrop of the performance analysis, they can not
most likely represent all the real-life circumstances
like random channel variations, hardware constraints
and environmental variations. Consequently, the
documented performance improvement might vary
when the system is put to practical application. Field
trials or test beds should be used to provide
experimental validation to the usefulness of the
proposed framework.

Moreover, the suggested system would add a great
level of complexities connected to integration because
of the multi-layer structure and dynamic routing
systems. The process of synchronising terrestrial,
aerial, and satellite levels implies the use of advanced
control systems and protocols, metrics of
synchronisation, and algorithms of dynamical decision-
making. Such optimization requires a lot of
computational logistics and  effective  data
management, and furthermore, Al-based optimization
makes the systems more complex. This complexity
may be a challenge regarding system design,
scalability and maintenance. Overall, although the
presented hybrid NTN model proves to be superior in
terms of performance benefits, its application is
limited due to the presence of economic, regulatory,
and technical limitations. The solution to these
limitations will play a crucial role in replacing the
models in literature with their operational
counterparts in the new communication system in the
future.

11. FUTURE WORK

The suggested hybrid NTN framework provides various
possible paths to the future research and
development, especially the communication systems
of the future to become even more intelligent, secure,
and more practically applicable in the real world. One
of the future directions is the construction of Al
autonomous NTN architectures. Though the existing
model uses the principles of intelligent routing and
optimization, the next generation work environment
can also use techniques of machine learning and deep
reinforcement learning to provide complete autonomy
to the network. This involves forecasted traffic
modeling, reconfigurated resource schedules and self-
optimizing routing choices according to the real-time
network circumstances. This autonomy would greatly
enhance efficiency of the network, minimise human
intervention as well as be able to dynamically adapt to
highly heterogeneous environments.

The other crucial extension is that of integrating 6G
and terahertz (THz) communication technology. With
the development of communication systems going
beyond 5G, the use of THz frequency bands may allow
to offer very high data rates, very low latency, and
increased spectral efficiency. Incorporation of THz
links into the hybrid NTN would also enhance high
capacity backhaul and fronthaul connectivity
especially in dense urban environment and high
demand applications. Nevertheless, this demands the
struggle with propagation loss, beam pointing and
hardware limitations too. An additional area of future
research that is vital is the initiation of quantum-safe
communication systems. As quantum computing
becomes more and more of a threat to classical
cryptographic schemes, it will become necessary to
add quantum-resistant algorithms and quantum key
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distribution (QKD) methods to NTN architectures. This
would guarantee the safe flow of data on the multi-
layers networks, especially on the mission-
implementing programmes like defence, health care
and financial systems. Lastly, the proposed framework
must be tested in real-world scenarios and
experimental testbeds to confirm the practical
viability of the proposed framework. The work of the
future should be aimed at creating prototype
applications with the use of software-defined radios
(SDRs),  satellite  simulators, and UAV-based
communications devices. Field tests under varying
applications in remote areas, disaster areas, and urban
intelligent cities will help to gain better information
about the operation of the system under practical
conditions. This is an important phase that would help
close the distance between the simulation and scale
application. In short, the further evolution will be
aimed at enhancing the proposed NTN framework to
be more intelligent, secure, and scalable to provide its
successful implementation in the next-generation 6G
and higher communication ecosystems.

CONCLUSION

To demonstrate this relationship, the suggested hybrid
satellite-terrestrial-aerial network (NTN) framework is
an efficient and scalable method of establishing the
next-generation communication systems corresponding
to wireless networks with the assistance of multiple
network layers that are intelligently combined. The
architecture also mitigates the shortcomings of
individual terrestrial and satellite networks by
allowing greater end-to-end coverage of the world
especially in isolated and underserved areas, and at
the same time achieve a low end-to-end latency as a
result of optimisation of routing paths. The integration
of adaptive and smart communications will also
improve the overall reliability of the network so that

there is predictable status during the active
performance based on the load and other
environmental  factors. Such  accomplishments

emphasise the importance of the planned architecture
as a high robustness and future-oriented
communication platform, which makes it very relevant
to beyond-5G and other developing 6G platforms that
need universal network connectivity, highly reliable
communication, and a smooth flow of services in
various application areas.
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