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Abstract
Multi-tenant Low Earth Orbit (LEO) satellites emerge as a

cost-effective win-win solution for direct 4G/5G access to our
regular phones/IoTs anywhere on Earth. However, the current
hop-by-hop stateful cellular session impedes this effort due
to its need for tight functional coupling and stable service
relationships among satellite operators, mobile operators, and
users. Our empirical study with real satellite data shows that,
it restricts LEO satellitesÕ serviceable areas, limits the use of
available (possibly competitive) satellites, and suffers from
signaling storms and dynamic many-to-many relationships
in extreme LEO mobility. We thus devise MOSAIC to strive
for self-serve multi-tenantLEO satellites. MOSAIC deÞnes
policy-embedded one-time tokens forpay-as-you-golocal
satellite access. These tokens allow satellites to self-serve
users anywhere without relying on remote mobile operators,
alleviate inter-satellite coordinations to enjoy competitive
satellites, and simplify many-to-many service relationships
for on-demand multi-tenancy. MOSAIC is attack-resilient and
incrementally deployable using our SIM-based solution. Our
evaluations with the real satellite data and commodity 3GPP
NTN protocol stack validate MOSAICÕs viability.

1 Introduction

Space is the new business growth point for cellular networks.
The emergent direct-to-cell LEO satellites, such as SpaceXÕs
Starlink [1,2], Iridium [3,4], Globalstar [5], AST [6,7], and
Lynk [8] complement terrestrial networks to eliminate their
coverage holes for 2.7 billion ÒunconnectedÓ global users [9]
and offer their regular phones/IoTs direct satellite access via
4G, 5G, and beyond. They can signiÞcantly save operatorsÕ
infrastructure costs in under-served areas and expand their ser-
vice to anywhere on Earth for new subscribers and revenues.
So, mobile network operators (MNOs) and satellite network
operators (SNOs) have actively partnered to deploy [10Ð15]
and standardize [16Ð27] direct-to-cell LEO satellite services.

Rather than owning dedicated satellites by every MNO,
buildingmulti-tenantdirect-to-cell satellites for sharing is a
more practical and favorable win-win solution for MNOsand
SNOs [1] (Figure1). On the one hand, satellites are a scarce
and competitive resource for MNOs. The highly congested
near-Earth space leaves insufÞcient orbital slots for all MNOsÕ
satellites [28Ð30]. LEO satellitesÕ capital expenses are also
prohibitive for MNOs [31,32]. Instead, renting satellites is
more affordable and lowers the barriers to entry for MNOs.
On the other hand, SNOs also have incentives to partner with
MNOs due to their lack of licensed 4G/5G spectrums to serve
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Figure 1: Dynamic multi-tenant direct-to-cell LEO satellites.

regular phones/IoTs independently. Akin to cloud computing,
leasing satellites to more MNOs increases SNOsÕ revenues
and return on investment through economies of scale.

Sharing satellite access has been a decades-old practice.
Traditional geostationary satellites are single-hop physical
pipes that are easily sharable using the infrastructure-as-a-
service model. While ideal for multi-tenancy, this transparent
pipe model suffers from low service coverage, missed radio
processing deadlines, and unaffordable bandwidth demands
in 4G/5G due to its heavy reliance on remote ground stations
(¤3.1). To this end, modern LEO satellites like Starlink, AST,
and Lynk have adopted onboard cellular network functions
for scalable and performant direct-to-cell services [8,33Ð36].

However, cellular network functions in LEO satellites are
not easily sharable due to their requirement for tight func-
tional coupling and stable service relationships among SNOs,
MNOs, and user equipment (UEs). This requirement is rooted
in the cellular architectureÕs stateful hop-by-hop session that
assumes Þxed, always-on, and trusted infrastructure. It is hard
to meet in multi-tenant LEO satellites due to their fast mobil-
ity, intermittent accessibility to MNOs for remote control, and
3rd-party nature as intermediate session nodes. Our empirical
study with real satellite data shows that (¤3), this defect is
detrimental to everyone: It impedes UEsÕ ßexible use ofany
available satellites, restricts MNOsÕ serviceable areas, compli-
cates MNOsÕ use of diverse (potentially competitive) SNOsÕ
satellites, and exhausts SNOsÕ satellites with signaling storms
and dynamic many-to-many relationship management.

We explore an alternative cellular scheme forself-serve
multi-tenantdirect-to-cell satellites. Our solution, MOSAIC
(Multi-OperatorSatelliteAccess viaIn-bandControl), adopts
thepay-as-you-goparadigm that is more suitable than hop-by-
hop stateful sessions for sharing the mobile infrastructure like
LEO satellites (¤5): Akin to mobile bike sharing [37], each
MNO supplies its UEs with self-certiÞed one-time tokens (a
satellite version of restrictive blind signatures from the ofßine
cash system [38]) as ÒcoinsÓ to pay for local satellite access
on demand. These tokens embed UE-speciÞc roaming, billing,
and QoS policies to letanyauthentic satellite self-serve UEs
without contacting remote MNOs. This UE-initiated in-band
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state provision enables near-stateless/sessionless satellites for
transparent pipe-like multi-tenancy. It also simpliÞes inter-
satellite coordination and dynamic many-to-many service
relationships to avoid signaling storms and encourage the use
of competitive SNOsÕ satellites. MOSAICÕs tokens retain the
same security level as the legacy 4G/5G and are incrementally
deployable using our SIM card-based deployment (¤6).

We prototype MOSAIC and evaluate it using real satellite
data and AmarisoftÕs commodity 3GPP non-terrestrial net-
work (NTN) protocol stack. Compared to the NTN [16Ð27]
and Starlink [34Ð36], MOSAIC scales to a large number of
satellites, COTS UEs, and MNOs with signaling storm free-
dom, 116% serviceable area expansion to the LEO constella-
tionÕs entire coverage, and 4.71Ð14.25! service resumption
latency reduction in LEO mobility at negligible costs.

2 Why Multi-Tenant LEO Mobile Satellites?

In this section, we motivate the need for direct-to-cell LEO
satellites (¤2.1) and the incentives for sharing them among
MNOs from the MNO, SNO, and UE perspectives (¤2.2).

2.1 The Need for Direct-to-Cell LEO Satellites

Direct-to-cell satellites originate as a complementary method
to connect phones/IoTs where the terrestrial infrastructure
cannot reach. To offer ubiquitous access, terrestrial cellular
networks should deploy radio access networks (RANs) with
numerous radio base stations to cover broad geographic areas
and bridge them to the Internet via core networks (Figure2a).
While proÞtable in urban areas with sufÞcient subscribers,
such capital-intensive infrastructure loses revenues when cov-
ering rural areas with few subscribers [39, 40] and is even
undeployable in oceans and airplanes, thus leaving 2.7 billion
global users unconnected [9,41]. Instead, direct-to-cell satel-
lites can complement terrestrial networks with their broad
coverage, offer direct cellular access to phones/IoTs, and save
MNOsÕ capital and operation costs in under-served areas.

Traditional direct-to-cell satellites, such as Inmarsat [42],
Thuraya [43], and Tiantong [44], operate in the geostationary
orbit (GEO) at an altitude of 35,786 km. While excellent for
broad coverage, GEO satellites are unfriendly to commodity
phones/IoTs since their distant transmission is power-hungry,
slow, and noisy. Dedicated satphones with high-gain antennas
can alleviate this issue, but they are not widely available or
affordable to most consumers. Instead, modern satellites like
Starlink [1,2], Iridium [3,4], Globalstar [5], AST [6,7], and
Lynk [8] operate in LEOs at the altitude of 340Ð2,000 km
to be closer to phones/IoTs for faster network speed, lower
energy costs, and more affordable hardware. Due to each LEO
satelliteÕs smaller coverage, aconstellationwith 10sÐ1,000s
satellites is typically adopted for global coverage.
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(a) Transparent satellite pipe [20,44] (option 8 in Fig.5a)
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(b) Onboard RAN-DU [20] (option 2 in Fig.5a, also used in Starlink [33Ð36])
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(c) Onboard RAN [20] (option 1 in Fig.5a, full-ßedged satellite base stations)
Figure 2: State-of-the-art cellular network function splits in
3GPP NTN and Starlink for direct-to-cell satellites.

2.2 Incentives for LEO Satellite Multi-Tenancy

The traditional satellite network market is monopolistic: Each
SNO independently launches its own satellites (most of which
reside in the GEO) to operate its own network services using
dedicated satellite-speciÞc radio spectrums. While feasible
for standalone GEO satellites for customized terminals, this
dedicated mode is not technically feasible or commercially
proÞtable for both MNOs and SNOs in direct-to-cell LEO
constellations due to three fundamental constraints:

1. MNOs: Scarce orbital slots.LEOs are highly crowded,
with about 8,300 satellites [29] and 27,000 space junks [28],
leading to 3,500Ð60,000 conjunction events per month [45,
46] and 24,410 collision avoidance maneuvers per year [47].
The recent mega-constellation deployment further congests
LEOs and raises collision risks [30] and RF interferences [48].
This situation leads to more stringent and time-consuming
orbit allocations (typically years) by ITU [49]. There are
insufÞcient orbital slots to accommodate all MNOsÕ satellites.

2. SNOs: Shortage of licensed 4G/5G spectrums.To
be compatible with commodity phones/IoTs, direct-to-cell
satellites should use the legacy 4G/5G spectrums, most of
which have been allocated to terrestrial MNOs by ITU/FCC.
SNOs alone do not have sufÞcient licensed cellular spectrums
to offer direct-to-cell services.

3. MNOs & SNOs: Prohibitive capital costs.Despite
advances in satellite miniaturization and rocket reusability,
deploying a LEO constellation is still capital-intensive for
both MNOs and SNOs [31,32]. Building dedicated direct-to-
cell LEO constellations raises the barrier to entry for MNOs
and lowers the commercial return on investment for SNOs.

To this end, SNOs like Starlink [10Ð12, 33, 50], AST
[6,7,51], and Lynk [8] have recently partnered with global
MNOs (e.g., T-Mobile, AT&T, Vodafone, and KDDI) to ad-
vocatemulti-tenantdirect-to-cell satellite services. FCC has
recently proposed a regulatory framework to foster collabo-
rations between SNOs and MNOs, allowing SNOs to utilize
spectrum previously allocated only to MNOs through lease
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