
Sustainable 6G-NTN for Seamless Air Mobility:

Exploring Channel Propagation Characteristics

Yang Chen, Hugo Bocciarelli, Saba Al-Rubaye, Antonios Tsourdos

Faculty of Engineering and Applied Sciences, Cranfield University, UK

{yang.chen; hugo.bocciarelli; s.alrubaye; antonios.tsourdos}@cranfield.ac.uk

Abstract—The air transportation vision for sustainable sixth-
generation (6G) wireless communications networks revolves
around ensuring ubiquitous coverage and spectral efficiency with
enhanced network intelligence in the diverse communication
scenarios. This vision extends beyond terrestrial networks to
include non-terrestrial networks (NTN) by incorporating GX
Inmarsat satellites and aircraft networks. In the context of 6G
GX satellite scenarios, aircraft seamless transportation plays a
crucial role as a densely populated intermediate network layer
between ground networks and space-based ones. The paper
proposes a new sustainable mechanism with mathematical model
to improve channel propagation, which has been validated by
crucial analysis of propagation channel modeling within the
framework of 6G technology. It highlights the significance of
such modeling with the guarantee of dependable communications,
maximizing availability, and establishing system parameters like
antenna layout and relay deployment.It explores industry trends
and ongoing field trial initiatives, offering valuable insights into
the progress and outcomes that will shape the future of 6G NTN.

I. INTRODUCTION

The integration of Non-Terrestrial Networks (NTN) and

6G communication is anticipated to ensure the widespread

and uninterrupted coverage of the wireless network [1] [2],

involving both outdoor and indoor areas [3]. In Release-17, the

3rd Generation Partnership Project (3GPP) outlined support

for NTN [4] applicable to both fixed wireless and handheld

devices that are compatible with New Radio (NR) technol-

ogy and internet of thinks (IoT) [5], including NarrowBand-

Internet of Things (NB-IoT) and enhanced Machine-Type

Communication (eMTC). The objective of NTN is to provide

not only truly global satellite service availability but also

resilience to natural disasters such as tsunamis and earth-

quakes [6]. The NTN scope encompasses satellites positioned

at various altitudes, ranging from Geostationary Earth Orbit

(GEO) to Low Earth Orbit (LEO), as well as High-Altitude

Platform Systems (HAPS) [7]. To improve energy efficiency,

the resource utilization of base stations (BSs) and their co-

located servers is expected to assign with a highly effective

and sustainable strategy, such as integer linear programming

(ILP) [8], alternating direction method of multipliers (ADMM)

[9],and software-defined networking (SDN) controller [10]. In

general, sustainable 6G intends to secure the data link for air

transportation [11] by addressing the shortcomings of current

mobile networks, and respond to growing Quality of Service

(QoS) and energy efficiency with ultra-high peak data rates,

ultra-low latency, wide coverage and high connection density

[12].

Over the past few decades, satellite communication has

become a potential candidate for broadband services with

the constellation of non-geostationary satellite orbit (NGSO)

in future 6G networks [13]. The integration of satellite and

6G communication technologies has benefitted advanced air

mobility (AAM) from a robust data link and efficient traffic

management [14]. In air transportation, sustainable 6G is de-

tailed in seamless in-flight connectivity and AAM integration

[15]. A key component of these systems is a robust command

and control (C2) data link, which oversees essential flight

and safety systems, transmits telemetry data, and facilitates

communication between the air vehicle and the ground station

[16]. This synergy has facilitated the seamless exchange of

crucial information between aircraft and 6G ground stations

[17], [18], contributing to improved safety and operational

effectiveness in aviation [19], [20]. This evolution reflects

a paradigm shift, as modern aircraft increasingly rely on

high-speed data connectivity for a myriad of applications,

including real-time navigation updates, weather monitoring,

and passenger connectivity [21]. The deployment of advanced

satellite communication technologies [22], such as those exem-

plified by the GX satellite communication system, has proven

crucial to meeting the flexible requirement of contemporary

aircrafts. These systems not only improve data link reliability,

but also pave the way for enhanced connectivity, supporting

the growing demands of aviation stakeholders and passengers

alike. As we dive deeper into the challenges posed by the

demand for a high data rate in aerial communication, the

role of NTN remains central to ensure robust and efficient

connectivity for airborne platforms.

The main contribution of this paper is to present a new

sustainable 6G mechanism for air-to-ground (A2G) data link

using the system model of GX satellite-based 6G communi-

cation for air transportation. The evaluation of channel prop-

agation [23] provides valuable insight into their performance

and capabilities. The limitations of the proposed model are

transparently addressed, with references to existing literature

providing insights into potential solutions and avenues for

improvement. This critical assessment enhances the overall

robustness and applicability of the presented model, guiding

future research towards refining and expanding the capabilities

of satellite-based 6G systems for aircraft communication.

The remaining is organized as following. Section. II de-

scribes the integration of Non-Terrestrial Networks (e.g LEO,

GEO) with 6G technology, and aircraft communications. Sec-
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Fig. 1. Seamless air transportation integrated satellite-terrestrial network

tion. III indicated the system design analysis for a high link

budget and quantitative analyses are consolidated into the

aircraft communication in Section. IV. Finally, Section. V con-

cludes by summarizing the findings and suggesting promising

avenues for further research.

II. FUTURE 6G SATELLITE NETWORK

Satellite communication systems offer a solution to reduce

the limitations of terrestrial networks by providing extensive

coverage, especially in complex terrains, and the ability to

multicast and broadcast. Despite their advantages, these sys-

tems still have to address several challenges, including com-

plex deployment, expensive infrastructure, and deep fading at

higher frequency bands. [24].

A. Satellite Terrestrial Network

In the context of 6G, satellite wireless backhaul is being

explored for rural and remote areas due to the high costs

associated with terrestrial networks [7]. Various types of satel-

lites exhibit distinct features. Geostationary (GEO) satellites,

positioned at a fixed orbit of 36000 km, substantially expand

the covering area with the price of propagation delay and

signal attenuation due to their high altitude. Medium Earth

orbit (MEO) satellites, with orbits between 2000 and 36000

km, released propagation delay and signal attenuation with the

decreased coverage. Their variable altitude ensures generally

adequate orbit resources, as shown in Fig. I. Low Earth orbit

(LEO) satellites operate at altitudes between 500 and 2000

km, minimizing propagation delay and signal attenuation with

the enhanced structural complexity due to the requirement for

covering a significant area. Nonetheless, The orbit resources

of LEO are comparatively sufficient and not fixed with height

[13].

LEO is characterized as a circular orbit in the range of

approximately 160 to 1000 km with an orbital period of about

90 minutes. For telecommunications purposes, the constella-

tion of satellites in LEO is essential to ensure continuous

service within limited visible time from the ground to each

satellite [1]. GEO is positioned at an altitude of 35786 km,

where satellites travel at the same angular rate as Earth and

complete an orbit in sync with Earth’s rotation (23 hours, 56

minutes, and 4 seconds), known as a sidereal day. This orbit

is dominant in telecommunications due to the unique feature

of satellites staying fixed over a specific area on Earth. This

characteristic ensures a constant link between the satellite and

a specific location, facilitating continuous and stable com-

munication [1]. In the pursuit of advancing communication

technologies like 6G technology, very low Earth orbit (VLEO)

has been proposed to lower the communication latency [13].

VLEO, with an altitude below 300 km, offers benefits such as

improved link budget, lower latency, and the decreased power

for transmission. The new orbit also benefits from enhanced

frequency reuse capability, a lower radiation environment, and

a wider available band, resulting in lower rainfall interference

and improved launcher uplift capability [25].



B. Key Drivers for 6G NTN Integration

Owing to the broad coverage of NTNs and their resilience

against physical disruptions and natural disasters, they are

expected to play an essential role in supporting the 6G

terrestrial networks [26]:

• Leveraging on the efficient over-the-air computation /

communication, NTNs can extend 6G connectivity to

the limited regions where the 6G terrestrial networks are

unavailable.

• NTNs accelerate the development of reliable 6G trans-

portation networks, which guarantees uninterrupted con-

nectivity for IoT sensors at airport, railway station, and

so on.

• NTNs can increase the scalability of high-capacity broad-

casting to edge devices, therefore avoiding the network

overload during massive streaming and offloading.

The substantial propagation delay inherent in satellite sys-

tems poses a formidable challenge for their application in

ultra-reliable low-latency communication (uRLLC) scenarios.

Despite this limitation, the role of aircraft and other aerial

vehicles in 6G use cases cannot be overstated. These vehicles

serve as highly flexible platforms capable of dynamically

adjusting their 3D locations, leveraging the advanced com-

munication technologies embedded in 6G to efficiently meet

the communication needs of target users.

Aircraft and aerial vehicles [27] possess inherent advan-

tages, such as their ability to traverse various terrains and

navigate complex environments, making them valuable assets

in scenarios where terrestrial communication infrastructure

may be limited or impractical [28]. The dynamic nature of

these platforms allows for strategic positioning, optimizing

communication links, and reducing latency for critical ap-

plications. Furthermore, these aerial platforms can be inte-

grated into the 6G landscape to support emerging applications

such as autonomous systems, remote sensing, and disaster

response. Their adaptability and transportation make them well

suited for scenarios requiring rapid deployment and real-time

communication, significantly contributing to the robustness

and resilience of 6G networks. The ongoing development

of 3GPP NTN features further underscores the commitment

to unlocking the full potential of these platforms, offering

promising avenues to meet and exceed consumer expectations

in the evolving landscape of 6G networks.

C. Global Aircraft-Satellite System

According to the released bands from European Space

Agency (ESA) [29], satellites play a pivotal role in ensuring

seamless global communication for aircraft, particularly in

remote regions such as oceans and polar areas where con-

ventional ground-based communication systems are ineffec-

tive. Advancements in non-terrestrial networks (NTN) and

Low Earth Orbit (LEO) satellite constellations, like Starlink

and OneWeb, deliver high-speed, low-latency connectivity,

enabling real-time data exchange between aircraft, air traffic

management, and ground-based systems. The transition to the

6G era will further integrate space and terrestrial networks,

fostering ultra-reliable, low-latency communications tailored

for the aviation industry, as shown in Fig. 2 . These satellite-

powered 6G networks will bolster the resilience of aviation

communication systems, supporting autonomous flight opera-

tions, advanced real-time analytics, and cutting-edge cockpit

technologies.

Fig. 2. Global System Architecture for 6G Aircraft-Satellite

III. SYSTEM DESIGN FOR HIGH-FIDELITY LINK BUDGET

This section intends to design and demonstrate data link

communications between aircraft and satellite communica-

tions. This is achieved by increasing the reliability of the link

budget during a situation with different parameters such as

orbit, frequencies, weather, atmospheric conditions, location,

and inclination of the aircraft.

To define the strength of data link between satellite and

the ground station, it’s common to use the following link

budget equation in order to understand the feasibility of the

communication system [7].

Preceived(dB) = Ptransmitted(dB) +Gains(dB)− Losses(dB)
(1)

A. Losses

1) Path losses:

a) Free space path loss: The evaluation of the variation

in the free space path loss (FSPL) in this case of study for

free space path loss is defined as:

FSPL(dB) = 10 log
10

(

4πdf

c

)2

= 20 log
10
(d) + 20 log

10
(f) + 20 log

10

(

4π

c

)

(2)

where d denotes the distance between the transmitter and

receiver, f represents the frequency of the transmitted wave,

and c denotes the speed of light. Given that the satellite

position is defined as (x0, y0, z0) while the aircraft position

is denoted as (x1, y1, z1), the distance d is defined as



d =
√

(x1 − x0)2 + (y1 − y0)2 + (z1 − z0)2. (3)

According to (2), the magnitude of FSPL is dependent on

the distance between the satellite and the aircraft. The upper

bound of the FSPL is derived as around 7.0436(dB) with the

highest frequency for the Ku-band and the lowest frequency

for X-band.

b) Atmospheric losses: Atmospheric losses are deter-

mined by the link performance, which depends on lots of

impact factors such as rain, clouds, or even gaseous absorption.

To demonstrate these losses or attenuation with high accuracy,

the ITU-R P618 module is implemented to simulate their

effects on the link budget.

c) Ionospheric losses: In this study case, considering that

the frequencies are between 8 and 18 GHz, the ionospheric

losses can be totally negligible.

2) Other Losses:

a) The Internal Losses from transceiver: These losses

highly rely on the system specification. In the next section,

we will conduct a quantitative analysis with the information

from the selected antennas.

b) Noise losses: Noise losses are generally defined in

NTNs as

LN = 10 log(kbBT ), (4)

where kb denotes the Boltzmann constant, T denotes the

absolute temperature in Kelvin, B means the bandwidth of

the system. In accordance with (4), noise losses are tied to

both the noise temperature and the bandwidth of the system,

primarily due to the random motion of electrons within the

system.

c) Aircraft attenuation: The aircraft also suffers from

unique attenuation from the reflection of the sea surface to

the airframe as well as other environmental factors [30]. For

simplification, we neglected these factors in this paper.

B. Gains

1) Transmitter Gain : A dish antenna will be implemented

to formulate the gain of the satellite antenna as

Gt = 20 log

(

πDtF
√
η

c

)

, (5)

where Dt denotes the diameter of the antenna, f denotes the

frequency of wave, η denotes the antenna efficiency accounting

for feed losses, and surface imperfections, c means the speed

of light.

2) Receiver Gain : Considering the dish antenna on aircraft,

the receiver gain will be directly derived with the benchmark

dataset.

C. Carrier to noise ratio

The carrier to noise ratio (C/N) indicates how noise will

affect the receiver power as:

C/N (dB) = EIRP +GR − LP − LR − LN (6)

EIRP = GT + LT + PT (7)

where EIRP is the Effective Isotropic Radiated Power as

(7), where GT and GR denote the array gain for transmitter

and receiver separately, LT and LR denote the losses from

transmitter and receiver, respectively. In addition, LP means

path losses, LN denotes noise losses, PT means transmitted

power.

D. The Metrics of Signal Strength

The signal strength is evaluated by the energy per bit to

noise ratio as (9), where R denotes data rate of the downlink.

As a result, the link margin (LM) is defined as the bit error

rate (BER) between uplink and downlink like

LM = (Eb/N0)RQ − Eb/N0 (8)

Eb/N0 = C/N − 10 log(R) (9)

where (Eb/N0)RQ is the minimum ratio needed to achieve a

target BER or quality of service (QoS). This value depends

on factors such as modulation type, coding scheme, or per-

formance specifications in standards. If the Link Margin is

positive, it means the actual ratio Eb/N0 exceeds the required

threshold, ensuring the desired bit error rate can be met.

IV. SUSTAINABLE MECHANISM AND ANALYSIS

The flowchart design highlights the complexities of main-

taining seamless connectivity over large geographical dis-

tances, especially when dealing with the variability in path

losses between regions like Aswan and Svalbard. The incor-

poration of 6G technology ensures enhanced bandwidth, re-

duced latency, and improved resilience against communication

disruptions. The flowchart in Fig. 3 illustrates the process

of configuring an aircraft flight data link mechanism by

leveraging 6G communication technologies and the Inmarsat

GX GEO satellite. This mechanism demonstrates the end-to-

end connectivity and the challenges of maintaining reliable

communication across different locations, specifically between

Aswan (Egypt) and Svalbard (Norway).

The system starts by initializing the aircraft’s communi-

cation module, ensuring compatibility with 6G technology

and the Inmarsat GX GEO satellite infrastructure. Parameters

such as aircraft location, altitude, velocity, and flight data are

acquired from onboard systems. The aircraft antenna used

is the GAT-5530 from Viasat Ka Band with bandwidth of

500MHz and a Gain of 50dB [30]. The flight data transmission

path is calculated, including uplink from the aircraft to the

satellite and downlink from the satellite to the ground sta-

tion. The mechanism evaluates the geographical distance and

position changes between Aswan and Svalbard, identifying

intermediate waypoints if necessary.

The analysis is performed based on the propagation path,

latency, and data rates achievable for the data link between

aircraft and satellite.



Fig. 3. Sustainable aircraft data link mechanism

A. GX Satellite Communications

Satellite communication (SATCOM) was first utilized in

aerospace during the late 1970s to address challenges asso-

ciated with low spectral efficiency and restricted coverage

in the conventional aviation communication. Its primary aim

was to enhance communication reliability, particularly for

long-distance flights, where conventional systems struggled to

provide adequate coverage. One of its flagship initiatives is the

Global Xpress (GX) project, comprising a fleet of five satellites

designated GX1 through GX5. For aircraft flying from Aswan

to Svalbard, we’ll be assessing the capabilities of three specific

satellites within the GX fleet including GX1, GX4, and GX5

[30]. This evaluation will help determine the most effective

satellite for ensuring uninterrupted communication during our

journey.

B. Propagation Path loss Calculations

The path losses beyond FSPL can be determined using

MATLAB module p618, where we just considered the limited

h
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Fig. 4. The Architecture of Aircraft SATCOM

parameter, including the position and attitude of the aircraft

relative to satellite and antenna efficiency. In this scenario, the

flight path [31] is described with the position and the elevation

angle of the aircraft as Fig. 4. The sine law has been developed

to find α as (10), where D denotes the distance between the

aircraft and the satellite. Under Cartesian coordinate, D is

calculated with (xs, ys, zs) and (xa, ya, za) as (11).

R2

geo = D2 + 2(Re + h)D sinα− (Re + h)2 (10)

D =
√

(xa − xs)2 + (ya − ys)2 + (za − zs)2 (11)

The experiments have been conducted against latitude on

the three satellites, namely GX1, GX4, and GX5, as depicted

in Fig. 5. The results indicate that the error observed at the

end of each curve is attributed to an elevation angle lower

than 5◦, making it unprocessed by the P618 module. Notably,

at approximately 70◦ latitude, there is a significant disparity

of around 10dB between GX5 and GX1. This difference is

noteworthy, especially considering that the perturbation range

spans from 2 dB to 24dB.

C. Latency

To calculate the latency for GX1, GX4, and GX5 satellites

at an aircraft altitude of 2 km, δt = d
c

is implemented, where

δ denotes the latency of SATCOM, d is the distance between

the satellite and the aircraft, c is the speed of light. Based

on observations, it has been observed that GX5 consistently

exhibits the lowest latency in aircraft latitudes ranging from 20

to 80 degrees, as illustrated in Fig. 6. This implies that within

this latitude range, GX5 provides the fastest communication

or the strongest signal transmission between the satellite and

the aircraft compared to GX1 and GX4.
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D. Carrier to Noise ratio

The C/N ratio (CNR) is determined by subtracting the

noise power from the received power. In the calculations, a

temperature of 290K and a bandwidth of 500MHz were con-

sidered for the noise power calculation. Assessment of aircraft

elevation has revealed significant variations, particularly in the

latitudinal range of 42–52◦, where notable changes of ap-

proximately 2-3 dB were observed in the CNR. Furthermore,

Fig. 7 indicates the singal strength is seriously affected by

the specific position and attitude of aircraft. These variations

in the C/N ratio emphasize the impact of aircraft elevation

on the received signal quality, with distinct changes observed

at specific latitudes. The non-linear decrease observed in the

C/N ratio signifies that propagation losses are not linear. As the

altitude of the aircraft increases, the C/N curve appears to be-

come more linear. This observation suggests that atmospheric

perturbations, particularly those encountered at low altitudes

such as 2 km, have a substantial impact on the communication
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link between the aircraft and the satellite. The non-linearity in

the C/N ratio at low altitudes implies that atmospheric condi-

tions, such as variations in temperature, pressure, and humid-

ity, introduce non-uniform effects on the signal propagation,

leading to a non-linear decline in the C/N ratio. As the aircraft

ascends to higher altitudes, where atmospheric perturbations

may be less pronounced, the C/N ratio tends to exhibit a more

linear behavior. This understanding is crucial for optimizing

communication systems, especially when operating at lower

altitudes, where atmospheric conditions play a significant role

in signal quality.

E. Data rates

The data rates obtained in this segment were determined us-

ing an acceptable bit error rate of 2×10−5. This corresponded

to a required (Eb

N0

)required of 5 dB with Binary Phase Shift

Keying (BPSK) encoding. As depicted in Fig. 7, when latitude

is constrained within 70◦, the data rate will share the negative

correlation with latitude, and positive correlation with altitude.

To ensure a reliable and consistent communication link,

incorporating a link margin of 3–4 dB is essential. This

margin helps compensate for various uncertainties in the

system, including atmospheric losses, signal fading, and po-

tential interference, thereby enhancing the robustness of the

connection. Without this additional margin, the reliability of

the communication link could be compromised, particularly

in scenarios involving adverse weather conditions or rapidly

changing communication environments. The transition to the

6G era will enable greater integration of space-based and

terrestrial networks, providing ultra-reliable, low-latency com-

munications tailored specifically for the aviation industry.

Satellite-enabled 6G networks will enhance the resilience of

aviation communication systems by incorporating advanced

technologies such as error correction algorithms, adaptive

beamforming, and dynamic frequency allocation to mitigate

potential losses.



V. CONCLUSION

In this paper, the feature of channel propagation is inves-

tigated in seamless air transportation, highlighting the role of

sustainable 6G wireless networks. With regard to sustainable

6G NTN communication, dynamic challenges are presented by

linking aircraft mobility with satellites. The data attenuation is

quite serious with an altitude around 2 km. The link capacity

is reduced due to the impact of the longitude of the satellite

on the distance and the angle of elevation. The calculation

of data rates faces hurdles due to uncertainties in gains

and power. Moreover, path propagation perturbations are not

strictly linear and can potentially be attributed to variations in

atmospheric composition across different latitudes. According

to these insights, further research is expected to conducted

on sustainable 6G communication for channel modeling in

6G NTN to accelerate the integration between seamless air

transportation and NTN 6G.
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