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Abstract: The integration of terrestrial and non-terrestrial
networks is essential for reliable, secure, and ubiquitous connec-
tivity with QoS guarantees, and is a key enabler for supporting
emerging applications like in-flight broadband connectivity and
mission-critical operations, though several challenges remain.
This paper compares three architectural options for providing in-
flight broadband connectivity: a DU/CU functional split with
the DU on the aircraft and the CU on the ground; a similar
split enhanced with integrated access and backhauling to enable
3GPP-compliant flying ad-hoc networks; and a novel architecture
in which aircraft act as mobile wireless access and backhaul
nodes hosting MEC capabilities for low-latency services and local
breakout, a flexible approach that requires sophisticated SON
functions and optimised routing.
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1. Introduction

The 5G mobile business case extends towards the air, where in-
flight broadband connectivity (IFBC) is an emerging reality. A
study by the London School of Economics and Political Science
in association with Inmarsat showed 2015, that in-flight broad-
band connectivity had the potential to create a $130 billion global
market within the next 20 years, resulting in $30 billion of addi-
tional revenue for airlines by 2035 [1]. There has already been
some market penetration in this area, with legacy in-flight systems
relying on satellite communications complemented by on-board
Wi-Fi access. More recently, the market has introduced direct air-
to-ground (DA2G) mobile services, such as the European Avia-
tion Network (EAN), which delivers 4G-LTE connectivity and
employs a single GEO satellite as a backup link when the higher-
throughput DA2G connection degrades [2].
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In response to aviation stakeholders’ requirements for IFBC
services, theNextGenerationMobileNetworkAlliance (NGMN)
has proposed key performance indicators (KPIs) for 5G use
cases targeting mobile backhauling for aircraft in their 5G
white paper [3]. Given their estimations, each user will have
15/(7.5) Mb/s download/(upload), so that 1.2/(0.6) Gb/s down-
load/(upload) speed is required per aircraft, assuming 20% active
users per aircraft and 400 passengers in each aircraft. These values
significantly exceed the capacity of current DA2G systems, which
typically achieve only a few hundred megabits per second per
aircraft [4]. To meet such anticipated data rates, further integra-
tion of satellite systems within the evolving 5G standard is clearly
required.

5G-satellite integration has already been playing a pivotal
role in 5G standardisation. Initial studies on requirements for
TN/NTN integration was captured in 3GPP (3rd Generation
Partnership Project) Release 14 (R14), highlighting the added
value that satellite coverage brings, as a complementary network
forming part of the 5G paradigm, especially for mission-critical
and industrial applications. 3GPP R15 was the first specification
for 5G, and it introduced a study on New Radio (NR) support
for non-terrestrial networks (NTN), examining potential archi-
tecture options and deployment scenarios. These included, for
example, providing NTN-based broadband connectivity between
the core network and cells located on board moving platforms
such as aircraft or trains. R17, in contrast to earlier releases, was
the first release to include normative specifications for NTN. It
encompassed both Stage 1 requirements for defining what NTN
services the 5G system should provide, as well as Stage 2 and Stage
3 protocol specifications detailing initial NTN functionalities.
For example, R17 included normative Stage 3 requirements for
UE initial attach procedures to NTN. It also included handovers
between TN and NTN nodes, when satellites operate in trans-
parent mode (bent-pipe architecture), meaning the satellite func-
tions as a simple repeater, with all baseband processing functions
remaining on the ground. R18 addressed further satellite inte-
gration under the new 5G-Advanced marker, including investi-
gation of NTN backhauling, veryfing UE location information,
and placing a UPF as satellite payloads. R19 still has satellite archi-
tecture evolution as a priority topic, and whilst previous releases
focused on transparent payloads, R19 focuses on regenerative
payloads where the NTN vehicle hosts 5G system functions. R19
also considers NR-NTN coexistence and functionalities such as
store and forward (S&F) for increased resilience against NTN link
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failures, mobility management, and a study item for user equip-
ment (UE) multi-connectivity over NTN and TN nodes. Flexible
integration and backhauling between TN and NTN is still under
discussion, but will possibly build on 5G integrated access and
backhaul (IAB) technology [5], evolving towards wireless access
backhaul (WAB) nodes [6]. While both IAB and WAB nodes
provide RAN access to UEs and perform wireless data forwarding
for backhauling, IAB requires tight coupling between the IAB
node and the IAB donor because the gNB functionality is split
between the two entities. WAB nodes, in contrast, host the entire
gNB stack and therefore offer a more flexible architecture, which
could be beneficial in rapidly changing, dynamic networks, such
as aerial networks. R20 is expected to be stabilised in 2027 and
will include further upgrades for satellite networks, such as reduced
UEdependencyon theGlobalNavigationSatellite System (GNSS)
when connected to NR-NTN for enhanced reliability, continued
work on multi-connectivity over NTN, and improvements on
narrowband IoT (NB-IOT) over NTN. In particular, R20 aims
to enable NB-IoT voice services over GEO satellites, which could
be used for emergency notifications. TheR20will be the lastmajor
release for 5G-Advanced and will also include study items for 6G
networks (ITU-R’s IMT-2030), which will start with R21. R21 is
expected to natively integrate TN/NTN from the outset and not
treat NTN as an add-on [7].

1.1. Structure of the Paper

This paper outlines different architecture options for integrated
TN/NTN supporting IFBC services, as well as highlighting
research challenges in this area.

The structure of the paper is as follows; Section 2 presents
the state-of-the-art in TN/NTN integration, Section 3 presents
three different TN/NTN architectures for IFBC, and research
challenges to support IFBC in 5G/6G are outlined in Section 4.

2. State-of-the-Art in TN/NTN Integration

The requirements for 6G are specified by the International
Telecommunication Union (ITU) in the ITU-R’s IMT-2030
vision for 6G systems [8], which 3GPP R21 aims to satisfy. Of
particular interest for this paper is the ambitious target of ubiqui-
tous connectivity. Achieving this requires a complex,multi-layered
architecture where both TN and NTN components operate
cohesively as a single unified network. Traditional single-orbit
satellite communication (SATCOM) systems such as Low Earth
Orbit (LEO), Medium Earth Orbit (MEO), and Geostationary
Orbit (GEO), offer distinct performance trade-offs: GEOprovides
high throughput and wide coverage but suffers from latency;
LEO delivers low latency but requires frequent handovers and
dense ground segment infrastructure;MEOprovides intermediate
performance but with limited flexibility. These constraints are well
documented in ITU-RS.1716 and 3GPPR17NTNspecifications,
which highlight the performance and interoperability challenges
across orbital regimes.

2.1. Handovers

To reap the benefits of differentiated latencies, throughput, and
coverage in an integrated TN/NTN network, efficient handover

procedures are essential. 3G networks already introduced seam-
less mobility, allowing UEs to transition between cells without
call drops. Over successive generations, handover performance has
been continually optimised to the point of being almost imper-
ceptible to the user. However, handovers either between NTN
nodes or between TN and NTN nodes present additional chal-
lenges due to long satellite link delays, rapidly changing topolo-
gies that demand frequent handovers, unreliable feeder links, and
limited processing capabilities on satellite payloads [9]. In 5G, R16
standardised conditional handovers (CHO) [10] for TN and R17
introduced a study item forCHO inNTNnetworks,whichwould
address some of these challenges. CHO for NTN was later stan-
dardised in R18. Unlike traditional handovers, where the source
gNBmakes decisions based on periodic UE measurement reports,
CHOworks by having the gNB pre-configure rules for handovers,
which the UE then executes autonomously. CHO reduces theNR
Uu measurement traffic and shortens handover delays, which is
particularly importantwhen channel conditions degrade rapidly in
highly dynamic networks. The trade-offs are additional complexity
on the UE and reduced network control over resource manage-
ment. CHO still relies on either the Xn or the N2 interface for the
actual handover. In the case of satellites operating in regenerative
mode the N2 handover procedure seems to be preferred since
Xn communication is a challenge for multi-orbit satellite systems
because of additional delays and mobility [11].

2.2. Multi-connectivity (MC)

Multi-connectivity (MC) enables concurrent connections across
multiple carriers. Building on its success in terrestrial networks,
the 3GPP introduced study items onMC support for satellite and
integrated TN/NTN already in R16 and R17 (TR 38.821 and
TR 23.737), but without any normative requirements. MC can
be implemented at different layers of the protocol stack; carrier
aggregation (CA) at the medium access control (MAC) layer and
dual connectivity (DC) at the packet data convergence protocol
(PDCP) layer, facilitating dynamic splitting and duplication of
user traffic. This approach provides rapid adaptation to changing
link qualities in real time, making CA and DC well-suited to
address the challenges of multi-band multi-orbit (MBMO) satel-
lite architecture. Theoretical analysis and experimental trials have
demonstrated that MC significantly enhances data throughput,
spectral efficiency, coverage, and reliability while lowering latency
in NTNs [12]. This foundation has been primarily applied to
networks limited to a single orbit or band.

3GPP R18 and the future R19 and R20 aim to enable
seamless handovers and MC across LEO, MEO, and GEO assets,
though it is still not clear ifR20will include anynormative require-
ments for NTN MC. Introducing MC across TN and different
satellite orbits adds spatial macro-diversity to the radio connec-
tion, which enhances resilience against both hardware failure and
radio-link degradation [13]. Since the different radio links can
operate over different frequencies and experience distinct radio
channels, MC has the potential to enhance mission continuity
under contested or degraded environments.

2.3. Multi-orbit SATCOM

Seamless integration between TN and NTN will allow global
coverage and spectral efficiency in 3D space. Multi-orbit
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SATCOM represents not only a technical evolution, but
also a strategic necessity to safeguard decision advantage in
multi-domain operations.

Multi-orbit SATCOM can offer a resilient, flexible, and
globally available connectivity layer that can be integrated into
NATO’s Federated Mission Networking (FMN), which is an
initiative to increase interoperability between coalition partners
to enhance mission effectiveness. By leveraging LEO, MEO, and
GEO systems in combination, FMNparticipants can benefit from
assured communications that adapt to operational requirements,
whether low-latency links for tactical edge operations or high-
capacity GEO/MEO backhaul for strategic command. The inte-
gration of multi-orbit with FMN can be mapped to specific spiral
specifications as follows:

• Core Mission Services & Interoperability: Multi-orbit
SATCOM can provide mission-essential services (voice,
data, video, etc.) over standardised interfaces to allow
interoperability between national systems. Standardised
SATCOM gateways and cross-domain solutions could allow
seamless communication between coalition partners using
heterogeneous systems even in bandwidth-constrained or
denied areas where TN are unavailable.

• Cloud-Enabled Command and Control (C2) & Federated
Services: By integrating software-defined networking (SDN)
and network function virtualisation (NFV), multi-orbit
SATCOM can provide adaptive routing and bandwidth-on-
demand to support federated cloud-basedmission services. This
ensures reliable access to C2 applications, ISR (intelligence,
surveillance, and reconnaissance) data, and coalition services
hosted on FMNmission clouds.

• Mobility, Agility, and Mission Resilience: Multi-orbit
SATCOM enhances secure mobile networking by enabling
low-latency LEO links for tactical edge users, complemented
by MEO/GEO for strategic backhaul. Seamless handovers
and orbit diversity improve continuity of operations in highly
mobile scenarios (e.g., maritime task groups, air operations,
rapid deployment). Its inherent redundancy across orbits and
bands also supports mission assurance in contested or denied
environments.

Multi-orbit satellite communication systems rely on highly
agile and adaptive hardware architectures capable of interfacing
between GEO, MEO, and LEO satellites. One key enabler is the
Multi-Layered Satellite System (MLSS) approach, where different
orbital layers are tightly integrated to exploit their complementary
strengths; GEO for wide coverage and stability; LEO/MEO for
lower latency and higher link margins. These MLSS architectures
have been demonstrated in systems that combine GEO and LEO
capabilities to increase service resilience, latency performance, and
coverage continuity [14].

Inter‑satellite links (ISLs) and emerging inter‑orbit links
(IOLs) play pivotal roles in connecting satellites across orbits,
thereby forming space information networks (SINs) [15]. SIN
architectures incorporate ISLs and IOLs for in-space backhauling
and enable real-time, high-throughput relay among satellites,
reducing reliance on ground stations. Similar to how routing
between RAN and core for TNs is outside the scope of
3GPP, routing over ISLs is also not standardised by 3GPP.

Possible routing schemes include dynamic shortest path routing or
predictive routing using the fact that aircraft and satellites move in
a predictable path.

Multi-orbit SATCOM hardware must integrate advanced
antenna and RF front-end technologies to support seamless
communication across LEO,MEO, andGEO.Electronically steer-
able phased-array antennas and flat-panel designs (e.g., Kymeta
u8, Intellian v240MT) replace bulky parabolic dishes, enabling
agile beam steering, multi-band support (Ku/Ka/Ka-Q/V), and
orbit diversity. Hardware integration also extends to RF front-
end modules, which must accommodate multi-chain processing
for concurrent links, and baseband chipsets that handle dual
or multiple protocol stacks. Antenna miniaturisation, low-power
amplifiers, and ruggedised designs are critical for defence and
mobility scenarios. These architectures are evolving in line with
3GPP NTN standards (TR 38.811, TR 38.821), which define RF
requirements and mobility support for NGSO systems.

2.4. QoS-aware Routing

Traditionally, user-plane traffic between the gNB and UPF, as
well as between the DU and CU in O-RAN deployments, is
transported inside a GTP-U tunnel. The GTP-U header is at
least 8 bytes long and always contains a TEID (Tunnel Endpoint
Identifier), which the receiver uses to map packets to the correct
bearer or flow. The transport network between sender and receiver
(midhaul or backhaul) has no visibility into the GTP-U payload,
since it is encapsulated by UDP and IP headers. Intermediate
routers forward packets solely based on the outer IP header,
using routing protocols such as OSPF or IS-IS for IPv6. In static
terrestrial networks dimensioned to carry all QoS flows without
differentiation, this design works effectively and GTP-U was suit-
able for legacy, homogeneous, ground-based networks under the
full control of the mobile operator. In dynamic and heteroge-
neous transport networks with limited capacity, such as inte-
grated TN/NTN systems, GTP-U provides limited control and
flexibility. SRv6 is being investigated as a programmable alter-
native that enables fine-grained flow steering and network visi-
bility [16]. SRv6 integrates naturally with SDN controllers, which
can compute routing paths centrally. The optimal placement
and coordination of SDN controllers in TN/NTN deployments
remains an open question. Furthermore, little research has been
done on SRv6 for satellite-air-ground networkswithwireless back-
hauling using either IAB orWAB technologies.

Replacing all network equipment and network functions
from using GTP-U encapsulation to, for instance, SRv6 cannot
be expected to be done quickly, and in the meantime, the Virtual
Network Functions (VNFs) must be able to translate between
encapsulations on a flow basis. Furthermore, in a diverse network,
it might not even be desirable to enforce a single encapsulation
scheme. [17] proposes the design of a polymorphicUPFwhich can
serve different flowswith different encapsulations by separating the
data plane and control plane of the UPF, and implementing the
user plane as a network of UPFs with one I-UPF (Intermediate-
UPF) acting as a uplink classifier (UL-CL) diverting the traffic
to different PSA-UPF (PDU Session Anchor-UPF) based on the
encapsulation scheme.
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2.5. Traffic Prediction

Although trafficprediction for individual gNBs andUPFshas been
widely studied, approaches that model or predict traffic patterns
across multiple interconnected entities are still limited. The
authors in [18] propose anML framework for predicting traffic for
multiple UPFs simultaneously using Multi-Task Learning (MTL)
andMulti-Core Parallel Computing (MCPC), where data from91
consecutive days was used for learning traffic patterns. Obviously,
this assumes a static topologywith predictable traffic. In the case of
TN/NTNintegratednetworks, there are few studies for predicting
traffic per UPF.

3. Discussion of Different Architecture Options
for Providing an Integrated TN/NTN Resilient
Network for IFBC

This section examines different architecture options for providing
seamless IFBC through TN/NTN integration within the 3GPP
framework. First, background requirements are discussed as to
what the architecture must support. After this, three different
architectures are analysed, and they are also compared to eachother
in Table 1.

3.1. Requirements

The architecture solution must be able to provide IFBC to a wide
variety of UEs ranging from different phones to wearables and
smart flight sensors. For this reason, an on-board 5G radio is essen-
tial, as thiswillmake theNRUu interface identical to the terrestrial
situation, and no modifications are needed for the UEs. Further,
the architecture should preferably be able to cater to diverse use
cases, some of which are listed below:

• Passenger connectivity to the ground network for services
such as video streaming, voice calls, or telehealth monitoring.
Premium access may be offered.

• While safety-critical air traffic control (ATC) communication
is currently based on dedicated radio systems [19], future 5G-
Advanced or 6G systems could support integration under strin-
gent isolation and reliability guarantees.

• On-board IoT networks with local processing before sending
aggregated data to ground networks. The NFV-orchestrator
(NFVO) would need to deploy a lightweight on-board UPF for
local breakoutwhilemaintaining control-plane synchronisation
with ground-based core functions.

• On-board entertainment systems delivered over 5G. Similar to
the previous case, this requires orchestration between an on-
board UPF and the ground network.

Figure 1.
In-flight connectivity, AO1. Note that the DA2G, SA2A, and
SA2G could be propriatary interfaces.

Clearly, the above use cases show diverse requirements regarding
link reliability, throughput, and latency. Using the unique charac-
teristics of a TN/NTN integrated network, each traffic flow needs
optimal and flow-dedicated routing to meet the required SLAs.
The routing needs to make use of the diverse characteristics of
the different links (A2A, SA2G, ISL, IOL, etc.) when it comes to
reliability, throughput, and latency.

3.2. Architecture Option 1 (AO1) -- DU/CU-split

One alternative for providing IFBC would be to split the gNB
between a DU and a CU, where the DU is placed on the aircraft
and provides connectivity within the plane, as shown in Fig. 1.
There are eight different split options (SO) but one of the strongest
contenders forNTNis SO2 [20]. SO2places theRRCandPDCP
in theCUwhereasRLCand lower-layerRANfunctions are placed
on the DU. The SO 2 interface between the DU and CU is named
the F1 interface and is standardised within 3GPP. This SO is also
one of the SO advocated by the O-RAN Alliance in their 7-2x
split for TN. SO 2 is a reasonable option because it allows IP-
based connectivity between the DU and CU, and the interface is
less time-sensitive than other higher-level SO. Although there is
no 3GPP-specified time constraint for the F1 interface between
the CU and DU, this interface was not designed for large delays,
and [21] asserts the delay over the F1 interface should be within 10
ms in a TN setting. The delay sensitivity makes the network very
sensitive to radio-link failures and intermittent connectivity.

Although a longer delay between CU andDU in SO 2might
be possible by adjusting timing parameters, it seems unreasonable
that a GEO satellite could be used either in transparent mode or in
regenerative mode using the CU/DU split since the one-way delay
between aircraft and GEO already may exceed 200 ms. Using this
split, the CU would most likely have to reside on the ground, and

Table 1.
Comparison of IFBC connectivity architectures: CU/DU, IAB, and WAB

Architecture

On-board
Code

Complexity

3GPP-Specified
Node-to-Node
Communication

Max
Intermediate

Hops
Delay

Tolerance
Local UPF
Breakout

Mobility
Support

Resilience to
Link Failure

CU/DU (AO1) Low No 0 Low No Low Low
IAB (AO2) Medium Yes Multiple Low No Medium Medium
WAB (AO3) High Yes 0 (R19) High Yes High High
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the onboard DU would communicate with it either via a DA2G
link or via LEO/MEO satellites operating in transparent mode.

The IP-basedmidhaul between theDUandCUisnotdefined
by 3GPP, and in the case ofDUonboard an aircraft andCUon the
ground, this link will be vendor dependent. Additionally, because
of the separation of DU and CU, all user traffic must leave the
aircraft. This means that although the aircraft could host an on-
board entertainment portal or other services, traffic must still pass
through the groundCUand ground core before being routed back
to the on-board server. This introduces extensive delays and defeats
the purpose of on-board hosting.

3.3. Architecture Option 2 (AO2) -- IAB

Integrated access and backhauling (IAB) was first specified by
3GPP in R16 for terrestrial deployment as an extension of LTE
relay nodes from R10. The technology was aimed at rapidly
expanding 5G coverage by enabling wireless backhauling between
an IAB donor and one or multiple IAB nodes. The IAB-node
consists of an IAB-DUproviding connectivity toUEs and an IAB-
MT which wirelessly connects to the IAB parent node over the
standard NRUu interface. 3GPP R17 has further developed IAB,
allowing for IAB-donor handovers using the XnAP IAB protocol,
which enables IABmobility. However, it must be noted that inter-
IAB handovers are significantly more complicated than a normal
UE handover, and no implementation has been commercially
deployed on a large scale.

IAB could potentially be used in NTN settings, as presented
in [5]. One IAB nodemust be placed within the aircraft to provide
IFBC, and the IAB donor containing the CU would probably be
best situated on the ground for the same reasons as in Architecture
Option 1 (AO1). The main difference between this option and
AO1 is that IAB allows for multi-hop routing between IAB nodes,
and the interface between IAB nodes and the IAB donor is the
3GPP NR Uu interface. Reusing the Uu interface for routing
reduces the risk for a plethora of vendor-specific solutions forcing
vendor lock-in.

Using IAB with multi-hopping, aircraft could potentially
route traffic to the donor through satellites, other aircraft, or
ground-based IAB nodes, as illustrated in Fig. 2. The additional
routing freedom stemming from multi-hopping, increases redun-
dancy and resilience to link failures. However, due to latencies,
the number of hops must be limited, and using GEO satellites
should be avoided. Furthermore, the rapidly changing topology
would incur substantial signalling overhead and frequent inter-
IAB-donor handovers. As in AO1, all traffic must go through the
ground core, which does not allow local breakout to an on-board
MEC cloud, for instance, used to provide an in-flight entertain-
ment portal.

3.4. Architecture Option 3 (AO3) -- WAB and MEC

Whereas both AO1 and AO2 deploy a DU on the aircraft, this
option investigates placing the entire gNB stack on the aircraft.
This option removes the problem of F1 delays at the expense of
additional computational complexity needed onboard the aircraft.
The gNB communicateswith the core via theN2 (gNB-AMF) and
N3 (gNB-UPF) interfaces, which are not as sensitive to delays as

Figure 2.
In-flight connectivity, AO2. Note that the A2A, SA2A, and
DA2G interfaces are 3GPP standardised.

the F1 interface. This opens up additional possibilities, where, for
instance, GEO satellites could be used. The technology that allows
for placing a complete gNB on the aircraft and routing traffic
through different nodes is wireless access and backhauling (WAB).
WAB is introduced in 3GPP R19 and is an extension of IAB. A
WAB node consists of two parts: the WAB-gNB and the WAB-
MT. The WAB-gNB connects to UEs over the NR Uu interface,
and the WAB-MT connects to an upstream gNB over the NR
Uu interface as well. The WAB-MT opens a new PDU session
carrying both user data and NG/Xn signalling. This PDU session
terminates at a PDU session anchor UPF (PSA-UPF), and the UE
user data is forwarded to the serving UPF from the PSA-UPF.
The fact that the WAB-MT attaches to the upstream gNB as a
UE with a dedicated UPF allows for buffering both at the WAB-
MT and at the UPF. This, together with less strict latencies over
the N2/N3 interface, should make this architecture more robust
to link failures and intermittent connectivity. Although R19 only
considers single-hop WAB, it is probable that future releases will
investigate multi-hopWAB as well.

As long as the PSA-UPF remains the same, a handover
between the WAB-MT and a source and target gNB would be the
same as a normal UE handover. However, if the PSA-UPF has to
change, a new PDU session must be established, which is time-
consuming and adds delay.

Since this architecture places an entire gNB on the plane,
MECclouds could be placed onboard in either the aircraft or satel-
lite, and traffic could be routed to the cloud through an on-board
lightweight UPF. This would enable, for instance, an on-board
entertainment portal with very low latencies or local processing of
flight sensor data. The on-board UPF could potentially use UL-
CL to apply differentiated routing in uplink. Some traffic could
exit the 5GS directly on the plane and route to a DN, for instance,
the Internet using Starlink. Other traffic could still route to the
ground UPF. Additionally, the on-board UL-CL UPF could also
enable store and forwarding (S&F) capabilities to increase resilience
against intermittent connectivity [22].

When deploying an on-board UPF, N2/N4 signalling would
still need to be routed to the ground core. It must be noted that
AMF handover events would be very rare, and the Xn interface
would probably also not be frequently used in the given scenario.
Combining an on-board UPF with WAB would increase redun-
dancy for user traffic and also enforce signalling to stay within the
3GPP framework.
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Figure 3.
In-flight connectivity, AO3.

A potential future architecture based on WAB with MEC
is illustrated in Fig. 3. The 5G services can be delivered either
through the 5G direct air-to-ground (DA2G) service or through
the satellite air-to-ground (SA2G) service when there is no option
to connect to a ground station, for instance, when flying over
the sea. Moreover, the proposed architecture enables aircraft-to-
aircraft (A2A) connectivity, which can be used when the aircraft
is flying in airspace above land borders where terrestrial coverage
starts to diminish and can benefit from backhauling through other
aircraft.

3.5. Comparison Between the Three Architecture
Options

The three different architecture options are compared in Table 1,
where the following fields were used for the comparison:

• On-BoardCodeComplexity: The software running on an aircraft
should be kept as simple as possible due to strict constraints on
energy, cooling, andweight, each ofwhich affects fuel consump-
tion.

• 3GPP-Specified Node-to-Node Communication: As the telecom-
munications industry moves toward open interfaces to avoid
vendor lock-in and improve transparency, it is advantageous
for air–satellite–ground wireless links to use open, standardised
interfaces such as those defined by 3GPP.

• Max Intermediate Hops: To extend coverage, nodes may route
traffic through intermediate airborne nodes, enabling concepts
such as ad-hoc A2A networks.

• Delay Tolerance: Highly dynamic environments lead to inter-
mittent connectivity and fluctuating throughput. The architec-
ture should tolerate link outages and variable delays without
degrading essential services.

• Local UPF Breakout: Support for a local on-board UPF enables
delay-sensitive or mission-critical applications to run directly
on the aircraft, avoiding unnecessary routing through ground-
based core networks.

• Mobility Support: Given the rapidly changing network
topology, the architecture should support fast and seamless
reconfiguration to maintain service continuity during
movement.

• Resilience to Link Failures: Air-to-air, air-to-satellite, and air-to-
ground links can change or fail unexpectedly. A resilient archi-
tecture must enable rapid rerouting and robust handling of link
disruptions.

4. Research Challenges

This section outlines some research challenges that must be
addressed for IFBC.

4.1. Antenna Design

In-flight 5G services will require antenna designs that operate
at 5G NR-NTN frequencies used by both 5G NR A2G and
NTN satellite bands (FR1, FR2) and adopt a proactive stance to
maintaining beam-locking and synchronisation, given the chal-
lenging atmospheric environment and the changing position of
the aircraft. Smart localisation based on angle of arrival (AoA)
is a proven beam-management technique. Moreover, contempo-
rary aircraft can include up to 25 protruding antennas, which
not only disrupt the aircraft’s aesthetics but also result in signif-
icant aerodynamic drag and increased fuel consumption, intro-
ducing the need for antennas to be conformal to the body of
the aircraft [23]. How to provide conformal designs for aircraft
applications that operate at mmWave (millimetre-wave) frequen-
cies with adaptivemultibeam formation based on intelligent locali-
sation to achieve high-throughput transmissionwhilemaintaining
beam-locking and synchronisation is an open issue, but could be
based on planar leaky-wave and surface-wave technologies [24].
The compact and conformal designmust offer low dielectric losses
and moisture resistance to ensure reliable performance in harsh
environments. Future antenna systems should support spatial
beam scanning for DA2G (Direct Air-to-Ground) and inter-
aircraft links exceeding current multi-beam capabilities to support
both static and dynamic beam formation.

4.2. WAB-routing

Although R19 introduces WAB, WAB has not been examined for
NTN scenarios, and further investigations are needed to see if a
WAB-MT could backhaul via a satellite using NR-NTN. As of
R19, WAB is also limited to a single hop, which would exclude
ad-hoc meshes from being formed between aircraft using WAB.
Future research on WAB for NTN and ad-hoc A2A networks is
needed.

4.3. Transport Network Routing

In current and legacy mobile networks, the transport network
between the RAN and the core has typically been static and
homogeneous, supporting conventional dynamic routing proto-
cols such as OSPF or slice-dedicated transport using MPLS. In
future TN/NTN integrations, where gNBsmay reside onmoving
platforms, transport-level slice management becomes significantly
more complex and critical. This calls for intelligent and adap-
tive routing strategies that account for real-time topology changes
and the intermittent nature of aerial network connectivity, where
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feeder links to the ground infrastructure may not always be avail-
able.

4.4. Self-organising Networks

Self-organising networks (SON) functionalities are being stan-
dardised in order to ensure automatic management procedures
in 5G systems, and several studies are being pursued in order to
have an autonomously managed network [25]. ML technology
in 5G and beyond is having widespread adoption for intelli-
gent decision-making solutions, such as automatic systems for
managing network slices [26]. Going a step further, there are a
limited number of studies that demonstrate how intelligence and
SON can be applied to network slicing to ensure effective and
autonomous resource reservation in integrated TN-NTNs within
the ETSI frameworks ZSM (Zero-touch network and Service
Management), GANA (Generic Autonomic Networking Archi-
tecture), and ENI (Experiential Network Intelligence). Consid-
ering the Architecture Option 3 (AO3) with an on-board MEC
hosting a local UL-CL UPF and connected to the ground core via
an ad-hoc A2A network, optimal routing, NF orchestration, and
life management are necessary. How to best implement the SON
logic in such a dynamic network is an open research question.

5. Conclusion

The telecommunication industry is clearly moving towards native
integration between TN and NTN to meet the demand for reli-
able, secure, andubiquitous coveragewith guaranteedQoS.Native
integration will enable applications such as IFBC and mission-
critical services, yet several barriers remainbefore large-scale deploy-
ment can be achieved. In particular, aircraft antenna design must
advance to reduce drag and enable robust connectivity across LEO,
MEO, and GEO systems, and intelligent handover mechanisms
are needed to manage mobility across TN/NTN environments
withminimal overhead and interference.Cognitive and slice-aware
routingover the transport network is needed andhas tobe synchro-
nised with the VNFO to ensure SLAs are met for all traffic flows.

The paper compared different architecture options for
providing IFBC. In particular, a novel architecture where aircraft
and satellites are mobile WAB nodes capable of acting as both
access and backhaul nodes was proposed. Each node could poten-
tially host MEC for latency-sensitive services, where a lightweight
UPF could be deployed for local breakout. Whereas this architec-
ture offers high flexibility and the potential to support a broad
rangeof applications, its successwill dependon thedevelopmentof
advanced SON functionalities, AI-driven network optimisation,
andproactivehandover solutions. Future research should therefore
focus on predictive mobility management, cross-layer optimisa-
tion, and adaptive resource allocation to fully realise the vision of
seamless TN/NTN integration for IFBC.
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