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1 | INTRODUCTION

5G is the next generation of communication technology that much of the world is moving to. By supporting a world in which “anyone and anything
will be connected at anytime and anywhere”? 5G is expected to enable new applications in various domains, including media and entertainment,
health, automotive, transport, and industry. The advanced communications of 5G are expected to bring enhanced mobile broadband (eMBB), ultra-
reliable and low latency communications, and massive machine-type communications (mMTC), which correspond to the 5G usage scenarios
defined by ITU-R® for International Mobile Telecommunications (IMT) for 2020 and beyond (IMT-2020) (see Figure 1).

The next-generation network of 5G has been described as having significantly more capacity and higher user data rates than today's capabil-
ities, so as to meet the growing demands of users. In addition, an important goal of 5G is to provide increased resilience, continuity, and much
higher resource efficiency including a significant decrease in energy consumption. Finally, security and privacy will need to be ensured to protect
users and the important amounts of data that will be carried across the network. The 5G Key Performance Indicators (KPlIs), such as 1,000x capac-
ity, 10 to 100x higher typical user data rate, better/increased/ubiquitous coverage, service creation in minutes, and end-to-end (E2E) latency of
<1 ms, are summarized in 5G Public Private Partnership (PPP) and European Commission.*°> Note that these 5G PPP KPIs listed above are not
expected to be met all at the same time. No single technology will meet all of these needs, and not all of these characteristics will be required
for every 5G application. On the contrary, as the European Commission and other governments around the world have correctly recognized, to
be successful and meet user demands, the 5G infrastructure will be an ecosystem of networked networks, utilizing multiple different and comple-
mentary technologies.

To this end, many organizations, including the European Commission,® recognize that satellite networks will be an element of the 5G infra-
structure. Among others, the role of satellites in 5G has been studied in the EU Technology Platform NetWorld2020 SatCom WG’ as well as
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FIGURE 1 Usage scenarios of IMT for 2020 and beyond (source: ITU-R®) [Colour figure can be viewed at wileyonlinelibrary.com]

in relevant R&D projects, such as SPECSI,® MENDHOSA? and INSTINCT,*°,** CloudSat,*? SANSA,*® VITAL,** RIFE,*® and SCORSESE.*® More-
over, the EMEA Satellite Operators Association (ESOA) has published a 5G White Paper on the satellite communication (SatCom) services' role
as an integral part of the 5G ecosystem.!” The consensus and wider agreement on what satellite brings toward achieving the 5G KPIs are as

follows:

Ubiquity: Satellite provides high-speed capacity across the globe using the following enablers: capacity in-fill inside geographic gaps, overspill
to satellite when terrestrial links are over capacity, general global wide coverage, back-up/resilience for network fall-back, and especially com-
munication during emergency.

Mobility: Satellite is the only readily available technology capable of providing connectivity anywhere on the ground, in sea, or air for moving
platforms, such as airplanes, ships, and trains.

Broadcast (simultaneity): Satellite can efficiently deliver rich multimedia and other content across multiple sites simultaneously by using broad-

cast and multicast streams with information centric networking and content caching for local distribution.

Security: Satellite networks can provide efficient solutions for secure, highly reliable, rapid, and resilient deployment in challenging communi-

cation scenarios, such as emergency response.

One may note that the features above are mainly due to satellite's ability to serve coverages that are wider than most other communications

technologies. Not only can satellites provide ubiquitous, anytime coverage, but they can provide cost-effective coverage to many areas of the

globe, which might otherwise go unserved. Satellite can offer complementary connectivity options, seamless user experience, and provide impor-

tant benefits.

Satellites are the only means to provide truly ubiquitous geographic coverage and mobility. This feature is critical to the successful deploy-

ment and operation of 5G:

providing wide coverage to complement and extend dense terrestrial cells;
complementing connectivity for mobile nodes (ships, airplanes, vehicles, and trains);
offloading a temporarily congested network;

providing backhauling services to fixed or moving base stations; and

providing emergency response/disaster recovery communications.

Satellites are inherently well suited to broadcast or multicast one-to-many transmission links, usually over long distances and large areas to

multiple distribution hubs such as radio access points. Satellites can deliver very high data rate services in broadcast/multicast mode (eg, data
broadband connectivity and IP-enabled video distribution via satellite) as well as in unicast mode. Satellites today deliver very high data
(>100 Mbps-1 Gbps) in broadcast mode to outdoor radio access points for the following:

high capacity 2-way broadband services for complementary coverage to fixed or terrestrial wireless networks outside major urban/suburban

areas;
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o direct delivery of linear/nonlinear video transmissions TV/IPTV services to in-building fixed customers; and

e interconnection via 3G/4G/4G+/Radio Local Area Network wireless access networks (for in-home/in-building distribution) for service delivery
to in-building “mobile” users.

The diversity of designs among satellite systems also contributes to their utility in support of the 5G ecosystem. Increasingly, satellite systems
deliver greater capabilities at lower costs by leveraging the particular characteristics of each system's global reach:

e A single GEO (geostationary Earth orbit) satellite can provide communication downlinks over wide areas, such as entire countries or
continents, including to rural areas with no terrestrial connections. Further, a single GEO satellite can deliver high-bandwidth,
high-reliability services to a large number of connected devices, whether fixed or in-motion, simultaneously across a wide geographic
region.

o Constellations of nongeostationary satellites can deliver high-capacity services to localized areas with low latency that some applications
require. Such satellites are operating already (eg, SES's O3b MEO [medium Earth orbit] HTS [high throughput satellite] constellation), with
more constellations being planned for the 2020 timeframe, in time to participate fully in the 5G ecosystem.

In addition, with the requirement to have very low delay services, there is an incentive to place services in the edge nodes resulting in less
stringent requirements on the delay in the backhaul. This opens up further opportunities for satellite networks as one of the most reliable and
secure forms of backhauling.

Leveraging these varied strengths of SatCom expands the range, capacity, and capabilities of 5G systems.

Figure 2 below illustrates the role of SatCom in the 5G ecosystem.

The remainder of this paper is structured as follows: Section 2 introduces the SaT5G project concept, objectives, and research activities. Sec-
tion 3 elaborates on the selected satellite use cases for eMBB. Section 4 defines the specific scenarios for the selected satellite use cases, and
Section 5 concludes the paper.

2 | SAT5G CONCEPT, OBJECTIVES, AND RESEARCH PILLARS

SaT5G is a European Commission H2020 5G PPP Phase 2 project, kicked-off in June 2017 with 30-month duration, whose vision is to develop
cost effective “plug and play” SatCom solutions for 5G to enable telecom operators and service providers to accelerate 5G deployment in all geog-
raphies and at the same time create new and growing market opportunities for SatCom industry stakeholders.

SaT5G focuses primarily on backhaul via satellite.
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FIGURE 2 Satellite network role in 5G (source: ESOAY) [Colour figure can be viewed at wileyonlinelibrary.com]
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The 6 principal SaT5G project objectives are to:

e leverage relevant ongoing 5G and satellite research activities to assess and define solutions integrating satellite into the 5G network

architecture;
e develop the commercial value propositions for satellite-based network solutions for 5G;
o define and develop key technical enablers for the identified research challenges;
o validate key technical enablers in a lab test environment;
e demonstrate selected features and use cases with in-orbit GEO and MEO HTS satellites; and

e contribute to the standardization at ETSI (European Telecommunications Standards Institute) and 3GPP (Third-Generation Partnership Project)

of the features enabling the integration of SatCom solutions in 5G.

With the identified satellite strengths and based on the anticipated market needs, SaT5G focuses on the eMBB Usage Scenario for 5G. Based on the
analysis results obtained from relevant ESA (European Space Agency) Advanced Research in Telecommunications Systems projects, such as SPECSI®
and MENDHOSA,? the broadband and broadcast services will have the highest revenue in 2025 and thus form the primary SaT5G target markets.
Furthermore, from the mobile operator's viewpoint for the inclusion of satellite support in the early 5G roll out, congested backhaul and offloading high
bandwidth video download have been found to be the major drivers. These operator drivers also fall under the 5G usage scenario of eMBB. Therefore,
SaT5G addresses specifically the eMBB usage scenario toward “broadband access everywhere.” This is not to say that SatCom may not benefit other 5G
usage scenarios, such as the mMTC, for instance, but only that the indicated 5G usage scenario of eMBB appears most attractive for SatCom.

The technical challenges that need to be addressed for the realization of cost-effective “plug and play” SatCom solutions for 5G include the
following:

e virtualization of SatCom network functions to ensure compatibility with the 5G SDN (software defined networking)/network function

virtualization architecture;
o developing the enablers for an integrated 5G-SatCom virtual and physical resource orchestration and service management;

e developing link aggregation scheme for small cell connectivity mitigating quality of service and latency imbalance between satellite and cellular

access;
e leveraging 5G features/technologies in SatCom;
e optimizing/harmonizing key management and authentication methods between cellular and satellite access technologies; and

e optimal integration of the multicast benefits in 5G services for both content delivery and VNF (virtual network function) distribution.

To rise to these challenges, the SaT5G concept comprises 6 research pillars (RPs) and 3 horizontals as shown in Figure 3. The horizontals
address global issues cutting across the whole project while the RPs have been selected to address the deeper research enablers relating to
the identified challenges and needed to flow into prototypes to be used in the validations and demonstrations. Our key contribution in SaT5G
is the incorporation of the integrated test bed that will validate and demonstrate the mature SaT5G solutions.

The SaT5G horizontals selected are as follows:

Business and operations

Satellite systems are evolving, with greater capacity (in the order of Tbps speed) with lower cost per bit and better connectivity which makes the
integration of satellite with terrestrial mobile networks a compelling commercial proposition. The business aim is to improve customer experience and
value, with lower incremental capital cost than fixed network upgrades. The near 100% coverage provided by the high vantage point of a satellite, and

the characteristic distance-independent cost of adding users, is increasingly desirable for mobile network operators (MNQOs) for capacity and coverage.

The business opportunities fall into 2 categories:

o Offloading and caching in the fixed network: provision of alternative or overlay paths for (a) connecting data centers to 5G core network gate-
ways where there are no terrestrial or economically viable paths and (b) connecting the core network to semicentralized or centralized
virtualized eNodeB processing centers.

e Backhaul: Provision of alternative or overlay paths for backhaul connections to 5G cells in all layers (macro, micro, etc). Opportunities are (a)
backhaul to cells in remote areas that are installed to achieve a certain coverage obligation, for example, to satisfy license or contractual
requirements, and where terrestrial link is not economically viable, (b) cells that need fast deployment and cannot wait for terrestrial provision-
ing, (c) deployment of cells for temporary events, and (d) deployment of small mobile cells mounted on public transport, on high-end cars, or on

emergency service vehicles.
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FIGURE 3 SaT5G concept [Colour figure can be viewed at wileyonlinelibrary.com]

SaT5G will demonstrate that by integration of SatCom, new business opportunities are created to engage major stakeholders. SaT5G will pro-
pose new business models including the new value chains and diverse actors as well as show how they will come together to operate such a sys-
tem. SatCom will expand the opportunity for mobile operators by enabling fast roll out of services in a way that has not been possible for 3G/4G.

Standards

Standardization is the key to future equipment interworking and to reduce the eventual costs of equipment as it opens up manufacturing scal-
ability. Third-Generation Partnership Project has established a pathway to 5G standardization onto which SaT5G will build on. SaT5G partners
have already been contributing into 3GPP and ETSI groups as a satellite working group.'® The inclusion of the satellite elements into 3GPP
and ETSI standards is a major component of the SaT5G project, and partners are committed to contributing and influencing standardization meet-
ings. Outputs from SaT5G are fed into the relevant groups as they mature and feedback from standards will continuously advise the program of
activities.

With the development of 5G, SatCom systems can leverage open standards to reduce the deployment and operational cost of terminals as
well as other satellite network infrastructure equipment (eg, gateway) and, very importantly, to facilitate a tighter operational integration (“plug
and play” approach) into a heterogeneous 5G “network of networks” under common network management. The ongoing standardization efforts
around 5G thus provide a unique opportunity to insert the satellite-specific “hooks” as may be required.

Validation and demos

SaT5G will develop the key interfaces that allow the integration of the virtualized satellite elements into a terrestrial 5G test bed. The terres-
trial test bed is currently virtualized, and thus, SaT5G will develop virtualized satellite gateway and terminal virtualization integration in the test
bed. Other elements such as the management and orchestrator component and the multiaccess edge computing (MEC) component for use in
caching and multicast will similarly be developed prior to integration and demonstration trials with in-orbit GEO and MEO HTS satellites operating
at frequency bands above 10 GHz.

The 6 RPs chosen along with their scope and benefits are presented in Table 1 below.

The SaT5G RPs along with the SaT5G use cases (see Section 3) are illustrated in Figure 4 below.

3 | SELECTED SATELLITE USE CASES

3.1 | Selection methodology

By definition, a 5G use case is a particular case of how the 5G system is used, whereas a satellite use case in 5G is a particular case of how the
SatCom system is integrated within the 5G ecosystem. The selected use cases elaborated in this section correspond to specific satellite use cases
for eMBB, which have been selected to be further investigated in the SaT5G project.
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TABLE 1 SaT5G research pillars scope and benefits for the 5G ecosystem stakeholders

Research Pillar (RP) Scope Benefits
Research pillar I: implementation of 5G SDN Virtualize SatCom network functions to share the same CAPEX (capital expenditure) reduction and
and network function virtualization (NFV) virtualized core as cellular network functions, ensure flexible service provisioning
across satellite networks compatibility with the SDN/NFV architecture, and support
network slicing.
Research pillar II: integrated network Enable integrated 5G-SatCom virtual and physical resource  OPEX (operational expenditure) reduction
management and orchestration orchestration and service management. through harmonized network
management between 5G and SatCom
Research pillar Ill: multilink and Exploit multilink and heterogeneous links of the transport Improved goodput, quality of experience,
heterogeneous transport network at the backhaul level and mitigate the possible and resiliency
quality of service and latency imbalance between the links.
Research pillar IV?: harmonization of Leverage 5G features in satellite radio access network and ~ CAPEX and OPEX reduction (especially
SatCom with 5G control and user plane foster the integration with other network technologies. development/maintenance effort for
future SatCom)
Research pillar V: extending 5G security to Provide an efficient key management and authentication Trust enforcement in the E2E 5G network
satellite method and harmonize authentication and authorization including satellite element

between terrestrial and satellite technologies.

Research pillar VI: caching and multicast for Provide efficient delivery of multimedia content and NFV OPEX reduction through improved
content and VNF distribution functions to mobile edge computing/caching entities bandwidth efficiency
through the exploitation of the intrinsic broadcast
capability of SatCom.

aWith respect to research pillar IV and in line with SaT5G Consortium,® note that SaT5G investigates both of the following features and pursues relevant
standardization activities: (a) a 5G core network-friendly non-3GPP satellite access technology, which is pursued within the ETSI TC-SES SCN Working
Group, and (b) a satellite-friendly new radio (NR) protocols and access technology architecture, which is pursued within the 3GPP RAN Working Group.

With focus on the eMBB usage scenario for 5G and by following the methodology illustrated in Figure 5 below, SaT5G selected 4 satellite use
cases for eMBB to concentrate its efforts on.

Specifically, we consolidated a “global” list of satellite use cases in 5G by review, gap analysis and taking into account satellite use cases in 5G
identified at 3GPP domain (eg, 3GPP TR 22.891,'% 3GPP SA1, “SMARTER Technical Reports,>® 3GPP TR 22.863 V14.1.0 (2016-09),%* 3GPP TR
22.864 V14.1.0 (2016-09),%? and 3GPP TR 38.81123), at SatCom domain (eg, ESOA 5G White Paper'?), as well as by other relevant EU and ESA
R&D projects (eg, SPECSI,® MENDHOSA’ and INSTINCT,*®,** CloudSat,*? SANSA,*® VITAL,** RIFE,*> SCORSESE,*¢ and High Throughput Digital
Broadcasting Satellite Systems?).

Furthermore, by filtering the consolidated “global” list of satellite use cases in 5G for eMBB, we came up with a subset of satellite use cases
for eMBB which was analyzed in detail based on their relevance to the associated core 5G PPP KPIs, the relevant 3GPP SMARTER use case
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families, the 5G market verticals, as well as their relevant market size. Based on this detailed analysis, the satellite use cases for eMBB selected for
further investigation in the SaT5G project correspond to the SaT5G use cases, which are presented in this section.

Due to space limitations, the detailed analysis of the satellite use cases for eMBB is not reported here. To this end, the interested readership is
referred to SaT5G Consortium.?®

3.2 | Selected satellite use cases for eMBB

By following the methodology illustrated in Figure 5 above, SaT5G selected 4 satellite use cases for eMBB to concentrate its efforts on the fol-
lowing (see Table 2):

e edge delivery and offload of multimedia content and MEC VNF software, through multicast and caching to optimize the operation and dimen-
sioning of the 5G network infrastructure;

e 5G fixed backhaul, to provide 5G service especially in areas where it is difficult or not possible to deploy terrestrial communications;
e 5G to premises, to provide 5G service into home/office premises in underserved areas via hybrid terrestrial-satellite broadband connections; and

e 5G moving platform backhaul, to support 5G service on board moving platforms, such as aircraft, vessels, and trains.

Figure 6 below illustrates the SaT5G use cases and how they will be integrated into a 5G network.

3.3 | Relevance to satellite “sweet spots” in 5G

As can be deduced from Table 2 above, each SaT5G use case corresponds to 1 of the 4 satellite use case categories (SUCCs) in 5G identified by
ESOA,Y or else referred to as satellite “sweet spots” in 5G (see Figure 7). Each of these 4 broad categories of satellite use cases in 5G has distinct

connectivity characteristics, which are elaborated below:
e Trunking and head-end feed: This SUCC in 5G addresses high speed trunking of video, loT (Internet of Things), and other data to a central
site, with further terrestrial distribution to local cell sites, for instance neighboring villages, as shown in Figure 8 below. A very high speed

TABLE 2 SaT5G use cases: Selected satellite use cases for eMBB

Correspondence to
Satellite Use Case
SaT5G Use Case Description Category in 5G7

SaT5G use case 1: “edge delivery and offload for Providing efficient multicast/broadcast delivery to network edges for content ~ Backhauling and
multimedia content and MEC VNF software” such as live broadcasts, ad-hoc broadcast/multicast streams, group tower feed
communications, and MEC VNF update distribution

SaT5G use case 2: “5G fixed backhaul” Broadband connectivity where it is difficult or not (yet) possible to deploy Trunking and head-
terrestrial connections to towers, for example, maritime services, coverage on end feed
lakes, islands, mountains, rural areas, isolated areas, or other areas that are
best or only covered by satellites; across a wide geographic region

SaT5G use case 3: “5G to premises” Connectivity complementing terrestrial networks, such as broadband Hybrid multiplay
connectivity to home/office small cell in underserved areas in combination
with terrestrial wireless or wireline

SaT5G use case 4: “5G moving platform Broadband connectivity to platforms on the move, such as airplanes or vessels Communications
backhaul” on the move
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satellite link (up to Gbps speed) from geostationary and/or nongeostationary satellites will complement existing terrestrial connectivity,
where available. Note that this SUCC assumes that limited or no existing terrestrial connectivity is available. Moreover, the satellite
user links are bidirectional since only broadband (ie, unicast, thus VSAT [very small aperture terminal]) communications are supported
by this category (ie, no broadcast/multicast). In particular, there is no use of multicasting to populate edge caches in this SUCC, which
corresponds to a major difference with respect to the other SUCCs. SaT5G use case 2 “5G fixed backhaul” corresponds to this SUCC
in 5G.

e Backhauling and tower feed: This SUCC in 5G is about high speed backhaul connectivity to individual cells, with the ability to multicast the
same content (eg, video, HD [high definition]/UHD [ultrahigh definition] TV, as well as other nonvideo data) across a large coverage area
(eg, for local storage and consumption), as shown in Figure 9 below. The same capability also allows for the efficient backhauling of aggre-
gated loT traffic from multiple sites. A very high speed, multicast-enabled, satellite link (up to Gbps speed), direct to the local cell towers,
from geostationary and/or nongeostationary satellites will complement existing terrestrial connectivity. Note that this SUCC assumes that
satellite connectivity will complement existing terrestrial connectivity. Moreover, the satellite user links are either bidirectional and/or

unidirectional because, depending on the case, broadband (ie, unicast, thus VSAT terminals) and/or broadcast/multicast (thus, receive only
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FIGURE 7 Satellite use case categories in 5G (or else referred to as satellite “sweet spots” in 5G) [Colour figure can be viewed at
wileyonlinelibrary.com]
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terminals) communications are supported by this category. In particular, the use of multicasting to populate edge caches is a major differ-

ence of this SUCC with respect to the previous one. SaT5G use case 1 “edge delivery and offload for multimedia content and MEC VNF
software” corresponds to this SUCC in 5G.

e Communications on the move: This SUCC in 5G is about high-speed backhaul connectivity to individual in-motion terminals on airplanes,
vehicles, trains, and vessels (including cruise ships and other passenger vessels), with the ability to multicast the same content (eg, video,
HD/UHD TV, software over-the-air, firmware over-the-air, as well as other nonvideo data) across a large coverage area (eg, for local stor-
age and consumption), as shown in Figure 10 below. The same capability also allows for the efficient backhauling of aggregated loT traffic
from these moving platforms. A very high speed, multicast-enabled, satellite link (up to Gbps speed), direct to the plane, vehicles, train, or
vessel, from geostationary and/or nongeostationary satellites will complement existing terrestrial connectivity, where available. Note that
this SUCC assumes that satellite connectivity will complement existing terrestrial connectivity, where available (such as, airports, harbors,
train stations, and connected cars). Moreover, the satellite user links are either bidirectional and/or unidirectional because, depending on
the case, broadband (ie, unicast, thus VSAT terminals) and/or broadcast/multicast (thus, receive only terminals) communications are sup-
ported by this category. SaT5G use case 4 “5G moving platform backhaul” corresponds to this SUCC in 5G.
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e Hybrid multiplay: This SUCC in 5G is about high-speed connectivity including backhaul to individual homes and offices, referred to as pre-
mises, with the ability to multicast the same content (video, HD/UHD TV, and other nonvideo data) across a large coverage area (eg, for
local storage and consumption). The same capability also allows for an efficient broadband connectivity for aggregated loT data. In-home
distribution via Wi-Fi or home/office small-cell (femtocell) is shown in Figure 11 below. A very high speed, multicast-enabled, satellite link
(up to Gbps speed), direct to the home or office, from geostationary and/or nongeostationary satellites will complement existing terres-
trial connectivity. Direct-to-home (DTH) satellite TV, integrated within the home or office IP network, will further complement this use
case. Note that this SUCC assumes that satellite connectivity will complement existing terrestrial connectivity. Moreover, the satellite
user links are either bidirectional and/or unidirectional because, depending on the case, broadband (ie, unicast, thus VSAT terminals)
and/or broadcast/multicast (thus, receive only terminals) communications are supported by this category. SaT5G use case 3 “5G to pre-

mises” corresponds to this SUCC in 5G.

3.4 | Relevance to SaT5G research pillars

The selected SaT5G use cases are mapped to the 6 SaT5G RPs as shown in Table 3 below.
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FIGURE 11 Hybrid multiplay (source: ESOA’) [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 Mapping of SaT5G use cases to SaT5G research pillars
SaT5G Use Case 1: Edge Delivery and

Research Offload for Multimedia Content and SaT5G Use Case 2: 5G SaT5G Use Case 3: 5G SaT5G Use Case 4: 5G
Pillar MEC VNF Software Fixed Backhaul to Premises Moving Platform Backhaul
RP I Virtualization of satellite functional components and integration of the satellite transport link in the SDN/NFV architecture and support of
network slicing feature
RP Il End-to-end service life cycle management Integrated 5G-SatCom virtual Flexible integrated 5G-SatCom Mobility aware end-to-end
and orchestration which includes virtual and physical resource® resource? orchestration and service life cycle
and physical IT and network resources® orchestration and service service life cycle management and
management management resource® orchestration
RP 1l Traffic splitting between multicast and NG2/NG3P protocol Traffic splitting between NG2/NG3P protocol
unicast flows performance enhancement network links with different performance
adapted to long latency link characteristics for link enhancement adapted to
aggregation long latency link
RP IV Support of multicast traffic Support of NG2/NG3® Support traffic splitting/link Support of NG2/NG3P
protocols aggregation solutions dynamic relocation
RP V Extension of the security architecture to  Efficient key management and authentication over fixed satellite Efficient key management
broadcast component transport and authentication over
mobile satellite transport
RP VI Efficient multimedia content/MEC NFV Efficient multimedia content/MEC NFV delivery over multicast resources of a broadband satellite
delivery over a dedicated satellite transport link

broadcast system

In the SDN/NFV enabled SaT5G ecosystem, network slices are composed by a wide range of resources, such as IT assets and bandwidth.

PNG2 corresponds to the 5G control plane interface, whereas NG3 to the 5G user plane interface.

4 | SCENARIOS FOR SELECTED SATELLITE USE CASES

This section provides a qualitative high-level description of the scenarios associated to each selected SaT5G use case. By definition, the scenarios
for SaT5G use cases correspond to instantiations of the SaT5G use cases for the accomplishment of a specific duty. As such, a scenario for a SaT5G
use case drives the integrated network topology and the architecture design.

These scenarios are summarized in Table 4 below. Due to space limitations, not all the scenarios listed above are presented here. To this end,
the interested readership is referred to SaT5G Consortium.?®

SaT5G focuses primarily on backhaul via satellite. To this end, note that the scenarios for the selected SaT5G use cases drive mainly the design
of backhauling architectures where there is satellite connectivity between the 5G core network and the radio access network (RAN). The archi-
tecture design for the given scenarios corresponds to currently ongoing work within the SaT5G project, whose results will be reported in future

publications (see eg, Tiomela Jou et al?®?7). As such, it is beyond the scope of this paper.

4.1 | Scenarios for Use Case 1: Edge delivery and offload for multimedia content and MEC VNF software

The scenarios associated to this use case correspond to satellite broadcast/multicast functions and the use of caching. This can be implemented
via a standalone fixed terminal or via delivery to the mobile edge cache for onward delivery to UEs within the 5G MNO network.

Adding broadcast/multicast resources in the network to be able to deliver the most popular on demand as well as live content toward the
edge nodes of the network enables to offload a significant part of the traffic and/or to optimize the network infrastructure dimensioning (espe-
cially the backhaul links) in the lower density populated areas, where the cost per user is the highest.

Satellites are well suited to provide such broadcast/multicast resources over wide areas so as to aggregate the largest audience possible and

hence to reduce the global delivery cost. Combining satellite broadcast/multicast resources with the terrestrial unicast resources is a powerful way

TABLE 4 Scenarios for SaT5G use cases
Selected Satellite Use Cases for eMBB Scenarios for Selected Satellite Use Cases

Use case 1: edge delivery and offload for multimedia Scenario 1a: offline multicasting and caching of video content and VNF software through satellite
content and MEC VNF software links
Scenario 1b: online prefetching of video segments through satellite links

Use case 2: 5G fixed backhaul Scenario 2a: satellite backhaul to groups of cell towers
Scenario 2b: satellite backhaul to individual cell towers
Scenario 2c: satellite backhaul to individual small cells

Use case 3: 5G to premises Scenario 3a: hybrid multiplay (satellite/xDSL) at home/office premises in underserved areas
Scenario 3b: hybrid multiplay (satellite/cellular) at home/office premises in underserved areas

Use case 4: 5G moving platform backhaul Scenario 4a: updating content for on-board systems and grouped media request by the moving
platform company
Scenario 4b: broadband access for passengers and individual media requests
Scenario 4c: business and technical data transfer for the moving platform company
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to optimize the content delivery costs and improve scalability. The 5G network infrastructure selects the most appropriate resources according to
the audience reached. It can convey “VoD” services (pull model), “TV channels,” and “Live events” (push model) and optimize the cost in the same
way. Moreover, as the audience for a TV channel varies over time, the delivery method can be adapted to optimize the network bandwidth and
cost. Delivery of MEC/VNF software updates can also be accommodated but would need to have greater reliability than some other services.

The service and network providers can use the geographic popularity hints to optimize the caching decision process even further and use sat-
ellite broadcast to reach the caching nodes of a popular program region directly. This direct satellite delivery also benefits popular live content, as
the time-consuming establishment of multicast trees across terrestrial networks can be avoided. Such a hybrid solution of content delivery to 5G
edge nodes via (terrestrial) unicast and (satellite) broadcast/multicast resources will require adjustments to the eNodeB and other equipment as
described in the scenarios below.

Operational scenarios embrace either the direct caching at a fixed terminal or caching at the mobile network edge for the MNOs to deliver to
UEs as part of the 5G network. In the network infrastructure that is owned by an MNO, some IT resources (computing and storage) that are
located at the network edge (eg, close to eNodeBs) can be virtualized and leased by the MNQ's to third parties such as content providers. The
content providers can use the virtualized storage and computing resources at the mobile edge to deploy their content and intelligence, eg, local
caching, broadcasting, or multicasting of content to selected mobile edges where there are potentially large crowds of consumers on the content.
We call such a virtualized mobile edge a virtual CDN (content delivery network) node. Now we consider the following 2 complementary scenarios:
(1) with spatiotemporal knowledge of content popularity at different locations, selected content can be broadcasted or multicasted to the targeted
mobile edge CDN nodes through satellite links a priori, so that content has already been cached locally by the time the consumers make the
requests and (2) a virtualized CDN node can perform online prefetching (through satellite links) of just-in-time video segments during a video ses-
sion to ensure enhanced video quality E2E. This operation is useful to the video content applications where content is chunked into fixed-length
segments (eg, MPEG-DASH [Moving Picture Experts Group-Dynamic Adaptive Streaming over HTTP]). In this scenario, the virtual CDN node does
not need any knowledge about content popularity a priori.

4.1.1 | Scenario l1a: Offline multicasting and caching of video content and VNF software through satellite links

In case of video content, each virtual CDN node should be capable of monitoring and predicting the popularity of content objects in its local area,
and making necessary decisions whether some content should be cached locally from the remote content origin a priori. In case the virtual CDN
node has predicted that a specific content is expected to become popular in its region, it can issue a request to the original source to cache the
content locally even before the local consumers start to make the requests. For such a purpose, satellite links can play a useful role to offload
content traffic away from the terrestrial networks between the original content source and a virtual CDN node. It can be inferred that each virtual
CDN node independently performs its own content popularity monitoring and prediction. As such, even multiple virtual CDN nodes predict the
same content object to become popular, they may issue the content requests to cache at different times. To maximize the benefit of broadcast
and multicast, it is important that a content broadcast/multicast scheduling intelligence is in place such that (1) a (expected-to-be-popular) content
object can always be delivered in time to individual virtual CDN nodes for caching before a large number of local users start to make the requests,
and (2) the content traffic through the satellite links does not incur any potential congestions due to ad hoc content requests (incurred by the pre-
diction outcome of local content popularity) from individual mobile CDN nodes. Figure 12 below illustrates the top-level operation of such broad-
cast/multicast operations performed by mobile edge virtual CDN nodes: Popular content A is multicasted through satellite links to the virtual CDN
nodes in regions 1 and 2, while popular content B is broadcasted through satellite links to all the 3 regions according to the popularity learning/
prediction outcome performed at the mobile edge.

On the other hand, such multicasting/broadcasting and caching techniques can be also applied for supporting VNF software updating at dif-
ferent sites. Compared with video content caching which requires popularity monitoring and prediction, the distribution task of software updates
is more straightforward without complex intelligence. However, considering traffic load dynamicity over the satellite link, delay-tolerant VNF dis-
tribution operations can be scheduled during off-peak time (eg, mid-night) when the content traffic load is expected to be on its low level.

4.1.2 | Scenario 1b: Online prefetching of video segments through satellite links

In recent years, video content providers such as YouTube and Netflix have been adopting the MPEG-DASH standard to provide streaming ser-
vices.?® In this scenario, a video content is chunked into fixed segments which can be independently requested and adapted with multiple quality
resolutions. While MPEG-DASH has many benefits such as offering flexibility through on-the-fly quality adaptation and its easy implementation
over existing HTTP (Hypertext Transfer Protocol) infrastructure, the fact that DASH uses TCP (Transmission Control Protocol) is a double-edged
sword. On the one hand, it means reliable content delivery and that video quality degradation caused by, eg, loss of I-frames can be avoided. On
the other hand, when a wireless UE streams a video, there are 2 network segments on the E2E path that have distinctively different character-
istics, which are (1) RAN that is wireless and (2) the mobile core network and the public Internet that are typically wired or via satellite links. Spe-
cifically, the wired/satellite segment has high bandwidth-delay-product due to the high-capacity links and long latency due to the long data
transport distance across the global Internet. The worst-case E2E latency across the terrestrial Internet is around 300 ms, and if satellite links
are involved as the backhaul, this latency can be increased to 500+ ms. In contrast, the wireless access segment has much lower bandwidth-

delay-product due to limited radio resource capacity over the air interface and relatively lower latency. Transmission Control Protocol does not
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FIGURE 12 Offline broadcast/multicast content objects through satellite links [Colour figure can be viewed at wileyonlinelibrary.com]

perform well on E2E paths consisting of 2 segments with such different characteristics.?? Even when there is no RAN resource competition, the
Internet is unable to support seamless 4-K video streaming in many scenarios.

Based on this observation, we propose to introduce a novel online video delivery scheme which particularly aims at providing quality of experience-
assured 4-K VoD (video on demand) streaming to mobile users at a global Internet scale, even with satellite links involved. The proposed scheme contains
the following key operations at the mobile edge virtual CDN node: First, it realizes context awareness on network and users. For network context, it
captures the RAN condition that is disseminated by the MNO through the Radio Network Information Service as specified by the ETSI MEC paradigm.
Second, it performs adaptive prefetching on a per-user per-session basis; ie, it predownloads video segments from the video source and maintains a prog-
ress gap ahead of the user's actual request progress. Such a gap is adaptive and is optimized based on its real-time knowledge on network and user con-
text on-the-fly. Third, it performs video quality adaptation on a per-segment basis also based on its context awareness, such as user mobility pattern, etc.

A high-level overview of the system architecture is presented in Figure 13. From the UE's perspective, the mobile edge is responsible for han-
dling all of its video segment requests during VoD sessions. If a requested video segment is available at the mobile edge, it is served to the UE
immediately with low access latency because it is located at the network edge. If it is not available, the mobile edge forwards the request to
the original video source, retrieves the requested segment, and serves it to the UE. Furthermore, the mobile edge's embedded content intelligence

also performs prefetching by downloading video segments in advance, ie, ahead of the UE's request progress.

4.2 | Scenarios for Use Case 2: 5G fixed backhaul

The scenarios associated to this use case correspond to a wide range of scenarios. We have considered specifically the following 3 scenarios based
on the relative geographical reach of satellite backhaul.

e Scenario 2a: satellite backhaul to groups of cell towers;
e Scenario 2b: satellite backhaul to individual cell towers; and

e Scenario 2c: satellite backhaul to individual small cells.

In all cases, the user and control plane data are interconnected to the core via the satellite gateway.
Due to space limitations, only Scenario 2b is elaborated below, whereas the interested readership in Scenarios 2a and 2c is referred to SaT5G
Consortium.?®

4.2.1 | Scenario 2b: Satellite backhaul to individual cell towers

This would be satellite backhauls to a cell tower covering a region where there is no cost-effective terrestrial backhaul option. This includes sat-
ellite backhaul service to the following:

e rural and remote locations in developed countries;
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e anywhere outside urban areas in developing countries; and

e islands, mountain regions, and other isolated areas.

While there are fundamental differences in detailed implementation, there are also many similarities. The major difference between developed
and developing countries is the ability to pay for service which will tend to impact on (a) the number of devices per community of a given size, (b)
the amount of data an eMBB smart phone user can afford, and (c) the methods of payment.

Undoubtedly, such a cell site would also support mMMTC communications from loT devices extending smart city like capabilities to such regions
(eg, smart villages and in particularly agri-tech functions®°).

In this context, the following representative scenario has been defined:

Scenario 2b: Satellite backhaul to a single cell tower located in a rural area in the EU covering 2 villages about 5 km apart and a rural main
road. The villages are home to 300 families; in summer months, an additional 50 families may be in holiday accommodation. The road can occa-
sionally be busy with holiday traffic but is usually quiet. The predominant traffic on the cell is eMBB, but there is some mMTC traffic generated
by agri-tech.

4.3 | Scenarios for Use Case 3: 5G to premises

The scenarios associated to this use case is mainly relevant to homes and small office home office premises located in underserved areas of devel-
oped countries, which are served with terrestrial telecommunication network infrastructure (xDSL [digital subscriber line] or cellular access) of
poor bandwidth performance (eg, users are located far from the DSL access multiplexer or far from 4G cell tower).

In such underserved areas of developed countries, the use of satellite to complement the existing terrestrial broadband access link can lead to
a hybrid satellite/terrestrial multiplay scenario which can be envisaged to benefit from low-latency of terrestrial networks and high-bandwidth of
satellite networks. In particular, complementing the existing and performance-limited terrestrial broadband link (xDSL or cellular access) by a sat-
ellite broadband link with multicast and caching capabilities is considered here.

Similar hybrid satellite/xDSL scenarios have been considered in MENDHOSA? as well as in other ESA studies.®1*2 This set of scenarios is par-
ticularly relevant if satellite can provide more bandwidth for premium clients, typically multiscreen and UHD, and if user experience for Internet
applications is raised to a level similar than those of terrestrial networks (latency, throughput at peak hours for a large number of clients, etc). To
this end, the use of new generation High Throughput Digital Broadcasting Satellite Systems (or else referred to as hybrid broadband/broadcast
satellites??) is important not only to maintain the satellite opportunity for broadband while bringing the communication cost significantly down
but also to further boost the direct broadcast satellite services.

Moreover, much mobile data activity takes place within users' homes. For users with fixed broadband and Wi-Fi access points at home, or for
users served by operator-owned femtocells and picocells, a sizable proportion of traffic generated by mobile and portable devices is offloaded
from the mobile network onto the fixed network. As estimated in Cisco VNI,2 by 2021, 63% of all traffic from mobile-connected devices (almost
84 exabytes) will be offloaded to the fixed network by means of Wi-Fi devices and femtocells each month.

In this context, high-speed satellite links empowered with multicast and caching capabilities, direct to the home or office, providing the broad-
cast content and offloading existing terrestrial connectivity are considered here to take DTH a step beyond. The benefits of this set of scenarios
are mainly 2-fold:


http://wileyonlinelibrary.com

LIOLIS et AL. Wl LEY 15

e Satellite coverage allows homogeneous service offering—anywhere.

e Multicast and caching enable bandwidth savings and improved quality of service/quality of experience.

To this end, we have considered specifically the following 2 scenarios:

e Scenario 3a: hybrid multiplay (satellite/xDSL) at home/office premises in underserved areas; and

e Scenario 3b: hybrid multiplay (satellite/cellular) at home/office premises in underserved areas.

Due to space limitations, only Scenario 3a is elaborated below, whereas the interested readership in Scenario 3b is referred to SaT5G

Consortium.?®

4.3.1 | Scenario 3a: Hybrid multiplay (satellite/xDSL) at home/office premises in underserved areas

This Scenario corresponds to a multilink network configuration with xDSL terrestrial link being augmented by the addition of a satellite broadband
link with broadcast/multicast and caching capabilities.

It is mainly relevant to homes and small office home office premises located in underserved areas of developed countries, which are served
with xDSL links of poor bandwidth performance (eg, users are located far from the DSL access multiplexer). As such, the xDSL link is of such poor
quality that it cannot carry any multicast video.

Multiple devices are considered in the home/office environment. The advances in user devices, coupled with innovative services drive user
expectations, in particular in choice, quality, availability, and affordability. There is a wide and growing choice of devices which can receive media
services for viewing and listening, from stationary TV sets and home radio receivers to personal computers, tablets and smart phones, game consoles,
media boxes, or even whole wall UHDTYV displays. A rapidly growing number of smart phones' and tablets' displays enable high-quality video, and
analysts predict that the use of video on such devices will grow substantially. Thus, DTH satellite TV integrated within the home/office IP network
is considered in this scenario. Moreover, in-home/in-office distribution via Wi-Fi or home/office small cell (femtocell) is also considered.

Such multilink network configuration Scenario requires 2 distinct functions as dedicated hardware or software equipment: (a) the home/office
gateway located at the home/office premises and (b) Internet gateway located in the core network. Moreover, adjustments to the home/office
gateway and Internet gateway in the backbone are needed to be able to split/combine the traffic over the existing terrestrial access link and
the satellite link, respectively.

To this end, an intelligent user gateway which aggregates the multiple physical networks at the level of the home/office is integrated within
the home/office gateway. The associated challenge here corresponds to the fact that these networks are mostly owned by different commercial
entities, often competing with each other, that may have no interest in cooperating and sharing costs (eg, on a common home/office gateway).

The home/office gateway includes caching and storage capabilities. Caching is added to each home/office premise to store locally the broad-
casted/multicasted content. Efficient caching management algorithms push and store locally the most popular content optimizing the hit ratio and
hence the bandwidth saving. Further details are provided in Section 4.1 above.

The home/office gateway also includes the satellite reception hardware. This concept is commercially appealing as it removes this function-
ality from the set-top-box (STB) and makes satellite delivery more independent of the main STB in-home. Satellite reception becomes a basic fea-
ture of a home, and the satellite delivered services become available on any device (and not just the main TV screen STB as in the past).

It is therefore relevant to study the architecture and protocols that would be needed to provide a more robust satellite transmission scheme
to every home/office premises and would abstract the end-devices from the actual physical delivery network.

In this context, new protocol stacks (eg, native IP/Multicast-assisted Adaptive Bitrate), which make the multidevice scenario significantly more
attractive than it is today, should be further investigated in the subsequent work. Digital rights management and underlying protocol (eg, DASH,
HTTP live streaming, and HTTP smooth streaming) will also have an impact on the home/office gateway design particularly in multiscreen envi-
ronments. Other critical elements toward the realization of this scenario are caching, efficient caching management schemes, implications of
chunked video, seamless blending of services, intelligent routing, network technology convergence, and lowering of costs for implementing certain
technologies (chipsets) because they use maximum technical commonality, standard end-device functionality to provide access to all content inde-
pendently on how it was delivered to that device.

In addition, the emergence of new technologies, such as active electronically steerable beam antennas, will facilitate the bundling of services
and the overall use case. Such antennas would for example allow the simultaneous reception of both broadcast/multicast and unicast links
streamed at different orbital locations, making a totally optimal use of satellite spectrum and capacity, improving service value proposal while low-
ering CAPEX/OPEX up to the point where satellite may consider regaining footprints in urban areas.

Figure 14 below illustrates the possible installation configuration of the home/office gateway at user premises.

4.4 | Scenarios for Use Case 4: 5G moving platform backhaul

The scenarios associated to this use case can be summarized as providing high-speed backhaul connectivity to individual moving terminals on air-

planes, vehicles, trains, vessels (including cruise ships and other passenger vessels), or even future driverless cars, with the ability to multicast the
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same content (eg, video, HD/UHD TV, firmware over-the-air, and other nonvideo data) across a large coverage area (eg, for local storage and con-
sumption) and provide efficient broadband access connectivity from/toward these moving platforms.

It should be noted that both satellite stand-alone backhauling and hybrid multiplay, ie, the satellite link acting as a complement of existing
terrestrial infrastructure, can be envisaged depending on the scenario and the type of targeted platform.

In this context, we have considered specifically the following 3 scenarios:

e Scenario 4a: updating content for on-board systems and grouped media request by the moving platform company;
e Scenario 4b: broadband access for passengers and individual media requests; and

e Scenario 4c: business and technical data transfer for the moving platform company.

Due to space limitations, only Scenarios 4a and 4b are elaborated below, whereas the interested readership in Scenario 4c is referred to

SaT5G Consortium.2®

441 | Scenario 4a: Updating content for on-board systems and grouped media request by the moving platform
company
This scenario can be resumed as a grouped request for media by the moving platform company.

This would be a way to update the content proposed by the moving platform company to passengers and subscription to live TV. The end user
would use a standalone application on its own device or application preinstalled on the devices provided by the company.

The catalogue is updated with predictive valuable content and most demanded content. Accessible media might include videos, music, game
patch, and newspapers. Live TV can also be proposed to broadcast for example live TV show, TV news, or live sport program like a champion's
league game.

This scenario is tightly related to caching/multicast edge delivery, exploiting the inherent broadcast capabilities of satellite networks and
adding the particularity of being addressed to moving platforms. It is considered of high added value for the moving platform companies being
potentially combined with a full broadband access (as described in Scenario 4b).

A stand-alone satellite backhauling can be envisaged for airplanes and vessels (cruise ships and other passenger vessels) and in hybrid mode,
complementing existent terrestrial connectivity in trains and other vehicles (buses, trucks, or future driverless cars).

Particularly, in the case of future driverless cars, satellite role would be to provide live broadcast and multicast streams for the passengers
when in remote roads, through a phased-array antenna mounted on the rooftop of the car. In that case, a low-capacity moving platform

is envisaged because the computing and storage capabilities for MEC, caching, etc functions are expected to be smaller or more costly for

a car.
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4.4.2 | Scenario 4b: Broadband access for passengers and individual media requests
This scenario proposes a bidirectional broadband access for each passenger for private use, which is transparent to the moving platform. The net-
work requests are therefore individual and proper to each passenger activities.

As in the precedent scenario (Scenario 4a), a stand-alone satellite backhauling can be envisaged for airplanes and vessels (cruise ships and
other passenger vessels) and in hybrid mode, complementing existent terrestrial connectivity in trains and other vehicles (buses, trucks, or future
driverless cars).

Particularly, in the case of future driverless cars, as in the precedent scenario (Scenario 4a), a low-capacity moving platform is envisaged
here as well. The difference here corresponds to the satellite role which would be to provide 5G broadband access for the passengers when in
remote roads.

The passenger would use their own device(s) and the whole applications installed as they do on the ground.

5 | CONCLUSIONS

This paper presented initial results available from the SaT5G project.2?*

It described the concept, objectives, challenges, and RPs addressed by the SaT5G project. It also defined how satellite can be seamlessly inte-
grated into the eMBB usage scenario for 5G, by elaborating on the SaT5G use cases and scenarios for satellite positioning in eMBB.

Specifically, the selected satellite use cases for eMBB addressed in this paper are as follows:

e Use case 1: edge delivery and offload for multimedia content and MEC VNF software: providing efficient multicast/broadcast delivery to net-
work edges for content such as live broadcasts, ad-hoc broadcast/multicast streams, group communications, and MEC VNF update

distribution;

e Use case 2: 5G fixed backhaul: Broadband connectivity where it is difficult or not (yet) possible to deploy terrestrial connections to towers, for
example, maritime services, coverage on lakes, islands, mountains, rural areas, isolated areas, or other areas that are best or only covered by

satellites across a wide geographic region;

e Use case 3: 5G to premises: connectivity complementing terrestrial networks, such as broadband connectivity to home/office small cell in
underserved areas in combination with terrestrial wireless or wireline; and

e Use case 4: 5G moving platform backhaul: broadband connectivity to platforms on the move, such as airplanes or vessels.

For each of the SaT5G use cases above, a set of scenarios have been defined which drive the integrated network topology and the architec-
ture design. Specifically, the subset of scenarios for the selected satellite use cases for eMBB elaborated in this paper is the following:

e Scenarios for use case 1: (1a) offline multicasting and caching of video content and VNF software through satellite links and (1b) online

prefetching of video segments through satellite links;
e Scenario for use case 2: (2b) satellite backhaul to individual cell towers;
e Scenario for use case 3: (3a) hybrid multiplay (satellite/xDSL) at home/office premises in underserved areas; and

e Scenarios for use case 4: (4a) updating content for on-board systems and grouped media request by the moving platform company and (4b)

broadband access for passengers and individual media requests.

Further work on the requirements definition, business modeling, system architecture definition, research to prototype implementation, vali-
dation, and demonstration of the selected satellite use cases and scenarios for eMBB correspond to currently ongoing and future work within

the SaT5G project, whose results will be reported in future publications.
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