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Abstract. Satellite communication systems are a fundamental component of modern
global telecommunications, providing wide-area connectivity where terrestrial
infrastructure is unavailable, economically inefficient, or vulnerable to disruption. This
article reviews the architecture and operating principles of contemporary satellite
communication systems, compares geostationary, medium-Earth-orbit, and low-Earth-
orbit platforms, and discusses key technologies including multibeam antennas,
frequency reuse, adaptive coding and modulation, high-throughput satellites, and
optical inter-satellite links. Particular attention is given to the integration of satellite
networks with 5G/6G non-terrestrial networks, Internet of Things services, emergency
communications, and broadband access. The study also identifies major engineering
constraints such as propagation loss, latency, spectrum congestion, interference, orbital
sustainability, and cybersecurity. The analysis shows that future satellite systems will
increasingly operate as software-defined, multi-orbit and interoperable networks
capable of complementing terrestrial infrastructure and supporting resilient global
digital connectivity.

Keywords: satellite communication, LEO, GEO, MEOQO, high-throughput satellite,
5G/6G, non-terrestrial networks, broadband, 10T.

1. Introduction

Satellite communication has evolved from a specialized long-distance transmission

technology into a strategic layer of the global information infrastructure. A satellite
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link can distribute voice, video, data, navigation, and machine-to-machine traffic over
very large geographic areas without requiring continuous terrestrial cabling. This
capability is especially important for rural and remote regions, maritime and
aeronautical users, disaster zones, scientific stations, and rapidly deployable networks.
In parallel, demand for broadband connectivity has stimulated the deployment of high-
throughput satellites and large low-Earth-orbit constellations that reuse spectrum
across many narrow spot beams.

The basic satellite communication model consists of a transmitting Earth station, an
uplink, a space segment, a downlink, and a receiving terminal. The spacecraft receives
a radio-frequency signal, filters and frequency-translates it, amplifies it, and
retransmits it toward a designated coverage area. Modern regenerative payloads can
additionally demodulate, route, process, and re-encode traffic on board. System
performance therefore depends not only on spacecraft power and antenna gain, but
also on orbital geometry, propagation conditions, spectrum allocation, modulation and
coding, gateway placement, network control, and user-terminal design.

2. System Architecture and Orbital Platforms

Geostationary Earth orbit (GEO) satellites operate at approximately 35,786 km above
the equator and appear nearly stationary to an observer on Earth. Their principal
advantages are very wide coverage, stable pointing geometry, and the ability to serve
large regions with a small number of spacecraft. GEO systems remain important for
broadcasting, trunk links, government networks, and broadband backhaul. Their main
limitation is propagation delay: the long signal path produces latency that is noticeable
In interactive services.

Medium-Earth-orbit (MEQ) systems provide a compromise between coverage and
delay. They require more satellites than GEO networks but fewer than typical LEO
constellations. Low-Earth-orbit (LEO) satellites, generally operating from several
hundred to roughly two thousand kilometers above Earth, enable lower latency and
lower free-space path loss. However, each LEO spacecraft covers a smaller moving

footprint, so continuous service requires a constellation, frequent handovers, precise
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tracking, and sophisticated network management. The current trend is toward multi-
orbit architectures in which GEO, MEO, and LEO assets are coordinated according to
service, capacity, latency, and resilience requirements.

3. Key Enabling Technologies

A major improvement in satellite capacity has been the transition from broad regional
beams to multibeam architectures. Spot beams concentrate transmitted power over
smaller areas and permit aggressive frequency reuse, thereby increasing total system
throughput. High-throughput satellite (HTS) platforms combine these antennas with
high-capacity feeder links and flexible digital payloads. Software-defined payloads
further allow operators to reconfigure beam shapes, bandwidth allocation, routing, and
power distribution after launch, improving the ability to respond to changing traffic
demand.

Adaptive coding and modulation is another essential technique. Because rain,
atmospheric gases, antenna pointing, and terminal mobility can change the
instantaneous link quality, the network may select more robust modulation and coding
under poor conditions and higher spectral efficiency when the channel improves. Ka-
band and higher frequencies provide wider bandwidth but are more sensitive to
atmospheric attenuation, making fade mitigation, site diversity, power control, and
accurate link-budget design important. Optical inter-satellite links are also gaining
significance because they can provide high-capacity connections between spacecraft
without consuming traditional radio-frequency spectrum.

4. Integration with Terrestrial Networks and Applications

The convergence of satellite and terrestrial networks is being accelerated by the
development of non-terrestrial network specifications within modern mobile
communication standards. Instead of treating the satellite segment as an isolated
system, future architectures aim to integrate it with cellular core networks, cloud
platforms, edge computing, and standardized user equipment. Such integration can
extend coverage beyond terrestrial base stations, provide backup connectivity during

infrastructure failures, and support direct or indirect access for mobile users.
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Practical applications include broadband Internet access, television distribution,
telemedicine, distance education, precision agriculture, environmental monitoring,
transport connectivity, and industrial Internet of Things services. Satellite systems are
particularly valuable during earthquakes, floods, fires, and other emergencies because
communication can be restored without rebuilding the entire local terrestrial network.
For logistics, aviation, shipping, and remote energy facilities, satellites provide
continuous communication across regions where conventional mobile coverage is
fragmented or absent.

5. Engineering Challenges

Despite rapid technological progress, satellite networks face significant constraints.
Free-space path loss increases with distance and frequency, while atmospheric
absorption and rain fading can reduce link availability. LEO constellations introduce
Doppler shift, rapid handovers, moving-beam management, and complex gateway
routing. Large constellations also increase the importance of collision avoidance,
debris mitigation, responsible end-of-life disposal, and coordination of orbital
resources.

Radio-frequency spectrum is another limited resource. Efficient coordination is
required to prevent harmful interference between satellite systems and between
satellite and terrestrial services sharing adjacent or common bands. Cybersecurity is
equally important because satellite networks depend on command links, gateways,
user terminals, software-defined functions, and distributed control systems. Security-
by-design, authentication, encryption, monitoring, redundancy, and secure software
updates should therefore be incorporated throughout the system life cycle rather than
added only after deployment.

6. Future Development

Future satellite communication systems are expected to become more autonomous,
flexible, and closely integrated with terrestrial infrastructure. Artificial intelligence can
assist traffic prediction, beam scheduling, anomaly detection, resource allocation, and

predictive maintenance, although safety and verification remain essential for mission-
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critical decisions. Digital beamforming and electronically steered antennas will
improve the flexibility of both spacecraft and user terminals, while inter-satellite
networking can reduce dependence on geographically dense gateway infrastructure.

The longer-term direction is a heterogeneous space-air-ground network in which users
can be served through the most suitable available access layer. Such systems may
combine terrestrial cellular networks, unmanned aerial platforms, LEO constellations,
MEO systems, and GEO satellites under common service-management principles. The
engineering objective is not to replace terrestrial networks, but to create an
interoperable architecture that improves coverage, capacity, continuity, and resilience.
Satellite communication systems are entering a new stage characterized by high-
throughput payloads, large LEO constellations, flexible digital processing, advanced
antennas, inter-satellite links, and integration with 5G/6G networks. GEO systems
continue to offer efficient wide-area coverage, while MEO and LEO platforms reduce
latency and support new broadband and mobile services. The main technical
challenges remain propagation impairment, spectrum efficiency, interference
management, cybersecurity, cost, and sustainable use of orbital resources. Addressing
these issues through standardized, software-defined, multi-orbit architectures will
make satellite communications an increasingly important element of universal and

resilient connectivity.

8. lllustrated Terminology and Functional Explanation

A clear understanding of satellite communication requires several core engineering
terms. The following illustrated explanations connect the terminology with the

physical signal path and network functions.
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Figure 1. Simplified satellite communication link: uplink, space segment and

downlink.

Uplink is the radio path from an Earth station or user terminal toward the satellite.

Downlink is the path from the satellite back to an Earth station or user terminal. A

transponder is the satellite payload unit that receives an uplink signal, filters it, changes

its frequency when required, amplifies it and retransmits it. In a regenerative payload,

the signal may be demodulated and processed on board before being transmitted again.

The feeder link usually connects a gateway to the satellite, whereas the service link

connects the satellite to end-user equipment.

8.1 Orbital Terminology: LEO, MEO and GEO
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Figure 2. Conceptual comparison of LEO, MEO and GEO orbital regions.

Low Earth Orbit (LEO) satellites operate relatively close to Earth and therefore offer
shorter propagation paths, lower latency and reduced free-space loss compared with
higher orbits. Because each spacecraft moves rapidly across the sky, a LEO network
requires multiple satellites and frequent handover between beams or spacecraft.
Medium Earth Orbit (MEOQ) lies between LEO and GEO and provides an intermediate
balance of coverage, delay and constellation size. Geostationary Earth Orbit (GEO) is
located approximately 35,786 km above the equator. A GEO satellite appears nearly
fixed in the sky, enabling broad coverage with stationary ground antennas, although

the long propagation distance creates higher latency.

8.2 Spot Beams, Frequency Reuse and High-Throughput Satellites
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Multibeam / High-Throughput Satellite

Small spot beams allow the same frequencies to be reused in separated coverage cells.

Figure 3. Conceptual spot-beam coverage and frequency reuse in a high-throughput

satellite.

A spot beam is a narrow satellite antenna beam focused on a limited geographic area.
Compared with a single broad beam, many spot beams increase antenna gain and
permit the same frequency resources to be reused in geographically separated cells.
Frequency reuse is therefore a principal mechanism for increasing total system
capacity. A High-Throughput Satellite (HTS) combines multibeam antennas,
frequency reuse, high-capacity gateways and advanced digital processing to provide

substantially more aggregate throughput than conventional wide-beam satellites.

8.3 Link Budget, EIRP and G/T

A link budget is a quantitative accounting of all gains and losses between a transmitter
and a receiver. Important terms include transmit power, antenna gain, free-space path
loss, atmospheric loss, polarization loss, receiver noise and implementation margin.
Equivalent Isotropically Radiated Power (EIRP) expresses the effective radiated
strength of a transmitter and antenna combination. The receiver figure of merit G/T is
the ratio of receiving-antenna gain G to system noise temperature T. Higher EIRP and
higher G/T generally improve the achievable carrier-to-noise ratio, but they must be
balanced against spacecraft power, antenna size, terminal cost and regulatory

constraints.

—

@ https://scientific-jl.net <4293} Buinyck scypnana Ne-100
Yacmbv—1 Cenmaopb—2026


https://scientific-jl.net/

g ’,! \ ObPA30OBAHHE HAYKA U HHHOBAIIHOHHBIE H/IEH B MUHPE

NN

2181-3187

In simplified form, free-space path loss increases with both transmission distance and
carrier frequency. This is why GEO links require high-gain antennas and why Ka-band
systems, although capable of supporting wide bandwidths, need careful fade margins.
Link availability is commonly designed for a target percentage of time, such as 99.9%

or higher, depending on the service class.

8.4 Modulation, Coding and ACM

Modulation maps digital information onto a radio carrier. Satellite systems may use
phase- and amplitude-based schemes such as QPSK and higher-order QAM/APSK
formats. Forward Error Correction (FEC) adds controlled redundancy so that a receiver
can correct errors introduced by noise and fading. Adaptive Coding and Modulation
(ACM) dynamically changes the modulation order and coding rate according to
channel conditions. During strong signal conditions, the system can use a more
spectrally efficient mode; during rain fade or reduced signal quality, it can switch to a

more robust mode.

8.5 Doppler Shift, Latency and Handover

Doppler shift is the apparent change in received carrier frequency caused by relative
motion between transmitter and receiver. It is especially significant in LEO systems
because satellites move rapidly relative to users on Earth. Latency is the time required
for information to travel through the network and be processed. GEO systems have
longer propagation delay because of their altitude, whereas LEO systems can achieve
much lower propagation latency. Handover is the controlled transfer of an active
connection from one satellite, beam or gateway to another while maintaining service

continuity.

8.6 Non-Terrestrial Networks and 5G/6G Integration
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Figure 4. Simplified convergence of satellite NTN, gateway, 5G core and terrestrial

Integrated Terrestrial and Non-Terrestrial Network (NTN)

Satdllite

Gateway

5G fore

Users / loT

aCCess.

Terrestrial BS

A Non-Terrestrial Network (NTN) is a communication network in which part of the

radio access infrastructure is located on satellites or aerial platforms rather than only

on terrestrial towers. 3GPP Release 17 introduced standardized enhancements for NR-

NTN and loT-NTN, including adaptations for satellite delay, Doppler effects, mobility

and radio resource management. This standardization allows satellite access to become

more closely integrated with mobile core networks and supports service continuity

across terrestrial and non-terrestrial coverage.

9. Frequency Bands Used in Satellite Communications

Approx. . : .
Band Typical Uses Engineering Note
Frequency Range
Mobile satellite, Good propagation;
L band 1-2 GHz o o _
navigation limited bandwidth
Moderate
S band 2-4 GHz Mobile/telemetry bandwidth and
weather sensitivity

—

@ https://scientific-jl.net

<4295} »

Buinyck scypnana Ne-100
Yacmbv—1 Cenmaopb—2026


https://scientific-jl.net/

g ’,! \ ObPA30OBAHHE HAYKA U HHHOBAIIHOHHBIE H/IEH B MUHPE I b\ l

2181-3187
High rain
C band 4-8 GHz Fixed satellite links resilience; larger
antennas
Government/scientific | Specialized
X band 8-12 GHz ) )
links allocations
Broadcast, VSAT, Smaller antennas;
Ku band 12-18 GHz _ _
broadband some rain fading
Wide bandwidth;
HTS broadband, '
Ka band 26.5-40 GHz ) stronger rain
feeder links

attenuation

The exact use of frequency bands depends on international and national allocations.
Higher frequencies can offer larger available bandwidth and smaller antennas, but
propagation becomes more sensitive to atmospheric effects. Consequently, frequency
selection is a system-level trade-off involving capacity, coverage, antenna dimensions,

availability targets and licensing.

10. Practical Applications and Service Scenarios

Satellite broadband can connect schools, hospitals, enterprises and households in areas
where fiber or cellular deployment is difficult. In disaster response, portable satellite
terminals can establish emergency links when local infrastructure is damaged.
Maritime and aeronautical services use moving terminals to maintain connectivity
across oceans and sparsely populated regions. Satellite 10T systems support low-data-
rate sensors for agriculture, logistics, environmental monitoring, pipelines and asset
tracking. Broadcasting remains an efficient one-to-many application, while emerging
direct-to-device and standardized NTN services seek to extend mobile connectivity

beyond terrestrial coverage.

11. Expanded Discussion: Reliability, Security and Sustainability

Reliability in satellite communications depends on redundancy at several levels:
multiple satellites, gateway diversity, backup routing, robust coding and alternative
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frequency resources. Cybersecurity must protect command and control links, ground
infrastructure, software-defined payloads, user authentication and network
management. Encryption alone is not sufficient; secure key management, access
control, anomaly detection, software assurance and incident recovery are also required.
Orbital sustainability has become a central engineering concern for large
constellations. Operators must consider collision avoidance, conjunction assessment,
end-of-life disposal, debris mitigation and coordination with other systems.
Sustainable network design also includes energy efficiency, launch efficiency, long

spacecraft lifetime and responsible spectrum use.

12. Conclusion

The expanded analysis demonstrates that modern satellite communication is no longer
limited to a simple bent-pipe relay. It is evolving into a software-defined, multi-orbit
and standards-based networking environment. Understanding the physical link, orbital
characteristics, frequency bands, link budget, modulation, coding, spot beams, Doppler
effects, handovers and NTN integration is essential for evaluating system performance.
The combination of satellite and terrestrial infrastructure is expected to improve global
coverage, resilience and service continuity, particularly in remote regions and during

emergencies.
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